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Abstract: Recently, due to the advancement of network technology, big data and artificial intelligence,
the healthcare industry has undergone many sector-wide changes. Medical care has not only changed
from passive and hospital-centric to preventative and personalized, but also from disease-centric to
health-centric. Healthcare systems and basic medical research are becoming more intelligent and
being implemented in biomedical engineering. This Special Issue on “Clinical Medicine for Healthcare
and Sustainability” selected 30 excellent papers from 160 papers presented in IEEE ECBIOS 2019 on
the topic of clinical medicine for healthcare and sustainability. Our purpose is to encourage scientists
to propose their experiments and theoretical researches to facilitate the scientific prediction and
influential assessment of global change and development.

Keywords: healthcare and sustainability; therapy of internal medicine diseases; cardiometabolic diseases

1. Introduction

Due to the development of technology and the advancements in medicine and healthcare,
the average life expectancy of human beings has been on the rise for a long time. However, both the
fertility rate and the mortality rate have fallen, resulting in the overall population structure rapidly
aging, and it has been officially entered an advanced age society. Moreover, as the family’s care
function gradually fades, the pressure of personal and family care is increasing, which in turn leads to
social and economic problems. Therefore, establishing a perfect long-term system of healthcare and
sustainability has become one of the key factors to a complete social security system.

Therefore, the 2019 IEEE Eurasian Biomedical Engineering, Healthcare and Sustainability
Conference (IEEE ECBIOS 2019) was held in Okinawa, Japan from 31 May to 3 June 2019, providing
researchers in the field of biomedical engineering with a unified communication platform for healthcare
and sustainability. Recently, due to the developments of computing, network technology, big data,
and artificial intelligence, the healthcare industry has undergone a cross-industry transformation.
Medical care has not only changed from response-centric and hospital-centric to preventative and
personalized, but also from disease-centric to health-centric. Healthcare systems and basic medical
research are becoming more intelligent and being implemented in biomedical engineering. This special
issue of “Health Care and Sustainable Clinical Medicine” selected 30 excellent papers from 160 papers
published in IEEE ECBIOS 2019, with the theme of healthcare and sustainable clinical medicine.
It connects multiple disciplines, including clinical laboratory diagnosis and the treatment of medical
diseases, traumatology and precision surgical techniques, clinical cancer research, neurology and
psychiatry, dermatology, medical imaging, nuclear medicine, genomics, proteomics and bioinformatics,
as well as medicine and women’s health. Our aim is to encourage scientists to publish their experiments

J. Clin. Med. 2020, 9, 2206; doi:10.3390/jcm9072206 www.mdpi.com/journal/jcm1
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and theoretical studies to promote scientific predictions and impact assessments of global change
and development.

2. The Topics of Clinical Medicine for Healthcare and Sustainability

This Special Issue on “Clinical Medicine for Healthcare and Sustainability” selected 30 excellent
papers from 160 papers presented in IEEE ECBIOS 2019 on the topic of clinical medicine for healthcare
and sustainability. The topics of published papers are listed in Table 1.

Table 1. The topics and list of papers for the Special Issue on “Clinical Medicine for Healthcare
and Sustainability”.

Topics Papers of Special Issue

Clinical Laboratory Diagnosis and Therapy of
Internal Medicine Diseases

Kuwabara et al. [1], Daniel et al. [2], Lee et al. [3], Ye et al. [4],
Jang [5], Lee et al. [6], Jiang et al. [7], Kapur et al. [8], Park et al. [9],

Encarnación et al. [10], Wang et al. [11], Lan et al. [12], Chun et al. [13],
Chen et al. [14], Jurik et al. [15], Lai et al. [16], Lin et al. [17],

Caneiras et al. [18]
Traumatology and Precise Surgical Techniques Chiu et al. [19]
Genomics, Proteomics, and Bioinformatics in

Clinical Cancer Research Kong et al. [20], Chiu et al. [21]

Neurological and Psychiatric Disorders Kume et al. [22], Huh et al. [23], Ricardo et al. [24]
Advanced Research in Dermatology Damiani et al. [25]

Medical Imaging and Nuclear Medicine Lee et al. [26], Shiao et al. [27], Jo et al. [28]
Rehabilitation Medicine Yang et al. [29]

Women’s Health Lee et al. [30]

3. Conclusions

When the domestic government, the private sector, and people in various professional fields
talk about related long-term care issues, they all focus on creating a warm and home-like care
institution. However, we actively emphasize the importance of community-based long-term care.
While implementing the goal of “aging in place”, the development of domestic non-institutional care
is still in its infancy, and the satisfaction of some long-term care needs must still be completed through
institutional care, and the extension or outreach of community-based care, as well as a respite service
platform for the development of community-based long-term care, still rely on institutional care to help
facilitate it. The development of long-term care in Taiwan is much shorter than that of Japan, Europe,
the United States, and Canada. Despite years of hard work and rapid development, the long-term care
resources needed to establish a complete system in terms of universalization, fairness, accessibility,
and selectivity are not available. It is hoped that in the future, based on the soundness of institutional
care, the outreach will move towards the goals of “community care” and “aging in place”. We hope
the researches of this special issue can improve the developments of clinical medicine for healthcare
and sustainability.
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Abstract: The optimal range of serum uric acid (urate) associated with the lowest risk for developing
cardiometabolic diseases is unknown in a generally healthy population. This 5-year cohort study is
designed to identify the optimal range of serum urate. The data were collected from 13,070 Japanese
between ages 30 and 85 at the baseline (2004) from the Center for Preventive Medicine, St. Luke’s
International Hospital, Tokyo. We evaluated the number of subjects (and prevalence) of those free of
the following conditions: hypertension, diabetes, dyslipidemia, and chronic kidney disease (CKD)
over 5 years for each 1 mg/dL of serum urate stratified by sex. Furthermore, the odds ratios (ORs)
for remaining free of these conditions were calculated with multiple adjustments. Except for truly
hypouricemic subjects, having lower serum urate was an independent factor for predicting the absence
of hypertension, dyslipidemia, and CKD, but not diabetes. The OR of each 1 mg/dL serum urate
decrease as a protective factor for hypertension, dyslipidemia, and CKD was 1.153 (95% confidence
interval, 1.068–1.245), 1.164 (1.077–1.258), and 1.226 (1.152–1.306) in men; 1.306 (1.169–1.459), 1.121
(1.022–1.230), and 1.424 (1.311–1.547) in women, respectively. Moreover, comparing serum urate of
3–5 mg/dL in men and 2–4 mg/dL in women, hypouricemia could be a higher risk for developing
hypertension (OR: 4.532; 0.943–21.78) and CKD (OR: 4.052; 1.181–13.90) in women, but not in men.
The optimal serum urate range associated with the lowest development of cardiometabolic diseases
was less than 5 mg/dL for men and 2–4 mg/dL for women, respectively.

Keywords: uric acid; risk factor; epidemiology; cardiometabolic diseases; hypertension

1. Introduction

Both epidemiologically and in animal models, hyperuricemia is strongly associated with the
development and progression of cardiovascular disease [1,2]. In this regard, a recent meta-analysis
report estimated a 12% increase in coronary heart disease per 1 mg/dL elevation in serum uric acid

J. Clin. Med. 2020, 9, 942; doi:10.3390/jcm9040942 www.mdpi.com/journal/jcm5



J. Clin. Med. 2020, 9, 942

(urate) levels. However, it is important to note that other studies could not support serum urate as
a truly independent risk factor for cardiovascular diseases [3–5]. Furthermore, some studies have
shown a J-shaped relationship between serum urate and cardiovascular disease supporting the idea
that both low and high urate are associated with greater risk of developing cardiovascular events.
As an example, according to the PIUMA study, serum urate levels lower than 4.5 mg/dL in men
and 3.2 mg/dL in women with essential hypertension but also higher than 5.2 mg/dL in men and
3.9 mg/dL in women are associated with increased rates of cardiovascular disease and cardiovascular
disease-related deaths. The J-curve phenomenon relating serum urate to cardiovascular events was
also reported in the Syst-Eur trial [6]. The variability in the findings from the cross-sectional studies
and the evidence supporting a J-shaped cause-effect between urate and cardiovascular disease suggests
the need to identify the proper level range for which urate could be relatively safe, or in contrast, could
exert a substantial deleterious role in the pathogenesis of cardiovascular disease. In this regard, little
information is known on the optimal serum urate range associated with the lowest risk of disease in a
generally healthy population.

Therefore, we aimed to evaluate whether a J-shaped curve exists for serum urate with
cardiometabolic diseases (hypertension, diabetes, dyslipidemia, and chronic kidney disease (CKD))
and to identify the optimal range of serum urate that is associated with the lowest risk for developing
these conditions by a longitudinal design.

2. Materials and Methods

2.1. Study Design and Study Subjects

This study included a single-center, large-scale, cross-sectional study and a 5-year longitudinal
cohort study in Japan. We reviewed and used the database of health records from the Center for
Preventive Medicine, St. Luke’s International Hospital, Tokyo, Japan between 2004 and 2009. The study
subjects came to the center to have annual regular health check-up by themselves, and also provided a
general history for comorbidities. Every subject and/or their companies paid for the examinations and
each subject had identical physical and laboratory examinations including blood pressure. In general,
the patients with any symptoms go to their hospital or clinic with Japanese government insurance, and
therefore this study population was defined as a ‘generally healthy population’. Some of the findings
from this database have already been published [7–15]. There were 30,227 subjects (15,263 men) who
underwent an annual health check-up at the center in 2004. In this study, we enrolled 13,201 subjects
who underwent health checks both in 2004 and in 2009. The background demographics between all the
subjects in 2004 and this cohort study subjects were similar as shown in our previous manuscript [8].
The prevalence of hyperuricemia between the two groups showed no significant differences, including
in men and in women, respectively [8]. For this study, we included subjects between the ages 30 and 85
in 2004 whose data were available at both 2004 and 2009. Subjects younger than 30 years of age were
excluded due to their very modest risk for hypertension and cardiovascular diseases, while subjects
aged 85 years old and above were excluded due to the substantial risk of death during a five-year
follow-up. Out of the 13,201 subjects, only 121 subjects were less than 30 years old and 10 subjects
were 85 years old and above in 2004, and 13,070 subjects were enrolled (mean age: 51.1 ± 11.3 years).
Of these, 6367 were men (52.4 ± 11.5 years) and 6733 women (49.9 ± 11.1 years). For our first analysis
(a cross-sectional study), we checked the prevalence of cardiometabolic diseases, like hypertension,
diabetes, dyslipidemia, and CKD in each 1 mg/dL of serum urate range in each sex at baseline (2004).
Then, we excluded the subjects with each cardiometabolic condition at baseline, and we checked
whether they remained free of these conditions over the following five years, as it related to each serum
urate quartile separated by sex (a 5-year cohort study). We also calculated the odds ratios (ORs) of
each 1 mg/dL increase of serum urate for each cardiometabolic diseases after multiple adjustments for
well-known factors associated with cardiovascular diseases including age, body mass index (BMI),
smoking and drinking habits, serum urate, and the presence of other cardiometabolic diseases as
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detailed in Figure 1. When we assessed the protective factors for the development of hypertension,
diabetes, dyslipidemia, and CKD, we excluded 2599 subjects with hypertensions, 575 subjects with
diabetes, 5118 subjects with dyslipidemia, and 492 subjects with CKD at the baseline in each analysis,
respectively. Moreover, we compared the cumulative incidence of any of these cardiometabolic
diseases between hypouricemic subjects (serum urate of less than 3 mg/dL in men and less than
2 mg/dL in women) and normouricemic subjects (serum urate of 3–5 mg/dL in men and 2–4 mg/dL in
women) to detect whether hypouricemia is a risk for developing cardiometabolic diseases compared
with normouricemia. We also calculated the ORs of hypouricemia for each cardiometabolic diseases
compared with normouricemia after multiple adjustments.

n 

n 
n 
n 

n 
n ≥

n 
n 
n 
n 

Figure 1. Flow diagram of study enrollment. All the analyses were stratified by sex. * Each
cardiometabolic disease means hypertension, diabetes, dyslipidemia and chronic kidney disease. ** The
number of subjects depends on the excluded subjects having the corresponding disorders at baseline.

2.2. Definition of Hypertension, Diabetes, Dyslipidemia, CKD, and Hypouricemia

Hypertension is defined as a condition when subjects are on current antihypertensive medication
and/or systolic blood pressure of more than or equal to 140 mmHg and/or diastolic blood pressure of
more than or equal to 90 mmHg [16,17]. Blood pressure readings were obtained using an automatic
brachial sphygmomanometer (OMRON Corporation, Kyoto, Japan), which was upper arm blood
pressure measuring and had passed validation. Two blood pressure examinations were taken after the
participants were seated and rested quietly for more than five minutes with their feet on the ground
and their back supported. The mean systolic and diastolic blood pressure of each of the subjects
were calculated from the recorded measurements. Diabetes is defined as current diabetes mellitus
on medication use and/or HbA1c (National Glycohemoglobin Standardization Program) more than
or equal to 6.5%, according to International Expert Committee. Dyslipidemia is defined as current
medication use for dyslipidemia and/or low-density lipoprotein cholesterol more than or equal to
140 mg/dL, high-density lipoprotein cholesterol less than 40 mg/dL, and/or triglyceride more than
or equal to 150 mg/dL, according to Japan Atherosclerosis Society guidelines [18]. CKD is defined
as estimated glomerular filtration rate (eGFR) is less than 60 mL/min/1.73m2. We calculated eGFR
using the Japanese GFR equation: eGFR (mL/min/1.73m2) = 194 × serum creatinine −1.094 × age −0.287

(×0.739 if woman) [19]. Hypouricemia is defined as serum urate level lower than 3.0 mg/dL in men
and 2.0 mg/dL in women in this study [20]
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2.3. Statistical Analysis

All the statistical analyses were performed using the SPSS Statistics software (IBM SPSS Statistics
version 22 for Windows; IBM, New York, NY, USA). The statistically significant level was set at
probability p < 0.05 (two-tailed). Data are expressed as mean ± standard deviation or as percent
frequency unless otherwise specified. Comparisons between two groups were performed with student
t-tests for normally distributed variables, and χ2 analyses for categorical data. The maintaining factors
for lacking hypertension, diabetes, dyslipidemia, and CKD in the period of over five years were
evaluated both by crude models and by multivariable logistic regression models with adjustments of
the age, BMI, smoking and drinking habits, serum urate, and the other cardiometabolic diseases. We
also calculated odds ratios (ORs) in each group. When we analyzed logistic regression analyses in
the longitudinal study, we excluded hypouricemic subjects because there was not a linear association
between serum urate levels and the maintaining rate of lacking prevalence of these cardiometabolic
diseases only in hypouricemic subjects. Moreover, we compared cumulative incidence of each
cardiometabolic disease between hypouricemia and normouricemia to clarify whether J. curve
phenomenon exists or not. In this analysis, we used propensity score matching to combine the other
factors (age, BMI, smoking and drinking habits, and cardiometabolic feathers; hypertension, diabetes,
dyslipidemia, and CKD) into one parameter because the number of hypouricemic subjects were small
(45 hypouricemic subjects).

2.4. Ethical Considerations

We adhered to the principles of the Declaration of Helsinki. All data were collected and compiled
in a protected computer database. Individual data were anonymous without identifiable personal
information. Informed consent was obtained from all subjects by a comprehensive agreement method
provided by St. Luke’s International Hospital. St. Luke’s International Hospital Ethics Committee
approved the protocol for this study (approval number: 16-R025).

3. Results

3.1. Demographics of this Study’s Subjects

Table 1 shows the demographics of this study for men and women. In general, women were
significantly older, and had lower BMI, lower blood pressure, less smoking and drinking habits, lower
prevalence of hypertension, diabetes, dyslipidemia, and CKD, and lower serum urate compared
to men.

Table 1. Demographics of study subjects at baseline (2004).

Women Men p

Number of Subjects 6733 6337

Age 49.9 ± 11.1 42.4 ± 11.5 <0.001
Body mass index (kg/m2) 21.3 ± 3.0 23.8 ± 2.9 <0.001
Systolic blood pressure (mmHg) 114.5 ± 17.5 124.2 ± 17.2 <0.001
Diastolic blood pressure (mmHg) 70.8 ± 10.9 77.9 ± 10.9 <0.001
Pulse rate (bpm) 75.2 ± 10.8 71.6 ± 10.5 <0.001
Smoking 16.3% 63.0% <0.001
Drinking habits 26.0% 61.5% <0.001
Hypertension 13.4% 26.8% <0.001
Diabetes mellitus 2.1% 6.8% <0.001
Dyslipidemia 29.6% 49.3% <0.001
Hypouricemia 0.22% 0.47% 0.016
Chronic kidney disease 2.3% 5.3% <0.001
eGFR (mL/min/1.73m2) 88.2 ± 15.7 82.6 ± 15.5 <0.001
Serum uric acid (mg/dL) 4.49 ± 0.95 6.24 ± 1.23 <0.001

bpm, beats per minute; p, probability. Data are presented as mean ± standard deviation.
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3.2. Prevalence of Cardiometabolic Disease in Each Serum Urate Level (A Cross-Sectional Study)

Figure 2 shows the prevalence of hypertension, diabetes, dyslipidemia, and CKD for each 1mg/dL
of serum urate range at baseline (2004). As shown in the figure, serum urate lower than 4 mg/dL were
associated with the lowest prevalence of hypertension, dyslipidemia, and CKD in women while the
range of serum urate between 2 and 4 mg/dL corresponded with the lowest prevalence of diabetes. In
men, the range of serum urate associated with the lowest prevalence of these conditions was more
variable. Interestingly, the prevalence of diabetes in men decreased with increasing serum urate,
which may be due to the effect of glycosuria to cause uricosuria and decrease serum urate levels. As a
result, serum urate levels in men ranging from 2 to 6 mg/dL corresponded with the lowest prevalence
of dyslipidemia and CKD while levels ranging from 3 to 6 mg/dL were associated with the lowest
prevalence of hypertension, respectively. However, it is important to note that this cross-sectional
analysis at baseline did not account for medication for each disease, raising the possibility of a potential
medication bias. Therefore, we conducted a 5-year cohort study to evaluate the odds for remaining
free of these disease conditions over time.

Figure 2. Prevalence of hypertension, diabetes, dyslipidemia, and chronic kidney disease in each serum
urate at baseline (2004). Blue bars showed men and red bars showed women.

3.3. Rate of Being Free of Various Cardiometabolic Conditions According to Serum Urate Levels over Five Years
(A Longitudinal Study)

The number of subjects with the new development of hypertension, diabetes, dyslipidemia, and
CKD over 5 years was 1108/10,471 (10.6%), 318/12,495 (2.5%), 1454/7952 (18.3%), and 1961/12,578 (15.6%),
respectively. Figure 3 shows the relative risk for being free of cardiometabolic disease (hypertension,
diabetes, dyslipidemia, and CKD) for each serum urate group over a five-year period. There is a linear
association between serum urate levels and the rate of being free of cardiometabolic disease except for
subjects with hyporuricemia. and we excluded hypouricemic subjects. The multivariable analyses
showed that serum urate levels were protective for developing hypertension, diabetes, dyslipidemia,
and CKD irrespective of sex, except for hypouricemic subjects. Even when accounting for a J-curve
phenomenon with hypouricemic subjects, hyperuricemic subjects had lower maintaining rates with
respect to lacking hypertension, diabetes, dyslipidemia, and CKD than hypouricemic subjects.
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We conducted additional analyses using four categories of serum urate levels; 2 or less
(hypouricemia), from 2 to 4 mg/dL, from 4 to 6 mg/dL, and more than 6 mg/dL (hyperuricemia).
We compared the relative risk for being free of cardiometabolic disease (hypertension, diabetes,
dyslipidemia, and CKD) among these four serum urate categories over a five-year period. Figure 4
shows that the group with serum urate from 2 to 4 mg/dL exhibited maintaining rates of lacking
hypertension or CKD compared to the other urate categories. The group with serum urate of 2 mg/dL
or less had the highest maintaining rate with respect to lacking diabetes or dyslipidemia.

Figure 3. Maintaining rate of lacking hypertension, diabetes, dyslipidemia, and chronic kidney disease
in each serum urate over five years. CKD, chronic kidney disease. Blue bars showed men and red bars
showed women.

Figure 4. Maintaining rate of lacking hypertension, diabetes, dyslipidemia, and chronic kidney disease
among four serum urate categories over five years. CKD, chronic kidney disease.
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3.4. Optimal Serum Urate Range Associated with the Lowest Risk of Cardiometabolic Diseases

To determine the optimal range of serum urate to prevent the development of cardiometabolic
disease, we conducted a multivariable logistic regression analysis and calculated ORs for maintaining
conditions without hypertension, diabetes, dyslipidemia, and CKD after excluding 45 hypouricemic
subjects (30 men and 15 women) since we intended to exclude the effects of J. curve phenomenon.

To evaluate factors that predict continued normotension, we analyzed 10,471 subjects after
excluding 2599 subjects with hypertensions at baseline. After multivariable adjustments for age, BMI,
smoking and drinking habits, diabetes, dyslipidemia, and CKD, lower serum urate was an independent
factor that protects against the development of hypertension both in men (OR per 1 mg/dL decrease:
1.153; 95% CI, 1.068–1.245) and women (OR: 1.306; 95% CI, 1.169–1.459) (Table 2, Hypertension).

When we assessed the factors that protected against the development of diabetes, we analyzed
12,495 subjects after excluding 575 subjects with diabetes at the baseline. After multiple adjustments
age, BMI, smoking and drinking habits, hypertension, dyslipidemia, and CKD, lower serum urate
showed a tendency as a protective factor for the development of diabetes in women (OR per 1 mg/dL
decrease: 1.206; 95% CI, 0.969–1.500), but it did not reach the significant (p = 0.093). In contrast, lower
serum urate was not an independent protective factor for the development of diabetes in men (p = 0.24)
(Table 2, Diabetes).

When we assessed the protective factor for the development of dyslipidemia, we analyzed
7952 subjects after excluding 5118 subjects with dyslipidemia at baseline. After multiple adjustments
age, BMI, smoking and drinking habits, hypertension, diabetes, and CKD, lower serum urate was
an independent protective factor for the development of dyslipidemia both in men (OR per 1 mg/dL
decrease: 1.164; 95% CI, 1.077–1.258) and women (OR per 1 mg/dL decrease: 1.121; 95% CI, 1.022–1.230)
(Table 2, Dyslipidemia).

When we assessed the factors that protected against the development of CKD, we analyzed
12,578 subjects after excluding 492 subjects with CKD at the baseline. After multiple adjustments age,
BMI, smoking and drinking habits, hypertension, diabetes, and dyslipidemia, lower serum urate was
an independent protective factor for the development of CKD both in men (OR per 1 mg/dL decrease:
1.226; 95% CI, 1.152–1.306) and women (OR per 1 mg/dL decrease: 1.424; 95% CI, 1.311–1.547) (Table 2,
Chronic kidney disease).

We also compared the ORs for hypertension, diabetes, dyslipidemia, and CKD among four
categories of serum urate levels. We referenced the group with serum urate from 2 to 4 mg/dL as
shown in Table 3. Belonging to the group with serum urate from 2 to 4 mg/dL conferred protection
from developing hypertension, dyslipidemia, and CKD when compared with the group with serum
urate more than 4 mg/dL, but not diabetes (Table 3).

3.5. Hypouricemia as a Risk of Cardiometabolic Diseases Compared with Normouricemia

We compared the cumulative incidence of cardiometabolic diseases between hypouricemic subjects
(30 men and 15 women) and normouricemic subjects (3–5 mg/dL for 958 men and 2–4 mg/dL for
2192 women). The number of hypouricemic subjects were small, and we could not analyze ORs of
diabetes both in men and women and dyslipidemia in women. After multiple adjustments age, BMI,
smoking and drinking habits, diabetes, dyslipidemia, and CKD, hypouricemia tends to be higher risk
for the development of CKD in women (OR: 4.532; 95% CI, 0.943–21.78), but not reach significance
(p = 0.059) (Table 4, Hypertension). After multiple adjustments that included age, BMI, smoking and
drinking habits, hypertension, diabetes, and CKD, hypouricemia continued to show a higher risk for
the development of CKD in women (OR: 4.052; 95% CI, 1.181–13.90), but not in men. (Table 4, Chronic
kidney disease). The cumulative incidence of hypertension, dyslipidemia, and CKD in men was not
significantly different between hypouricemic and normouricemic groups.
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4. Discussion

The primary goal of our study was to identify the range of serum urate associated with the
lowest risk for developing cardiometabolic diseases in a healthy Japanese population. Except for truly
hypouricemic subjects (defined as ≤3 mg/dL in men and ≤2 mg/dL in women), our study indicates that
lower serum urate level is an independent protective factor for the development of cardiometabolic
disease. We show that in heathy subjects, for each 1 mg/dL decrease of serum urate in men, there
was an 18% increment in the protection from developing hypertension, a 16% increment against
dyslipidemia, and a 23% increment against CKD. Compared to men, lower serum urate in women
conferred greater odds for preventing the appearance of cardiometabolic diseases. Specifically, for
each 1 mg/dL decrease of serum urate in women, there was a 31% increment in the protection from
developing hypertension, a 12% increment against dyslipidemia, and a 42% increment against CKD.

We also compared the cumulative incidence of cardiometabolic diseases over 5 years between
hypouricemic subjects and normouricemic subjects (3–5 mg/dL for men and 2–4 mg/dL for women).
The number of hypouricemic subjects was small (30 men and 15 women), and it might be difficult to
apply the results to every population because of less power to analyze. However, our results suggest
that hypouricemia could be a risk for development of hypertension and CKD in women, but not in
men. Accounting for these results, we could see the J. curve phenomenon only in women, and the
optimal serum urate range associated with the less development of cardiometabolic diseases could be
less than 5 mg/dL for men and 2–4 mg/dL for women in a generally healthy population.

Other studies have also showed an inverse correlation between serum urate and the incidence of
cardiovascular diseases in subjects with serum urate levels lower than 4.5 mg/dL in men and 3.2 mg/dL
in women [6,21,22]. This phenomenon is observed primarily in those subjects with low serum urate
levels. Of note, the study subjects in these previous reports often were hypertensive, diabetic or
receiving medication against these conditions [6,21,22]. In our study, we can see the similar J-curve
phenomenon in hypertension and CKD in women, but the serum urate levels required for this J-shape
phenomenon were much lower compared to those reported in previous studies [6,21,22]

Our study also showed that hypouricemic subjects demonstrated greater risk for developing
hypertension and CKD than normouricemic subjects in women. We postulate that the higher
cumulative incidence of cardiometabolic diseases in hypouricemic women could well relate to the
relatively frequent genetic loss of the urate transporter (URAT) in the Japanese population. Potential
mechanisms for why this increases the risk for these conditions might relate to the marked uricosuria
that may increase the risk for kidney disease, or potentially the possibility that a low serum urate
may reduce antioxidant activity in the patients [23,24]. Importantly, there are no studies to determine
whether lowering serum urate levels to very low levels with xanthine oxidase inhibitors increases
cardiovascular risk compared to untreated controls.

Our study points out the necessity of addressing the risk of hypouricemia in addition to
hyperuricemia in the pathogenesis of cardiovascular disease. Our published data demonstrated
that hypouricemia is associated with endothelium dysfunction [23]. Consistently, a large-scale
cross-sectional study showed that hypouricemic men had higher rates of kidney disease compared
to non-hypouricemic subjects. However, the rates of other diseases including diabetes and urinary
stones were not significantly different between hypouricemic and non-hypouricemic subjects [20].
In this regard, our longitudinal study showed that hypouricemia did not carry the lowest risk for
developing cardiometabolic diseases. Since excess serum urate not only has an adverse effect, but also
acts preferably as a reducing substance, this dual nature needs to be considered clinically.

This study showed a positive association between serum urate and cardiometabolic diseases, but
most Mendelian randomization studies or meta-analyses suggested that elevated serum urate was
only associated with gout [25–29]. However, Mendelian studies are often limited by not considering
other influencing conditions, such as life habits including food, alcohol, and fructose intake. Most
hyperuricemia is mainly acquired by life habits except for some genetic diseases [30], and it is therefore
difficult to apply the results from Mendelian studies to most acquired hyperuricemic subjects. The gap
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of results between clinical studies and genetic studies suggest that acquired hyperuricemia may cause
more cardiometabolic diseases than genetic hyperuricemia.

Our study has several limitations. First, this study is a retrospective single center study, which may
have introduced selection bias. However, single center studies had some advantages of the similarity
of the methodology. Second, we could not check the additional and withdrawal medication or gouty
attacks over the periods. Some hyperuricemic subjects with gouty attacks might have medication
especially non-steroidal anti-inflammatory drugs (NSAIDs), which might cause CKD or hypertension.
However, our definition of each disease included medication use. Moreover, we did not exclude
the subjects on medication for hyperuricemia or gout intentionally, because the serum urate levels
on medication could be useful to evaluate the effects of serum urate on cardiometabolic diseases.
However, there is a possibility of the influence of urate-lowering medications on the development (or
prevention) of other cardiometabolic diseases, which thus may bias the present results. We additionally
conducted the sensitivity analyses that excluded 373 (2.9%) subjects with urate-lowering medications
(Supplementary Table S1). The results showed the same results, thus supporting our main results more
robustly. However, this study was not able to show whether urate-lowering medications could prevent
cardiometabolic diseases or not because this study was an observational study. We had to adjust
the patient backgrounds between the medication group and the control group to show the efficacy
of urate-lowering medications for hyperuricemia to prevent cardiometabolic diseases. Third, this
longitudinal study lacks time-to-event data, which precluded survival analysis. Fourth, we measured
serum urate only once, and blood pressure only at the center. Serum urate can fluctuate for natural or
iatrogenic causes. Moreover, some hypertensive subjects might have white-coat hypertension and
some non-hypertensive subjects might have masked hypertension. Measuring serum urate many
times and ambulatory blood pressure monitoring are the best to evaluate serum urate and blood
pressure precisely, but it is difficult in practice in the setting of an annual medical examination. Fifth,
the number of hypouricemic subjects was small, and it might be less power to analyze the significant
difference. Therefore, it is difficult to discuss the J-curve phenomenon precisely. Finally, causality
cannot be inferred, because this is an observational study. Interventional studies are needed to
further clarify whether the treatments for hyperuricemia are useful for preventing the development of
cardiometabolic diseases.

5. Conclusions

Even in the normal range, having higher serum urate could be a risk for hypertension,
dyslipidemia, and CKD. The optimal serum urate range, which conferred the lowest risk for developing
cardiometabolic diseases, could be less than 5 mg/dL for men and 2–4 mg/dL for women in a generally
healthy population. These findings suggest that routine screening of serum urate is useful as a predictor
for cardiometabolic diseases in primary care settings.
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Abstract: The aim of the study is to evaluate the intensity of symptoms, and any treatment and
therapeutic procedures received by advanced chronic patients in nursing homes. A multi-centre
prospective study was conducted in six nursing homes for five months. A nurse trainer selected
palliative care patients from whom the sample was randomly selected for inclusion. The Edmonton
Symptoms Assessment Scale, therapeutic procedures, and treatment were evaluated. Parametric and
non-parametric tests were used to evaluate month-to-month differences and differences between
those who died and those who did not. A total of 107 residents were evaluated. At the end of the
follow-up, 39 had (34.6%) died. All symptoms (p < 0.050) increased in intensity in the last week of life.
Symptoms were more intense in those who had died at follow-up (p < 0.05). The use of aerosol sprays
(p = 0.008), oxygen therapy (p < 0.001), opioids (p < 0.001), antibiotics (p = 0.004), and bronchodilators
(p = 0.003) increased in the last week of life. Peripheral venous catheters (p = 0.022), corticoids
(p = 0.007), antiemetics (p < 0.001), and antidepressants (p < 0.05) were used more in the patients
who died. In conclusion, the use of therapeutic procedures (such as urinary catheters, peripheral
venous catheter placement, and enteral feeding) and drugs (such as antibiotics, anxiolytics, and new
antidepressant prescriptions) should be carefully considered in this clinical setting.

Keywords: palliative care; nursing homes; symptom assessment; drug therapy; therapeutics;
longitudinal studies

1. Introduction

The World Health Organization (WHO) [1] and the European Association of Palliative Care
(EAPC) [2] encourage an increase in the quality of dying in long-term care settings. In fact, several
articles call for more research on end-of-life interventions in these centres, in order to improve care
practice [3,4]. Meanwhile, nursing homes have become a plausible alternative in situations where the
home is not the most suitable place for the end of life, due to clinical complexity or lack of resources [5].

Recent studies have indicated that there is a high prevalence of physical and psychological
symptoms in nursing homes [3,6–8]. All of these symptoms increase in intensity and prevalence as the
end of life approaches [4,9]. Most of the studies that have evaluated end-of-life symptoms in nursing
homes are retrospective studies [3,6,9–11]. They may exhibit selection bias and problems caused by
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poorly recorded or unrecorded data. Prospective studies may be very helpful to properly assess the
changes in symptom control when is death is about to occur.

Hospices in Spain are not widely developed, so end-of-life care must be provided by other
institutions. In the case of elderly patients, this care is mostly provided by nursing homes.
In these centres, most of the beds are privately funded (71%) [12], although some are partially
government-funded. In Andalusia, only nursing homes with more than 60 beds are required to offer
twenty-four hour nursing services and their own medical care [13].

Beyond this, little is known regarding routine therapeutic procedures and pharmacological
treatments in palliative patients in nursing homes. In a recent retrospective study in Spanish hospitals,
patients who were at the end stage of their lives received similar therapeutic and diagnosis procedures to
acute care patients [14]. This is congruent with other papers published previously: procedures such as
catheter insertion, the use of aspirators, and other actions that are common for patient care in a general
hospital can make the difference between comfort and discomfort for end-of-life patients [8,15,16].

Regarding pharmacological treatments, a recent review highlighted that many patients continue
to receive medications that are not prescribed as palliative treatments or for symptom control, despite
being in the end stage of life [17]. A previous review [18] pointed out that few studies focus on
pharmacological de-prescription in end-of-life and concluded that life expectancy is not often used as a
criterion for medication discontinuation, even though unnecessary drugs might cause side effects that
may increase suffering for patients.

In this context, the European Association of Palliative Care [19] emphasises that, in Spain, there
are no specific documents on palliative care in long-term care facilities, nor publications regarding the
provision of palliative care in this type of centres in Spain.

The purpose of this study is to prospectively explore perception of symptom control,
pharmacological treatments, and therapeutic procedures received by palliative patients admitted to
nursing homes in the last six months of life. This is one of the first studies to use a prospective approach,
and the first one to show the end-of-life situation in Spanish nursing homes with this methodology. We
hypothesize that, when death is near, intensity of symptoms and pharmacological treatments linked to
symptom control will increase, whereas the frequency of routine therapeutic procedures will be the
same as in previous months.

2. Experimental Section

2.1. Design

This is a multi-centre prospective study which has been conducted in nursing homes in Spain.

2.2. Sample

Six nursing homes were selected for convenience based on their institutional characteristics:
Presence of a multidisciplinary team, the possible involvement of professionals, and the presence of
both public and private beds. All centres included in the study have more than 50 beds. In each centre,
one or two nurses with close knowledge of the patient who have been working at the nursing home for
at least 6 months were responsible for data collection. All of the nurses that participated signed an
informed consent form and received training prior to data collection. In order to control bias and to
produce reliable data for the research, these professionals completed a training course designed to
explain the study, to ensure that the same data collection methods were followed, and to avoid the
dropout of patients at the follow-up stage. The research team was in contact with them via email, and
they visited the centres regularly, i.e., at least once a month.

2.3. Recruitment

Each nursing home nurse recruited residents with chronic diseases that met the following criteria
according to the Spanish Society of Palliative Care (SECPAL):

20



J. Clin. Med. 2020, 9, 750

• Advanced, progressive, and incurable disease
• Little to no possibility of response to any specific treatment
• Presence of numerous problems or intense, multiple, multifactorial and changing symptoms
• Great emotional impact on patient, family, and staff
• Life expectancy limited to 6 months.

Within each nursing home, twenty patients were randomly selected among all the patients that
met the aforementioned inclusion criteria. They were observed and the data of interest were recorded
without interfering with the natural course of events. Data were collected between June 2016 and
January 2017. All participants, patients, or representatives of patients (in the case of cognitively
impaired patients) were fully informed and signed informed consent forms.

2.4. Data Collection Procedure

Nurses collected demographic and clinical information from the clinical records of the patients.
A structured questionnaire was used to collect socio-demographic (age, gender, years in the centre,
marital status, and number of children) and clinical (medical diagnosis, Charlson Comorbidity Index)
data from patient records.

For the systematic symptom assessment, we used the Edmonton Symptom Assessment System
(ESAS) [20]. The ESAS has been validated for both patient and care partner report in different settings,
including those with older people with multiple morbidities [21]. ESAS was used regularly in all the
nursing homes that participated in the study for symptom assessment. The patient version of the
ESAS was self-administered by cognitively intact patients. For cognitively impaired residents, the
professional version of the ESAS was completed by trained nurses. The relatives of the patients were
not involved in data collection. Cognitive impairment was defined as the patient making three or more
mistakes in the Pfeiffer test. The Pfeiffer test was used in all the nursing homes that participated in
this study.

The prescription of therapeutic procedures such as urinary catheterisation, enteral feeding,
peripheral venous catheter placement, use of aerosol sprays, oxygen therapy, and pharmacological
treatments such as non-opioid analgesics, opioid analgesics, antibiotics, bronchodilators, corticosteroids,
antiemetics, antihistamines, antidepressants, anxiolytics, hypnotics, and barbiturates was
also evaluated.

Data were collected between June 2016 and January 2017. For this study, outcome data were
collected from clinical records of the first month (T1) and of the following months (T2, T3, T4, and T5)
if residents were still alive. For all the residents who died within these six months, the same data were
collected from the clinical records of the last week before death (CT = closure test). All participants,
residents, and the care partner were fully informed and signed informed consent forms.

2.5. Statistical Analysis

A descriptive analysis was carried out to describe the main characteristics of the study sample.
Numerical variables were described with the mean and standard deviation (SD) and the median and
interquartile range (P25-P75). Categorical variables were described using absolute frequencies and
percentages. Quantitative data were assessed for normality using the Kolmogorov-Smirnov test, and
all of the quantitative data collected were found to deviate significantly from the normal distribution (p
< 0.001). Due to this, non-parametric inferential tests were used. Pearson’s chi-squared test was used
to evaluate between-group differences and McNemar’s test was used to compare the prevalence rates.
Wilcoxon’s signed-rank test was used in order to compare month-by-month the symptoms reported
using the ESAS for nursing home residents. Statistical analyses were conducted using IBM SPSS v.24.
p-values of less than 0.05 were considered to be statistically significant.
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2.6. Statement of Ethics

All participants (or when appropriate, a representative) signed a form to give their informed
consent. The study received the approval of the Research Ethics Committee (PI-0619-2011). In
compliance with Spanish Law (Article 16, Law 41/2002), patients’ data were anonymised.

3. Results

Thirteen patients dropped out of the study. Two of them moved to another nursing home. Ten
patients or representatives of patients refused to give their informed consent during follow-up. One of
the residents died before the beginning of the follow-up. As a result, the final sample consisted of 107
residents. Most of them were women (63.6%) and they had a mean age of 84.6 (SD = 7.4) years. The
characteristics can be seen in Table 1.

Table 1. Socio-demographic and clinical characteristics of the patients.

Socio-Demographic and Clinical
Characteristics of the Patients.

Total Sample
n = 107

Dying within 6
month
n = 39

Alive ≥ 6 month
n = 68

p

Age, md (P25-P75) 84 (81–89) 86 (83–95) 84 (78.5–89) 0.0111

Female, n (%) 68 (63.6) 24 (64.8) 44 (62.9) 0.8351

Years in the centre, md (P25-P75) 2 (1–4) 2 (0.6–5) 2 (1.3–4) 0.9462

Marital status widower, n (%) 63 (60.8) 25 (67.6) 38 (54.3) 0.0122

Number of children, md (P25-P75) 2 (0–3) 2 (0–2) 3 (2–5) 0.2221

CCI, md (P25-P75) 3.5 (2–6) 4 (4–6) 3 (2–5) 0.0071

Primary diagnosis
Myocardial infarction, n (%) 6 (5.6) 2 (5.3) 4 (6.0) 1.0002

Heart failure, n (%) 28 (26.2) 12 (31.6) 16 (23.3) 0.4922

Peripheral vascular disease, n (%) 10 (9.3) 9 (23.7) 1 (1.5) 0.0002

Thromboembolic disease, n (%) 7 (6.5) 6 (15.8) 1 (1.5) 0.0092

Stroke or other cerebral lesions, n (%) 45 (42.1) 22 (57.9) 23 (34.3) 0.0242

Hemiplegia, n (%) 14 (13.1) 7 (18.4) 7 (10.4) 0.3702

Arterial hypertension, n (%) 63 (58.9) 15 (38.5) 41 (60.3) 0.0442

Dementia 51 (47.7) 20 (52.6) 43 (64.2) 0.3012

COPD, n (%) 25 (23.4) 12 (31.6) 13 (19.4) 0.2332

Arrhythmia, n (%) 21 (19.6) 14 (36.8) 7 (10.4) 0.0022

Renal disease, n (%) 19 (17.8) 6 (15.8) 13 (19.4) 0.7942

Diabetes, n (%) 34 (31.8) 10 (27.8) 24 (38.1) 0.3802

Tumour, n (%) 17 (15.9) 8 (20.5) 9 (13.2) 0.3082

Solid tumour with metastasis, n (%) 10 (9.3) 4 (10.5) 6 (9.0) 1.0002

Charlson Comorbidity Index, CCI; 1 Mann-Whitney U-test; 2 Pearson’s chi-squared; COPD: chronic obstructive
pulmonary disease.

Residents who died within the follow-up period (n = 39, 34.6%) were generally older and
widowers, had a higher Charlson comorbidity index (CCI), and had more peripheral vascular and
thromboembolic diseases, stroke or other cerebral lesions, arterial hypertension, and arrhythmia.

3.1. Perception of Symptom Intensity

In the comparison from T1 to T5, the perception of intensity of all symptoms was scored as
moderate, except nausea and dyspnoea, which were scored as mild. No statistical differences were
found in symptom intensity between T1 and T2 to T5 (Table 2). However, all differences were found to
be statistically significant between T1 and symptoms in the last week of life (CT). In the comparison
with CT, the median ratings for nausea (p = 0.040) and depression (p = 0.033) increased by up to 2
points; pain (p = 0.026), fatigue (p = 0.003), drowsiness (p ≤ 0.001), dyspnoea (p ≤ 0.001), and insomnia
(p = 0.032) increased by up to 3 points; anxiety (p = 0.001), poor appetite (p ≤ 0.001), and malaise
(p = 0.004) increased in intensity by up to 4 points. In this case, all symptoms were scored as moderate
except nausea, which was scored as mild, and fatigue and malaise, which were scored as severe.
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Table 2. Month-by-month comparison of symptoms using Edmonton Symptom Assessment System
(ESAS) for residents in nursing homes.

Symptoms T1 vs. T2 (n = 102) T1 vs. T3 (n = 95) T1 vs. T4 (n = 84) T1 vs. T5 (n = 82) T1 vs. CT (n = 39)

md
(P25-P75)

p1 md
(P25-P75)

p1 md
(P25-P75)

p1 md
(P25-P75)

p1 md
(P25-P75)

p1

Pain
T1 4 (2–6)

0.563
4 (2–6)

0.934
5 (2–7)

0.718
4 (2–6.5)

0.741
4 (2–7)

0.026T(2-5) or CT 3.5 (2–6) 3.5 (2–6) 5 (2–7) 5 (2–7.5) 7 (2–9.5)
Fatigue

T1 5.5 (3–7)
0.225

5 (2–7)
0.485

5.5 (3–7)
0.443

4 (2.5–8)
0.559

5 (3–7)
0.003T(2-5) or CT 5.5 (3–8) 5 (2–8) 5.5 (3–8) 5 (2.5–9) 8 (3.5–9)

Nausea
T1 0 (0–3)

0.721
0 (0–2)

0.728
0 (0–2.5)

0.228
0 (0–2)

0.836
0 (0-3)

0.040T(2-5) or CT 0 (0–3) 0 (0-2) 0 (0–1) 1 (0–3) 2 (0–7)
Depression

T1 3 (0–6)
0.773

3 (0–6)
0.833

3 (0–6)
0.654

3 (0–6)
0.589

3 (0–7)
0.033T(2-5) or CT 3 (0–5.5) 2 (0–7) 3.5 (1–6) 3.5 (1–7) 4.5 (1–9)

Anxiety
T1 3 (0–6)

0.298
3 (0–5.5)

0.470
3 (0–6)

0.889
3 (0–6)

0.553
3 (0–6)

0.001T(2-5) or CT 2 (0–5) 2 (0–6) 3 (0–6) 4 (0–6) 7 (1–9)
Drowsiness

T1 2 (4–7)
0.357

4 (2–7)
0.777

3.5 (2–7)
0.985

3 (0.5–5)
0.850

4 (3–6)
<0.001T(2-5) or CT 2 (1–7) 4 (1–6) 4 (1–7) 4 (1–5) 7 (6–10)

Poor appetite
T1 3 (0–6)

0.624
3 (0–6)

0.479
3 (0–7)

0.332
3 (0–6)

0.473
3 (1–7)

<0.001T(2-5) or CT 4 (0–6) 2 (0–5.5) 2 (0–6.5) 2 (0–4) 7 (3–10)
Malaise

T1 5 (0–7)
0.114

5 (0–7)
0.284

5 (0–7)
0.210

4 (0–7)
0.357

5 (0–7)
0.004T(2-5) or CT 4.5 (0–6) 4 (0–6) 5 (1–8) 4 (3–7) 9 (2–9.5)

Dyspnoea
T1 1 (0–6)

0.522
1 (0–6)

0.765
1 (0–6)

0.602
1 (0–6)

0.187
4 (0–6)

<0.001T(2-5) or CT 1 (0–5) 1 (0–6) 0 (0–6.5) 0 (0–5.5) 7 (5–9)
Insomnia

T1 2.5 (0–6)
0.991

2 (0–6)
0.480

2.5 (0–7)
0.119

2 (0–6)
0.955

3 (0–7)
0.032T(2-5) or CT 2 (0–6) 2 (0–5) 3 (0–6) 3 (0–6) 6 (1-9)

Wilcoxon’s signed-rank test1; T1: Initial follow-up time; T2, T3, T4, T5: Different follow-up times; CT: Closure Test.
Week before death; P25: 25th percentile; P75: 75th percentile.

Residents who died during the follow-up period rated symptom intensity as higher for all
symptoms, compared to those who were alive for the entire duration (Table 3).

Table 3. Comparison of symptoms using ESAS in residents of nursing homes who died with those
who did not die.

Symptoms

Dying within
6 months

n = 39
n(Range)

Alive
≥ 6 months

n = 68
n(Range)

p1

Pain, md (P25-P75) 7 (2–9) 4 (2–6) 0.012
Fatigue, md (P25-P75) 8 (3.5–9) 6 (3–8) 0.005
Nauseas, md (P25-P75) 1 (0–7) 0 (0–1) 0.003

Depression, md (P25-P75) 4 (1–9) 3 (0–6) 0.050
Anxiety, md (P25-P75) 4 (1–9) 3 (0–6) 0.002

Drowsiness, md (P25-P75) 7 (1–9) 4 (0–7) < 0.001
Poor appetite, md (P25-P75) 7 (6–10) 4 (2–7) < 0.001

Malaise, md (P25-P75) 9 (2–9.5) 5 (2–7) < 0.001
Dyspnoea, md (P25-P75) 7 (5–9) 1 (0–6) < 0.001
Insomnia, md (P25-P75) 6 (1–9) 2 (0–6) 0.011

1Mann-Whitney U-test.

3.2. Therapeutic Procedures and Pharmacological Treatments

No statistical differences were found in the comparison of therapeutic procedures between T1 and
T2 to T5. Nevertheless, the analysis showed significant differences between T1 and CT (Table 4). The
most repeated procedures (oxygen therapy (p ≤ 0.001), use of aerosol sprays (p = 0.008), and peripheral
venous catheter placement (p = 0.039)) had an increase of between 20 and 40 percentage points. Despite
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this, the percentage of procedures related to urinary catheters (p = 1000) and enteral feeding (p = 0.221)
was not significantly different between T1 and CT.

Table 4. Comparison of therapeutic procedures and pharmacological treatments by months for patients
in nursing homes.

Therapeutic
Procedures/Pharmacological

Treatments

T1 vs. T2
(n = 102)

T1 vs. T3
(n = 95)

T1 vs. T4
(n = 84)

T1 vs. T5
(n = 82)

T1 vs. CT
(n = 37)

% p1 % p1 % p1 % p1 % p1 95% CI2

Therapeutic procedures
Urinary catheter

T1 14.7
1.000

14.7
1.000

11.9
0.752

14.6
0.267

21.1
1.000T(2-5) or CT 13.7 14.7 14.3 8.5 23.7

Peripheral venous catheter
placement

T1 26.5
0.860

24.2
0.522

22.9
0.502

24.4
0.480

25.6
0.039 4.1–39.9T(2-5) or CT 24.5 28.4 18.6 19.5 48.7

Enteral feeding
T1 11.8

1.000
14.0

1.000
15.5

1.000
14.6

0.789
5.3

0.221T(2-5) or CT 11.8 14.0 15.5 17.1 15.8
Aerosol sprays

T1 23.5
0.789

18.9
0.248

19.3
0.267

18.3
0.248

28.2
0.008 11.5–51.9T(2-5) or CT 21.6 26.4 25.3 22.0 61.5

Oxygen therapy
T1 30.4

0.803
28.4

0.450
27.4

0.511
24.4

0.343
36.9

<0.001 17.6–65.3T(2-5) or CT 32.4 31.9 33.3 29.3 79.5
Pharmacological treatments

Non-opioid analgesics
T1 58.8

0.263
54.7

0.345
54.8

0.404
51.2

0.170
71.8

0.628T(2-5) or CT 64.7 61.1 60.7 61.0 64.1
Opioid analgesics

T1 12.7
0.375

11.6
0.131

8.3
0.445

12.2
1.000

17.9
<0.001 25.6-57.3T(2-5) or CT 15.7 16.8 11.9 11.0 61.5

Antibiotics
T1 21.6

0.185
20.0

0.109
21.4

0.136
17.1

0.211
30.8

0.004 14.9–53.4T(2-5) or CT 29.4 29.5 31.0 25.6 66.7
Bronchodilators

T1 27.5
0.302

26.3
0.114

28.6
0.814

32.9
0.505

25.6
0.003 12.4–41.2T(2-5) or CT 32.4 32.6 31.0 29.3 53.8

Corticosteroids
T1 20.6

1.000
18.9

1.000
15.5

0.453
17.1

1.000
28.2

0.267T(2-5) or CT 21.6 20.0 20.2 18.3 41.0
Antiemetics

T1 7.8
1.000

9.5
1.000

6.0
1.000

8.5
0.505

17.9
0.227T(2-5) or CT 7.8 9.5 7.1 12.2 30.8

Antihistamines
T1 7.8

1.000
6.3

0.500
6.0

1.000
3.7

1.000
10.3

0.248T(2-5) or CT 7.8 8.4 7.1 3.7 2.6
Antidepressants

T1 33.3
1.000

34.7
0.617

32.5
0.479

33.7
0.131

28.2
0.114T(2-5) or CT 33.3 32.6 30.1 27.7 12.8

Anxiolytics
T1 32.4

0.773
35.0

0.181
28.6

0.752
29.3

0.386
41.0

0.150T(2-5) or CT 30.4 28.4 25.7 34.1 25.6
Hypnotics/barbiturates

T1 49.0
0.267

46.3
1.000

41.7
0.383

50.0
0.424

51.3
1.000T(2-5) or CT 44.1 46.3 47.6 43.9 71.8

1McNemar’s test; 2Agresti Min 95% confidence interval for p2-p1.; T1: Initial follow-up time.; T2, T3, T4, T5:
Different follow-up times.

Regarding pharmacological treatments, no significant differences were found between T1 and
T2 to T5. However, some statistical differences were found between T1 and CT (Table 4). Opioid
analgesics (p ≤ 0.001), antibiotics (p = 0.004), bronchodilators (p = 0.003) had a significant increase in
usage, that increase being of 45, 35, and 29 percentage points, respectively.

CT: Closure Test. Week before death. Statistical differences were found in the use of peripheral
venous catheters (p = 0.022), aerosol sprays (p = 0.001), and oxygen therapy (p = 0.001) between the
patients who died in the follow-up and those who survived (Table 5).
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Table 5. Comparison of therapeutic procedures and pharmacological treatments in nursing home
patients who died with those who did not die.

Therapeutic Procedures/Pharmacological
Treatments

Dying within
6 months,

n = 39

Alive
≥ 6 months,

n = 68
p* OR (95% CI)

Therapeutic procedures
Urinary catheter, (%) 23.7 13.2 0.176

Peripheral venous catheter placement, (%) 48.7 25.0 0.022 2.850 (1.238–6.562)
Enteral feeding, (%) 15.8 14.7 0.867
Aerosol sprays, (%) 61.5 20.6 <0.001 6.171 (2.578–14.771)
Oxygen therapy, (%) 79.5 26.5 <0.001 10.764 (4.181–27.713)

Pharmacological treatments
Non-opioid analgesics 65.8 54.4 0.350

Opioid analgesics 63.2 10.3 <0.001 14.939 (5.372–41.546)
Antibiotics 65.8 16.2 <0.001 9.965 (3.930–25.268)

Bronchodilators 55.3 16.2 <0.001 6.401 (2.580–15.880)
Corticosteroids 42.1 16.2 0.007 3.769 (1.514–9.379)

Antiemetics 31.6 4.4 <0.001 10.000 (2.607–38.359)
Antihistamines 2.6 7.4 0.417
Antidepressants 13.2 33.3 0.026 .278 (0.096–0.805)

Anxiolytics 26.3 29.4 0.909
Hypnotics/barbiturates 52.6 48.5 0.839

*Pearson’s chi-squared; OR (95% CI), odds ratio (95% confidence interval of the odds ratio).

Finally, the comparison of pharmacological treatments showed differences for use of antibiotics
(p < 0.001), bronchodilators (p < 0.0001), opioids (p < 0.001), corticosteroids (p = 0.007), antiemetics
(p < 0.001), and antidepressants (p = 0.026) between those who died and the survivors (Table 5). The
administration of these treatments was significantly greater in all deceased patients than in those who
survived, except for antidepressants, whose usage was significantly lower.

4. Discussion

This is one of the first studies that prospectively describes the last months of life of nursing home
residents, and the first that has been conducted in Spain. Our results suggest that there is a sudden
increase in symptoms, therapeutic procedures, and pharmacological treatments in the last week of life,
in comparison with previous follow-up times. In addition, an increasing number of invasive therapeutic
procedures, which may result in decreased comfort for residents, was observed, such as urinary catheter
placement, peripheral venous catheter placement, and enteral feeding. Similarly, increased drug use,
such as antibiotics, anxiolytics, and new antidepressant prescriptions was also observed.

The perception of the intensity of symptoms remains stable between T1 and the following months,
but increases substantially between T1 and the last week of life. This finding is consistent with the
previous literature, which details a worsening of symptoms in the last days of life [6,9]. Nevertheless, it
is necessary to point out that the consulted studies used prevalence, not intensity, to assess symptoms.
Thompson et al. [10] conducted a prospective study in which they assessed pain in the last six months
of life of residents in nursing homes, showing that the intensity of their pain remained stable during a
short follow-up period, except in the last days of life, when it increased.

In the same way, in relation to therapeutic procedures, there are significant differences in the use
of peripheral venous catheters, oxygen therapy, enteral feeding, and aerosol sprays in the last week of
life compared to at T1. These differences are greater if we compare the therapeutic procedures between
patients who died within the follow-up period and survivors. Regarding oxygen therapy and the use
of aerosol sprays, Hendriks et al. [4] highlighted that, unlike what the results of the present study show,
there was a decrease in the use of these procedures when death was near. Similarly, a retrospective
study conducted in four Spanish hospitals [14] showed that oxygen therapy was a very frequently
used intervention at the end of life. This study also reported that there is an increase in the use of
peripheral venous catheters during the last days of life [14].
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Enteral feeding is another intervention that might be considered to be futile [22], as this does
not improve the wellbeing of patients in a significant way and may even be prolonging the dying
process [22]. One of the factors that may influence the continuation of enteral feeding is that some
professionals and relatives consider this intervention to be a measure of comfort that should not be
removed [23].

With respect to urinary catheters, previous studies are not clear about the use of these interventions
at the end of life. A literature review by Farrington et al. [24], which included clinical practice guidelines,
pointed out that, even though some of the studies reviewed stated that urinary catheterisation could
be used to provide comfort to patients, this procedure may cause or increase patient discomfort [24].

This could be interpreted as the performance of futile interventions in the last week of life in the
nursing homes analysed.

As expected, the use of some medications linked to symptom control such as opioids,
corticosteroids, and antiemetics increased in the last days of life. Opioids were one of the most
used drugs in this study, which corresponds to what is described in the literature [4,9]. In relation to
the use of non-opioid analgesics, Jansen et al., [25] unlike our study, reported an increase in the use of
this group of drugs at the end of life.

On the other hand, there is a decrease in the use of antidepressants in the last week of life, although
the consumption of other psychotropic drugs remains stable, compared to in previous months. The
use of this kind of drug in end-of-life care is controversial: Some of them could be considered futile
since they are not used to improve symptoms typical of the end of life [26]. The time delay before
certain antidepressants have a noticeable effect is long (usually 4–6 weeks), so their usage may be
considered futile for this reason. In fact, although psychotropic drugs may be indicated for the control
of psycho-emotional symptoms, authors point out that they can cause undesirable side effects in the
geriatric population and an increased risk of mortality [27].

Regarding the use of antibiotics at the end of life, our results indicate an increase in the last
week of life. This may be due to the high percentage of patients with dementia in the sample, in
whom infections are a common cause of death. Although, previous studies indicate that the use of
antibiotics improves the prognosis of patients and the relief of symptoms [28–30], other studies provide
evidence that not administering antibiotics improves comfort [31]. Furthermore, using antibiotics is
not without risk in fragile patients with chronic diseases, due to drug reactions, drug-drug interactions,
and infections [32]. Even so, there is no consensus as to whether or not they should be used at the end
of life.

Furthermore, there has been no decrease in the prescription of drugs for any of the drugs evaluated.
According to the consulted bibliography, one of those that would be expected to decrease according to
current recommendations would be anxiolytics [33]. In our sample, the prescription of anxiolytics
did not diminish at the end of life. According to Westbury [33], ‘these psychotropic agents should
be prescribed cautiously, at the lowest therapeutic doses for as short a time as possible, and be
monitored regularly’. The literature consulted shows that identification of the terminal state increases
the likelihood of a de-prescription occurring [34]. In the case of nursing homes, this identification is
critical for facilitating patients’ access to palliative care and, consequently, for improving the quality of
care they receive, their satisfaction with it, and their symptoms [35]. Our results may be due to the lack
of use of predictive survival tools that could be used in these centres. Therefore, in the absence of a
prediction of the end of life, professionals do not question the utility of the interventions that can be
carried out.

The present article tried to demonstrate part of the reality of the care provided by Spanish nursing
homes, the study of which has had its importance emphasised by institutions, such as the EAPC. It
would have been interesting to have assessed patient comfort, in order to clarify the suitability of
controversial interventions, due to their possible futility in an end-of-life context. This work is a first
approach to the end of life in Spanish nursing homes, being the stepping stone on which it can be
developed into an intervention programme to improve end-of-life care in these centres. At the same
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time, it could well help to validate specific tools, in order to assess the quality of the dying process and
to improve the detection of palliative care needs.

It should also be highlighted that some limitations of this study may affect the reliability of our
results. It should be noted that the sample size is small in comparison with other published studies,
so it has not been possible to complete further analyses. Furthermore, characteristics of this study’s
sample are similar to those in other studies conducted in nursing homes regarding age, sex, and
diseases [4,6,9,36], so the results should be extrapolated carefully.

In this study, SECPAL criteria were used for case selection. Our results pointed out that only
the 36.4% of patients of the sample have died, so a discussion on whether these criteria are the most
appropriate is needed, particularly the limitation of a life expectancy of six months.

Several tools have been proposed to identify palliative care needs and prognosis [37]. For instance,
White et al. [38] highlighted in a meta-analysis that the accuracy of the ‘Surprise Question’ referring
to a one-year period was higher than 70% in trained professionals. For further studies, a year-long
follow-up period could be considered.

5. Conclusions

In this prospective study, intensity of end-of-life symptoms increased in the last week of life.
There is also an increase in therapeutic procedures and pharmacological treatments, but not all the
procedures and drugs are linked to symptom management. Interventions (such as urinary catheters,
peripheral venous catheter placement, and enteral feeding) and drugs (such as antibiotics, anxiolytics,
and new antidepressant prescriptions) should be carefully considered in this clinical setting, in order
to improve patient comfort and avoid futile treatments.

Primary care workers and stakeholders might support nursing home professionals in order to
provide better symptom control and decide which interventions and drugs are to be recommended in
the last days of life.
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Abstract: Dental panoramic radiographs (DPRs) provide information required to potentially evaluate
bone density changes through a textural and morphological feature analysis on a mandible. This study
aims to evaluate the discriminating performance of deep convolutional neural networks (CNNs),
employed with various transfer learning strategies, on the classification of specific features of
osteoporosis in DPRs. For objective labeling, we collected a dataset containing 680 images
from different patients who underwent both skeletal bone mineral density and digital panoramic
radiographic examinations at the Korea University Ansan Hospital between 2009 and 2018. Four study
groups were used to evaluate the impact of various transfer learning strategies on deep CNN models
as follows: a basic CNN model with three convolutional layers (CNN3), visual geometry group deep
CNN model (VGG-16), transfer learning model from VGG-16 (VGG-16_TF), and fine-tuning with
the transfer learning model (VGG-16_TF_FT). The best performing model achieved an overall area
under the receiver operating characteristic of 0.858. In this study, transfer learning and fine-tuning
improved the performance of a deep CNN for screening osteoporosis in DPR images. In addition,
using the gradient-weighted class activation mapping technique, a visual interpretation of the best
performing deep CNN model indicated that the model relied on image features in the lower left and
right border of the mandibular. This result suggests that deep learning-based assessment of DPR
images could be useful and reliable in the automated screening of osteoporosis patients.

Keywords: osteoporosis screening; artificial intelligence; convolutional neural networks; dental
panoramic radiographs

1. Introduction

Osteoporosis is a systemic disease characterized by low bone mineral density (BMD) and
micro-architectural deterioration of bone structure, thereby leading to compromised bone strength and,
consequently, an increased risk of fracture [1]. Hip, spine, and wrist fractures caused by osteoporosis
often lead to disorders that reduce the quality of life of the patient and, in severe cases, increase the
risk of mortality [2,3]. With fast population aging and an increase in life expectancy, osteoporosis is
increasingly becoming a global public health issue; it has been estimated that more than 200 million
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people are suffering from osteoporosis [4]. According to recent statistics from the International
Osteoporosis Foundation, approximately one in three women over the age of 50 will experience
osteoporotic fractures, as will one in five men over the age of 50 [4–7]. Moreover, it is expected that
more people will be affected by osteoporosis in the future and, consequently, the rate of osteoporotic
fractures will increase [8]. This is because the disease initially develops without any symptoms, remains
undiagnosed due to scarce symptomatology, and its first manifestation is often a low-energy fracture
of long bones or vertebrae [9].

Generally, osteoporosis is diagnosed by evaluating bone mineral density (BMD) measurements
(expressed as a T-score) using dual-energy X-ray absorptiometry (DXA), which is considered as the
reference-standard examination for BMD assessment [10,11]. However, this technique is complex,
expensive, and the availability is limited for overall population diagnosis [12]. Recently, digital images
of dental panoramic radiographs (DPRs) have been evaluated as cost-effective and important image
data for osteoporosis screening. This is because the widespread use of panoramic radiation in dental
care for elderly patients with increased life expectancy and a number of studies have demonstrated the
feasibility of BMD estimation and osteoporosis screening using panoramic radiography [13–23].

However, previous approaches primarily relied on manually categorized feature indexes [13–23],
such as the Gonion index, mandibular cortical index, mental index, and panoramic mandibular index,
and traditional classifier called machine learning (ML) algorithms, such as support vector machine
(SVM) [22] and fuzzy classifiers [23], for screening osteoporosis. Although the previously handcrafted
feature indexes provided sufficient evidence for assisting osteoporosis screening using panoramic
radiographs, these methods for discriminating features are of a low order and do not fully characterize
the heterogeneous pattern in radiographic images. In addition, most previous studies require tedious
and manual operations, such as extensive preprocessing, image normalization, and region of interest
(ROI) segmentation, which can significantly affect the repeatability of the classification method.

In the last few years, deep learning algorithms, particularly deep convolutional neural networks
(CNNs) architecture, have been widely recognized as a reliable approach to learn the classification
of the characteristics of features directly from original medical images [24,25]. As opposed to ML
approaches that rely on explicitly classified features, deep CNNs are a class of deep neural networks
that can learn high dimensional features to maximize the networks ability to discriminate abnormalities
among images [26]. There are many different CNN architectures that have been designed to perform
image classifications and recognitions. Each of these architectures differ in specific aspects, including
the number and size of layers, the connections between these layers, and the overall network depth.
Because different network architectures are best suited for different problems, and it is difficult to
know in advance which architecture is the right choice for a given task, empirical examination is often
recognized as the best way to make these decisions [27].

Although deep CNNs have been recognized as efficient tools for image classification, they require
a large amount of training data, which can be difficult to apply to medical radiographic image data.
When the target dataset is significantly smaller than the base dataset, transfer learning is considered
a powerful technique for training deep CNNs without overfitting [28,29]. The general process of
transfer learning is performed through the use of pretrained models in a two-step method as follows:
First, copying the first n layers of pretrained base network on a general large dataset to the first n
layers of a target network and secondly, the remaining layers of the target network are then randomly
initialized and trained on a small local dataset toward the target task [28]. On the basis of the transfer
learning techniques, several state-of-the-art results showed outperformance in both general image
classification [30–32] and medical image classification [33–36]. However, a few studies have been
done to develop and evaluate transfer learning-based deep CNN models for predicting osteoporosis
in DPRs.

The aim of this study is to develop and evaluate the deep learning approaches for screening
osteoporosis with DPR images. Using the classified panoramic radiograph images based on the
BMD value (T-score), this study evaluated several different CNN models based on osteoporosis
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discriminating accuracy. In addition, we quantitatively evaluated the effect of transfer learning and
fine-tuning of a deep CNN model on classifying performance.

2. Patients and Methods

2.1. Patients

The study was done on a total of 680 panoramic radiograph images from 680 different patients
who visited the Korea University Ansan Hospital. The patients simultaneously underwent skeletal
BMD examinations and digital panoramic radiography evaluations within four months, between 2009
and 2018. The subjects were classified into a non-osteoporosis group (T-score ≥ −2.5) or osteoporosis
group (T-score < −2.5), according to the World Health Organization criteria [37], into which 380 and
300 subjects were assigned, respectively. The dataset was divided into training and test sets as follows:
The radiographs were selected randomly, and 136 radiographs (20% of the total), 68 each from the
osteoporosis and non-osteoporosis groups, were set aside as a test set. This ensured that the testing data
set only contained images of novel radiographs that had not been encountered by the model during
training. The remaining 544 radiographs were used for the training and validation set. This study
protocol was approved by the institutional review board of the Korea University Ansan Hospital (no.
2019AS0126).

2.2. Data Preprocessing

The dimensions of the collected dental X-ray images varied from 1348 to 2820 pixels in width and
685 to 1348 pixels in height. For consistency of image preprocessing, the images were downsampled
to a uniform size of 1200 × 630 pixels, using bilinear interpolation. The final ROI was restricted
to the lower part of the mandible, below the teeth-containing alveolar bone, for an image size of
700 × 140 pixels (Figure 1). This included the most ROI areas of previous studies [13–23] that applied
various classification techniques by detailed and specifically indexing the image feature characteristics
of the limited small region of mandible. By setting the ROI to include most of the mandible instead of
the specific area of it, this study evaluated the area that plays the most distinctive role in osteoporosis
classification through explainable deep learning techniques.

Figure 1. Image preprocessing for this study. The original DPRs were downsampled, and the ROI is
restricted to the mandibular region below the teeth (region inside the bounding box). DPR, dental
panoramic radiograph; ROI, region of interest.

2.3. Convolutional Neural Networks

This study employed four study groups of CNN as follows: a basic CNN model with three
convolutional layers (CNN3), a visual geometry group deep CNN model with no pre-trained weights
(VGG16), a transfer learning model from VGG16 with pre-trained weights (VGG16-TF), and a transfer
learning and fine-tuning model from VGG16 with pre-trained weights (VGG16-TF-FT). The preceding
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architectures, along with the four variant CNN models (CNN3, VGG16, VGG16-TR, and VGG16-TR-FT)
used in this study, are depicted in the block diagram in Figure 2.

Figure 2. Schematic diagrams of the four convolutional neural networks (CNN) architectures evaluated
in this study.

The reason for choosing VGG16 [31] architecture was that it had been widely adopted and
recognized as state-of-the-art in both general and medical image classification tasks [24]. Additionally,
it has been trained on large-scale datasets, so that a transfer learning approach could be adopted for
large-scale image recognition [38]. For the VGG16 architecture under consideration, the following
three different experimental groups were evaluated: the native group (VGG16), transfer learning group
(VGG16-TR), and transfer learning with fine-tuning group (VGG16-TR-TF). In the native version, model
weights were randomly initialized, and training was conducted using only the DPR data described in
this study. In the transfer learning version, model weights were fixed, based on pre-training with a
general image dataset, except for the final, fully connected layers, which were randomly initialized.
In the transfer learning with fine-tuning version, model weights were initialized based on pre-training
on a general image dataset, the same as previous versions, except that some of the last blocks were
unfrozen so that their weights were updated in each training step. In this study, the last two transfer
learning version models (VGG16-TR and VGG16-TR-FT) employed pre-trained weights using the
ImageNet database [38]. ImageNet is an image dataset containing thousands of different objects used
to train and evaluate image classification models.
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2.4. Model Training

The 544 images selected as the training dataset were randomly divided into five folds. This was
done to perform 5-fold cross validation to evaluate the model training, while avoiding overfitting
or bias [39]. Within each fold, the dataset was partitioned into independent training and validation
sets, using an 80 to 20 percentage split. The selected validation set was a completely independent
fold from the other training folds and it was used to evaluate the training status during the training.
After one model training step was completed, the other independent fold was used as a validation set
and the previous validation set was reused, as part of the training set, to evaluate the model training.
An overview of the 5-fold cross validation performed in this study is presented in Figure 3.

Figure 3. The overview of the performed 5-fold cross validation in this study.

This process was repeated for each architecture (CNN3, VGG16, VGG16-TR, and VGG16-TR-FT).
All models were trained and evaluated on a 64-bit Windows 10 operating system, with 64 GB memory
and an NVIDIA Quadro P4000 GPU. Building, training, validation, and prediction of deep learning
models were performed using the Keras [40] library and TensorFlow [41] backend engine.

2.5. Performance Evaluation

The evaluation of the screening performance of the CNN models was performed with the
independent test dataset in each cross-validation fold. To comprehensively evaluate the screening
performance on the test dataset, the accuracy, sensitivity, specificity, receiver operating characteristic
(ROC) curve, and precision recall (PR) curve were calculated. The accuracy, sensitivity, and specificity
score can be calculated as follows:

accuracy =
TP + TN

TP + TN + FN + FP

sensitivity =
TP

TP + FN

specificity =
TN

TN + FP

TP and FP are the number of correctly and incorrectly predicted images, respectively. Similarly,
TN and FN represent the number of correctly and incorrectly predicted images, respectively. The area
under the ROC curve (AUC) was also calculated.
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2.6. Visualizing Model Decisions

Deep learning models have often been referred to as non-interpretable black boxes because it is
difficult to know the process by which they make predictions. To know the decision-making process of
the model, and which features are most important for the model to screen osteoporosis in DPR images,
this study employed the gradient-weighted class activation mapping technique (Grad-CAM) [42] and
the most significant regions for screening osteoporosis in DPR images were highlighted.

3. Results

3.1. Baseline Clinical and Demographic Characteristics of the Subjects

The patients were 565 female and 115 male, with an age range from 27 to 90 years (mean age
of 63.0 years). There were 380 patients (mean age 58.5) without osteoporosis (T-score ≥ −2.5) and
300 patients (mean age 68.6) with osteoporosis (T-score < −2.5). The clinical characteristics of the DPR
dataset used in this study are summarized in Table 1.

Table 1. Clinical and demographic characteristics of the dental panorama radiographs (DPRs) dataset
in this study.

Parameter
Without Osteoporosis

(T-Score ≥ −2.5)
With Osteoporosis

(T-Score < −2.5)
Total

Number of patients 380 300 680
Number of female/male 332/48 233/67 565/115

Mean age (±SD) 58.5 (±11.8) 68.4 (±8.4) 63.0 (±11.6)

3.2. Prediction Performance

The CNN models of this study were trained using a cross-entropy loss function on the selected
training image dataset. The screening performances of the four CNN models tested in this study are
displayed in Table 2. It was observed that the transfer learning and fine tuning VGG16 model with
pre-trained weights (VGG16-TR-FT) achieved the top performance, with the highest AUC of 0.858
(95% CI 0.865 to 0.850), sensitivity of 0.900 (95% CI 0.919 to 0.881), specificity of 0.815 (95% CI 0.847 to
0.783), and accuracy of 0.840 (95% CI 0.857 to 0.822). The screening performances of the other models
that applied transfer learning techniques, but did not apply fine tuning, one with pre-trained weights
(VGG-TR) and the other without pre-trained weights (VGG16), were slightly degraded. The arbitrarily
established model with three convolutional layers (CNN3) achieved the lowest performance, with an
AUC of 0.667 (95% CI 0.708 to 0.626), sensitivity of 0.684 (95% CI 0.889 to 0.480), specificity of 0.649
(95% CI 0.813 to 0.486), and accuracy of 0.660 (95% CI 0.725 to 0.594).

Table 2. Osteoporosis screening accuracy of convolutional neural network models in this research.

Model AUC (95% CI) Sensitivity (95% CI) Specificity (95% CI) Accuracy (95% CI)

CNN3 0.667 (±0.041) 0.684 (±0.204) 0.649 (±0.164) 0.660 (±0.066)
VGG16 0.742 (±0.018) 0.674 (±0.048) 0.811 (±0.034) 0.771 (±0.018)

VGG16-TR 0.782 (±0.006) 0.737 (±0.046) 0.828 (±0.052) 0.802 (±0.024)
VGG16-TR-TF 0.858 (±0.008) 0.900 (±0.019) 0.815 (±0.032) 0.840 (±0.018)

Figure 4 shows the ROC curves of all tested models. The VGG16-TR-FT models achieved the
highest AUC of 0.86, while the CNN3 model achieved the lowest AUC of 0.61. Figure 5 shows the PR
curves of the tested CNN models. It was also observed that the VGG16-TR-FT models achieved the
highest PR of 0.86, while the CNN3 model achieved the lowest PR of 0.61.
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Figure 4. Mean ROC curves of each CNN models for screening osteoporosis on DPR images in this study.

 
Figure 5. Original and Grad-CAM sample images of correctly predicted by the best-performing deep
CNN model (VGG16-TR-TF) for DPR image-based osteoporosis screening are illustrated. Below each
original sample images, a Grad-CAM image is superimposed over the original image. The bright red in
each Grad-CAM image indicate the region that has the greatest impact on screening osteoporosis patients.
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3.3. Visualizing Model Decisions

Figures 5 and 6 illustrate the case examples of predictions using the best predictive VGG16-TR-FT
model as compared with ground truth. Each case example employed a Grad-CAM technique to
perform a visual interpretation to determine which areas affected the deep CNN’s class classification.
In the case of screening correctly for osteoporosis (Figure 5A), the region showing the weak lower
border of the mandibular cortical bone and the less dense, spongy bone texture at its periphery was
extracted as the main image feature of the classification. In correctly screened cases of no osteoporosis
(Figure 5B), the region showing the strong lower boundary of the mandible cortical bone and the dense
texture around its periphery was extracted as the main image feature of the classification. However,
in the case of incorrectly screened cases, i.e., the non-osteoporosis case predicted as osteoporosis
(Figure 6A) or the osteoporosis case predicted as non-osteoporosis (Figure 6B), the central region of the
mandible or the ghost images of the hyoid bone was extracted as the main image feature.

 

Figure 6. Original and Grad-CAM sample images of incorrectly predicted by the best-performing
deep CNN model (VGG16-TR-TF) for DPR image-based osteoporosis screening are illustrated. Below
each original sample images, a Grad-CAM image is superimposed over the original image. The
bright red in each Grad-CAM image indicate the region that has the greatest impact on screening
osteoporosis patients.
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4. Discussion

Although DPRs are commonly performed for the evaluation of dentition and adjacent structures
of the jaw, some clinical assistant diagnosis (CAD) systems based on DPRs have been suggested for
screening systemic diseases, such as osteoporosis and carotid artery calcification [13–23,43]. However,
the approaches of most previous studies are only valid when image features are accurately extracted,
using sophisticated and manual image preprocessing algorithms or techniques. If a DPR image is
imported from an unfamiliar environment or unexpected noise is added to the image, the prediction
can easily be distorted. The neural network algorithm can resolve this problem. All the knowledge
necessary for diagnosis is established only with the given training image data, without complicated or
sophisticated image preprocessing. In recent years, a cutting-edge neural network technology, called
deep learning, has been applied to medical imaging analysis and has shown a level of performance that
is equal to or better than a clinician. As mentioned above, most previous CAD system studies, which
used manual or sophisticated image preprocessing and machine learning algorithms for the screening
of osteoporosis based on DPRs, presented variable diagnostic performances, in terms of sensitivity and
specificity [13–23]. Recently, a deep learning-based osteoporosis prescreening study, which resulted in
a very high AUC score (0.9763 to 0.9991) and accuracy (92.5% to 98.5%), was published [44]. However,
in that study, osteoporosis labeling was subjectively performed by dental specialists, rather than BMD
score (T-score) which is the gold standard for diagnosing osteoporosis. In addition, the study did
not visually interpret the decision of the trained CNN model, and using five arbitrarily established
convolutional layers, there is a limitation to the reproducibility of the deep CNN model.

The first major findings of the present study showed that applying appropriate transfer learning
and fine-tuning techniques on pre-trained deep CNN architectures had an equivalent DPR-based
osteoporosis screening level of previous studies, even with small image datasets, without complex
image preprocessing and image ROI settings. According to Table 2 and Figure 4, the CNN3 group,
having only arbitrary established three convolutional layers, showed the lowest true-positive screening
performance and accuracy among the experimental groups. On the basis of these results, it can be
estimated that a CNN model with a small number of convolutional layers can have limitation in
learning the true data distribution from a small number of datasets.

Comparing models that used pre-trained weights (VGG16-TR and VGG16-TR-FT) to those that
did not (VGG16), also revealed that deep CNNs initialized with large-scale pre-trained weights
outperformed those directly learnt from small-scale data, with AUC improvements between 7% to
11%. Thus, in the case of having a small-scale image dataset, this study also suggests that the use of
transfer learning on deep CNN models with pre-trained weights can be an efficient solution for the
classification of medical images, instead of learning a deep neural network from scratch.

Moreover, as shown in Table 2 and Figure 7, the results of this study also indicated an improvement
in screening performance when using fine-tuning on some convolutional blocks in deep CNN layers.
In general, the deep CNN model learned from pre-trained deep neural networks on a large natural
image dataset could be used to classify common images but cannot be well utilized for specific
classifying tasks of medical images (Figure 8A). However, according to a previous study that described
the effects and mechanisms of fine tuning on deep CNNs [45], when certain convolutional blocks of
a deep CNN model were fine-tuned, the deep CNN model could be further specialized for specific
classifying tasks (Figure 8B). More specifically, earlier layers of a deep CNN contain generic features that
should be useful to many classification tasks, but later layers progressively contain more specialized
features to the details of the classes contained in the original dataset (i.e., the large natural image dataset
on which the deep CNN was originally trained). Using this property, when the parameters of the
early layers are preserved and the parameters in later layers are updated during training new datasets,
the deep CNN model can be effectively used in new classification tasks. In conclusion, fine-tuning
uses the parameters learned from a previous training of the network on a large dataset and, then,
adjusts the parameters in later layers from the new dataset, improving the performance and accuracy
in the new classification task. As with the previous study, the fine-tuning technique, which freezes
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the weight parameters of some initial convolutional blocks in the deep CNN model called VGG16,
and, then, updates the weight parameters of the later convolutional blocks (Figure 8B), show higher
performance than other experimental groups. The conceptual diagram of the fine-tuning technique
mentioned above can be seen in Figure 8.

 

Figure 7. Comparison of grad-CAM images from other groups against some original images showing
true positive and true negative in the best performing VGG16-TR-TF group.

 
Figure 8. The conceptual diagram of the fine-tuning technique in the transfer learning of a deep CNN.

The second major result of this study was to identify areas where image feature differences
occurred when screening osteoporosis in DPR images using the Grad-CAM technique. To understand
and visualize the decision of deep CNN models, some samples of the correctly and incorrectly screened
examples were reviewed (Figures 5 and 6). For additional insight to model decisions, a Grad-CAM
technique was performed in this study. This technique identified the areas of input images that
had the greatest impact on model classification. According to this additional review, the model
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does seem to identify the feature characteristics of osteoporosis in DPR images (e.g., cortical bone
thinning). According to the Grad-CAM evaluation of this study, DPR-based screening performances of
osteoporosis were high when the image features were specified in the middle region of the left and right
side of the mandibular lower border. This region is also consistent with the regions used to discriminate
osteoporosis using DPR images, in most previous studies [13–23], although the measurement algorithm
was different. This indicates that most osteoporosis patients have image feature characteristics, on
DPR images, at the lower border of the cortical bone in the mandible. However, image quality issues,
such as blurring, low contrast, and ghost images of adjacent objects can cause incorrect predictions.
When the image features were specified in the center region of the mandible, or when the ghost images
of the hyoid bone were in the ROI region, the accuracy was reduced. Therefore, to improve the deep
CNN-based screening performance of osteoporosis in DPR images, it is suggested that the ROI setting
be limited to the area around the middle of the left and right side of the lower border of the mandible.

5. Conclusions

This study presents the usefulness of transfer learning and fine tuning with a deep CNN for
the screening of osteoporosis in DPR images, in cases with a limited training dataset. We have
applied various transfer learning techniques on pre-trained networks VGG16 for the discrimination of
osteoporosis using a DPR image dataset, labeled based on T-score. The experimental results showed
that transfer learning with pre-trained weights and fine-tuning techniques achieved the highest overall
accuracy of 84%. The presented results suggest that the combination of the appropriate deep CNN
architectures and transfer learning techniques has effectively resolved the issue of a small training
set of images and that DPR images have the potential for osteoporosis prescreening. In addition,
using the Grad-CAM technique, this study performed a deep learning-based visual explanation for
the area where the image feature difference occurred. Therefore, this study confirmed the previous
osteoporosis screening studies using DPR images that set the ROI at the middle of the left and right
side of the lower border of the mandible. Given the increasing burden of osteoporosis on the global
healthcare system, as our population ages, and the proliferation of dental panoramic image devices,
the results presented in this study suggest that deep learning-based image analysis of DPRs could
serve an important role in cost-effective prescreening for patients unaware of osteoporosis. To further
improve screening performance, future research is needed, using different deep CNN architectures
and deep learning techniques, more validated and qualified labeled image dataset, the appropriate
number of datasets, and automated configuration techniques for more limited range of ROI.
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Abstract: An electronic medical record (EMR)-based screening system has been developed as a trigger
system for a rapid response team (RRT) that traditionally used direct calling. We compared event
characteristics, intensive care unit (ICU) admission, and 28-day mortality following RRT activation
of the two trigger systems. A total of 10,026 events were classified into four groups according to
the activation time (i.e., daytime or on-call time) and the triggering type (i.e., calling or screening).
Among surgical patients, the ICU admission was lowest for the on-call screening group (26.2%).
Compared to the on-call screening group, the on-call calling group and daytime calling group showed
higher ICU admission with an odds ratio (OR) of 2.07 (95% CI 1.50–2.84, p < 0.001) and OR of
2.68 (95% CI 1.91–3.77, p < 0.001), respectively. The 28-day mortality was lowest for the on-call
screening group (8.7%). Compared to the on-call screening group, on-call calling (OR 1.88, 95% CI
1.20–2.95, p = 0.006) and daytime calling (OR 1.89, 95% CI 1.17–3.05, p < 0.001) showed higher 28-day
mortality. The EMR-based screening system might be useful in detecting at-risk surgical patients,
particularly during on-call time. The clinical usefulness of an EMR-based screening system can vary
depending on patients’ characteristics.

Keywords: clinical deterioration; early medical intervention; electronic health records; hospital rapid
response team; intensive care units; medical records system; computerized

1. Introduction

Rapid response teams (RRT) were widely deployed in the early 2000s to promptly detect
deteriorating patients outside critical care and to provide appropriate advanced critical care early
on [1]. RRTs are activated by calls by medical staff based on the calling criteria and the clinical concern.
Increasing the RRT dose could improve patient outcomes [2,3]. However, previous research indicates
that only 30% of at-risk patients who satisfied the calling criteria received critical care from RRTs [1].
In addition, diurnal variation affects RRT activation and clinical outcomes. RRT calls frequently occur
during the day. Diurnal variation in RRT utilization influences hospital mortality dependent upon the
time of the call [4,5]. Delayed RRT activation occurs more frequently between midnight and 8:00 am
and is associated with increased hospital mortality [6]. Infrequent activation during early morning
hours is followed by a spike in mortality at 7:00 am [7]. These findings suggest a delay in recognition of
at-risk patients and suboptimal RRT utilization by caregivers at night results in poor patient outcomes.

Abundant clinical data and conclusions derived from electronic medical records (EMR) can be
utilized to improve not only health care quality but also point-of-care management by detecting clinical
deterioration early. The 24-h accessibility of EMR is beneficial in that automatic EMR monitoring by
RRTs tends to reinforce the screening of at-risk patients. Currently, vital signs and certain laboratory
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data in EMR are used as criteria parameters for detecting deteriorating patients working as an additional
limb of RRT [8,9]. However, results of EMR-based RRT systems have been mixed [9–11]. In our
hospital, an RRT with dual-triggering afferent limbs, which utilizes both direct calling from bedside
doctors or nurses and 24-h based EMR screening criteria, was introduced in 2008. We adopted a
single-parameter EMR screening system. Previous research that assessed clinical outcomes in the first
two-year period after dual triggering system deployment reported that EMR screening resulted in
lower intensive care unit (ICU) admission rates but only surgically ill patients had reduced 28-day
mortality rates [12]. This study aimed to analyze the event characteristics and clinical outcomes of RRT
activations according to the trigger-type and activation time using the 8-year-period RRT cohort.

2. Methods

2.1. Study Populations

The study protocol was approved by the Institutional Review Board (2016-0857) of Asan Medical
Center. Due to the retrospective nature, informed consent was not required, and patients’ data were
used anonymously. This study was conducted at an academic tertiary care hospital with approximately
2400 adult beds. All adult patients in general wards who received treatment from the RRT were eligible.
RRT operated for 24 h a day, 7 days a week during the study period. As the purpose of the study
was to compare clinical characteristics and effectiveness of two triggering systems in early detection
and management of at-risk patients, RRT events which were categorized as cardiopulmonary cerebral
resuscitation (CPCR), post-CPCR care, educational purpose, procedure assistance, and counseling for
end-of-life were excluded. Patients who requested to be listed as “do not resuscitate” (DNR) were also
excluded. If the patient had more than one event in the same admission period, only the first event
was included for analysis to eliminate redundancy.

Based on the duty hours of training residents, daytime for weekdays was defined as 7:00 am
to 5:59 pm while on-call time was defined as 6:00 pm to 6:59 am on the following day. Daytime for
weekends or holidays was defined as from 7:00 am to 11:59 am while on-call time was defined as from
12:00 pm to 6:59 am on the following day. Nursing staffs work in three shifts, day shift (6:30 am to 2:30
pm), evening shift (2:30 pm to 10:30 pm), and night shift (10:30 pm to 6:30 am on the following day),
regardless of weekend or weekdays. We divided the type of activation events into four groups: calling
vs. screening, based on trigger type, and daytime vs. on-call time, based on activation time.

At this hospital, the RRT not only provides advanced critical care but is also actively involved in
monitoring and assessing at-risk patients throughout the day. Direct calling from ward physicians and
nurses activates the RRT. Additionally, the EMR-based screening system is utilized, which automatically
activates the RRT when the pre-defined criteria based on the vital signs and laboratory measurements
of the patients’ medical records are met. Details of the criteria are shown in Table S1.

2.2. Study Variables and Outcomes

Data were routinely collected for patients’ demographics, illness-type (medical or surgical),
RRT activation time and date (weekdays or weekend), trigger parameter for activation,
therapeutic intervention during the event (e.g., intubation, ventilator, high flow nasal cannular
(HFNC), bilevel positive airway pressure (BiPAP), advanced cardiovascular life support (ACLS),
etc.), the outcome of the RRT intervention (e.g., ICU transfer vs. ward stay), and the 28-day
mortality following the event. If the alarm was triggered by both calling and screening, the first
trigger was recorded. Patients’ vital signs (e.g., systolic/diastolic blood pressure (BP), pulse rate (PR),
respiratory rate (RR), body temperature (BT), and mental status) at the time of the event were also
collected to risk-stratify patients. We calculated a modified early warning score (MEWS), which was
validated for both medical in-patients and surgical in-patients [13,14] and used this score for adjustment.
MEWS is the sum of scores for five parameters: systolic BP, PR, RR, and mental status. Each parameter
and detailed pre-assigned score are described in Table S2.
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The number of RRT events per year and the number of RRT activations per clock hour were
analyzed to identify the RRT activation pattern. RRT events per each clock hour were classified as per
screening and calling which were further divided into doctor-calling, and nurse-calling. All events
were categorized into four different groups: daytime calling, daytime screening, on-call calling,
and on-call screening. The primary outcome considered was ICU admission after RRT activation.
Twenty-eight day mortality following RRT activation was also assessed for the four groups.

2.3. Statistical Methods

Annual RRT activations and the number of RRT events for each clock hour are presented graphically.
Differences between two groups (i.e., calling vs. screening in daytime, and calling vs. screening in
on-call time) were tested using a Chi-square test for categorical variables, and the independent t-test
for continuous variables. ICU admission and 28-day mortality were compared between the on-call
screening group and the other three individual groups and presented as an odds ratio (OR) with a
95% confidence interval using a multivariate logistic regression model adjusting for age, sex, MEWS,
weekend, and activation coding after univariate analysis. The risk factors for ICU admission and
28-day mortality were identified following univariate logistic analysis and statistically significant
variables were further applied for the multivariate logistic regression. All statistical analyses were
performed using SPSS software (version 24.0; IBM Corp., Armonk, NY).

3. Results

From 1 January 2009 to 31 December 2016, 15,641 RRT events were identified (Figure 1); of these,
10,026 events were included for analysis. All events were classified according to activation time and trigger
type. A total of 6293 events occurred during on-call time and 54.3% (n = 3419) were activated by screening
rather than calling. Figure 2 represents the number of RRT activation events per year over the 8-year period.
The number of RRT triggers by calling did not vary significantly between each year but activation by
screening increased steadily from 2009. This increase was more prominent during on-call time.

 

Figure 1. Schematic flow chart of the study Given that our rapid response team (RRT) performs a
multifunctional role, only events related to early detection and management of at-risk patients were
included for the study. Among 15,641 eligible events, 10,026 events were analyzed to describe the
pattern of RRT activations. For clinical outcome analysis, 9736 events were included after excluding 290
events due to unavailable MEWS. Cardiopulmonary cerebral resuscitation (CPCR); Do not resuscitate
(DNR); Rapid response team (RRT); Modified early weaning score (MEWS).
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Figure 2. The number of RRT events per year since 2009. Overall RRT events increased from 1055 in
2009 to 1627 in 2016. The total number of RRT activations by screening in 2016 was 2.63-fold higher
than that in 2009. Data are presented as number of events.

The number of events for each clock hour are illustrated in Figure 3. In total, 4771 events (47.6%)
were call-triggered (doctor calling and nurse calling). The number of activations by nurse calling was
relatively stable in each clock hour compared with the number of doctor calling. RRT contacts were
most frequent from midnight to 00:59 am (n = 952, 9.5%). The proportions of activation by screening
were higher during on-call time, particularly from midnight to 0:59 at which time the vital check is
conducted by night duty nurses.

Figure 3. The RRT frequency according to each clock hour. Among 10,026 events, 4771 (47.6%) were
triggered by calling and 5255 (52.4%) were triggered by screening. RRT contacts are most frequent at
midnight to 00:59 am (n = 952, 9.5%). The total frequency was higher in order of 18:00 pm, 21:00 pm,
and 8:00 am. Data are presented as number of events.
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Patients’ baseline characteristics, illness type, and MEWS are presented in Table 1. Approximately
half of the patients in the screening group had solid malignancy (daytime 50.3% vs. 35.3%, p < 0.001;
on-call time 50.2% vs. 41.5%, p < 0.001). Moreover, a greater number of patients had hematologic
malignancy in the screening group than in the calling group (daytime 19.3% vs. 13.4%, p < 0.001;
on-call time 16.7% vs. 11.6%, p < 0.001). In contrast, the proportion of patients with chronic lung
disease, cardiovascular disease, or neurologic disease was higher in the calling group. Among surgical
patients, a higher number of at-risk patients were activated by calling rather than screening (daytime
18.9% vs. 10.7%, p < 0.001: on-call time 19.6% vs. 12.9%, p < 0.001). MEWS was available in 9,736
events. MEWS was significantly higher in the calling group than in the screening group (daytime 4.54
vs. 4.30, p = 0.031; on-call 4.57 vs. 4.37, p = 0.0017). Activation coding and type of intervention are
presented in Table S3.

Table 1. Baseline characteristics of included events.

Daytime On-Call

Calling Screening Calling Screening

N = 1897 N = 1836 N = 2874 N = 3419

Age 64 (52–73) 64 (53–72) 64 (53–73) 64 (53–72)
Sex

Male—No. (%) 1165 (61.7) 1120 (61.0) 1768 (61.5) 2097 (61.3)
Underlying disease
Solid malignancy 669 (35.3) 924 (50.3) ‡ 1194 (41.5) 1717 (50.2) ‡

Hematologic malignancy 254 (13.4) 355 (19.3) ‡ 334 (11.6) 571 (16.7) ‡
Chronic lung disease 277 (14.6) * 224 (12.2) 405 (14.1) * 375 (11.0)

Cardiovascular disease 839 (44.2) † 720 (39.2) 1327 (46.2) * 1483 (43.4)
Chronic liver disease 273 (14.4) 267 (14.5) 424 (14.8) 479 (14.0)

Gastrointestinal disease 7 (0.4) 6 (0.3) 16 (0.6) 14 (0.4)
Neurologic disease 262 (13.8) ‡ 166 (9.0) 402 (14.0) ‡ 322 (9.4)

Chronic kidney disease 158 (8.3) ‡ 102 (5.6) 217 (7.6) * 203 (5.9)
Thyroid disease 95 (5.0) * 61 (3.3) 113 (3.9) 140 (4.1)

Diabetes mellitus 440 (23.2) 429 (23.4) 703 (24.5) 825 (24.1)
Solid organ transplant 70 (3.7) 58 (3.2) 86 (3.0) 93 (2.7)

Illness type
Medical 1450 (78.7) 1627 (88.6) ‡ 2251 (79.9) 2987 (87.4) ‡
Surgical 392 (21.3) ‡ 209 (11.4) 567 (20.1) ‡ 432 (12.6)
MEWS 4.54 ± 2.23 ‡ 4.30 ± 2.02 4.57 ± 2.24 ‡ 4.37 ± 2.01

Weekend 330 (17.4) 377 (20.5) * 1103 (38.4) 1347 (40.2)

Among continuous variables, age is presented as median (interquartile range) and MEWS are presented as mean
± SD. Categorical variables are presented as No. (%). MEWS was available in 9736 patients. * p-value < 0.05,
† p-value < 0.01, ‡ p-value < 0.001. Chi-square test was done for the comparison between daytime calling and
daytime screening. The same analytic technique was used for the comparison between on-call calling and on-call
screening. MEWS =modified early weaning score.

The overall ICU admission was 28.9% and 28-day mortality was 30% among 9736 patients.
As more patients in the screening group had a malignancy (Table 1), a subgroup analysis was
conducted to compare the clinical outcomes between patients with cancer and those without cancer
(Table 2). Among patients with an underlying malignancy, the overall ICU admission rate was 21.5%
and the on-call screening group displayed the lowest ICU admission (14.9%). The overall 28-day
mortality was 40.6% and mortality was lower for the on-call calling group compared to the on-call
screening group (OR 0.84, 95% CI 0.72–0.98). Among patients without cancer, overall ICU admission
and 28-day mortality were 36.1% and 21.4%, respectively. ICU admission was lowest for the on-call
screening group (22.3%) as was 28-day mortality (18.6%). Similar to patients with cancer, the daytime
screening group had higher mortality compared to on-call screening group (OR 1.48, 95% CI 1.14–1.93).
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Table 2. Clinical outcomes among medical patients without cancer and with cancer.

With Cancer (N = 4980) Without Cancer (N = 3256)

OR 95% CI p-Value OR 95% CI p-Value

ICU admission On-call, screening 1 1
Daytime, screening 1.01 0.81–1.26 0.92 1.26 0.97–1.64 0.086

On-call, calling 2.30 1.91–2.77 <0.001 2.42 1.98–2.97 <0.001
Daytime, calling 3.85 3.11–4.77 <0.001 3.65 2.93–4.54 <0.001

28-day mortality On-call, screening 1 1
Daytime, screening 1.16 0.99–1.35 0.063 1.48 1.14–1.93 0.004

On-call, calling 0.84 0.72–0.98 0.026 1.10 0.88–1.38 0.417
Daytime, calling 0.87 0.72–1.05 0.136 1.17 0.92–1.50 0.204

Data are presented as odds ratio (OR) with 95% confidence interval (CI). ICU admission and 28-day mortality were
analyzed using a multivariate logistic regression model adjusting for age, sex, MEWS, weekend, and activation code.
MEWS, weekend, and activation code were variables finally selected for the regression model for ICU admission in
cancer patients. For 28-day mortality in cancer patients, sex, MEWS, weekend, and activation code were adopted
variables for the regression model. Among patients without cancer, age, MEWS, and activation code were variables
adopted for ICU admission and 28-day mortality. For patients with cancer: overall (n = 4980); on-call screening (n
= 1971); daytime screening (n = 1131); on-call calling (n = 1188); daytime calling (n = 690). For patients without
cancer: overall (n = 3256); On-call screening (n = 961); Daytime screening (n = 472); On-call calling (n = 1063);
Daytime calling (n = 760).

Among patients with surgical illnesses (Table 3) overall ICU admission and 28-day mortality were
37.6% and 13.4%, respectively. The on-call screening group was significantly associated with lower
ICU admission (26.2%); daytime screening had an ICU admission of 28.4% (OR 1.06, 95% CI 0.70–1.59,
p = 0.794), on-call calling 42.4% (OR 2.07, 95% CI 1.50–2.84, p < 0.001), and daytime calling 46.1% (OR
2.68, 95% CI 1.91–3.77, p < 0.001). The on-call screening group was also associated with lower 28-day
mortality (8.7%); the 28-day mortality for daytime screening was 12.9% (OR 1.44, 95% CI 0.82–2.51, p =
0.203), on-call calling 15.5% (OR 1.88, 95% CI 1.20–2.95, p = 0.006), and daytime calling 15.9% (OR 1.89,
95% CI 1.17–3.05, p = 0.0009).

Table 3. Clinical outcomes among patients with surgical illness.

OR 95% CI p-Value

ICU admission On-call, screening 1
Daytime, screening 1.06 0.70–1.59 0.794

On-call, calling 2.07 1.50–2.84 <0.0001
Daytime, calling 2.68 1.91–3.77 <0.0001

28-day mortality On-call, screening 1
Daytime, screening 1.44 0.82–2.51 0.203

On-call, calling 1.88 1.20–2.95 0.006
Daytime, calling 1.89 1.17–3.05 0.009

Data are presented as odds ratio with 95% confidence interval (CI). ICU admission and 28-day mortality were
analyzed using a multivariate logistic regression model adjusting for age, sex, MEWS, weekend, and activation
code. Sex, MEWS, weekend, and activation code were variables finally selected for the regression model for ICU
admission. For 28-day mortality, sex, MEWS, and activation code were adopted variables for the regression model.
Overall (n = 1500); on-call screening (n = 412); daytime screening (n = 201); on-call calling (n = 528); daytime calling
(n = 359).

The risk factors associated with ICU transfer and 28-day mortality following RRT activation are
shown in Table S4. On-call time patients were less likely to be transferred to the ICU (OR 0.76, 95% CI:
0.68–0.84, p < 0.001) and had a lower mortality rate than daytime patients (OR 0.85, 95% CI: 0.78–0.94,
p < 0.001). Compared to calling, the RRT activation by screening was associated with a lower ICU
transfer rate, (OR 0.51, 95% CI: 0.46–0.57, p < 0.001) but a higher 28-day mortality rate (OR 1.19, 95% CI:
1.08–1.33).
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4. Discussion

We evaluated the effects of an EMR-based screening system using the RRT cohort over an 8-year
period following the employment of a dual triggering system. In addition to the calling system,
the EMR-based screening system was implemented to aid in increasing the detection sensitivity of
at-risk patients. Between 1 January 2009 and 31 December 2016, a total of 10,026 events were included.
The number of RRT activations by screening system continually increased over the course of data
collection. The higher proportion of screening group (especially on-call time) compared to the other
study groups can be explained by two factors: (1) the experiences gained by the RRT over the study
years might have led to an increase in the sensitivity of the screening system in detecting at-risk
patients; (2) a small number of doctors on duty compared to daytime might result in a decrease in
on-call calling, thus eventually increasing the burden of RRT work during on-call time.

Among the patients without cancer and surgical patients, the on-call screening group had lower
ICU admission and lower 28-day mortality than other groups, possibly due to early detection using
EMR screening during on-call time. However, this positive effect of the screening system was not
observed among at-risk patients with cancer. Although more patients in the on-call calling group
transferred to the ICU and had higher MEWS than the on-call screening group, 28-day mortality was
significantly lower in the on-call calling group. The higher ICU admission rate in the calling group
can be explained by the fact that activation by calling is (1) more likely to be associated with acute
medical events and (2) more likely to reflect greater motivation on behalf of attending physicians
to treat the patient. Alternatively, the daytime screening group had lower MEWS and lower ICU
admission, but higher 28-day mortality. This result suggests that various factors affect mortality in
medically ill at-risk patients. DNR agreement following RRT activation or consideration for end-of-life
care might be closely related to 28-day mortality.

In many reports, the dose-response effect of the RRT was well described [15–17]. Increasing RRT
dose was associated with dose-related reduction of cardiac arrest and cardiac arrests were most common
overnight when RRT dose was the lowest. Because the trigger threshold by traditional calling criteria
may vary depending on the experience or concern of ward physicians and nurses, the achievement
of optimal RRT dose is important. Real-time monitoring by experienced RRT could increase the
sensitivity of detecting clinical deterioration and improve clinical outcome. As our results indicate,
triggering frequency itself is largely dependent on the interval of vital sign measurements. As vital
sign check-ups at the ward are typically recorded by nurses at intervals of 8-h or 4-h, the activation
frequency was higher during the regular vital sign check-up hours. Therefore, unless clinicians order
frequent vital sign check-ups or laboratory tests for possible at-risk patients, the possibility of missing
indicators of deteriorating patients will persist. Employment of automatic continuous monitoring
could overcome this limitation [18].

We used single parameters including laboratory data, such as lactate levels and arterial blood gas
analysis, as the triggers for the EMR-based system. Previous research indicates various degrees of
sensitivity and the accuracy of multiple aggregate weighted scoring systems (AWSS) for predicting
ICU transfer, cardiac arrest, and mortality [19,20]. However, the current AWSS depends mainly on
vital signs, without assessing other characteristics of at-risk patients. Therefore, the development of a
modified scoring system which includes vital signs, laboratory data, and characteristics of the patient
population is necessary to increase the sensitivity and specificity of the screening system.

There are several limitations in this study. First, this is a single-center study and data were
analyzed retrospectively. As our center is an academic tertiary hospital, the patients’ disease severity is
generally higher than in non-tertiary hospitals; thus, our results may not generalize well to non-teaching
hospitals or hospitals with different patient populations. Nevertheless, the use of a screening system
during on-call time seems to be associated with an improved 28-day mortality rate, particularly among
surgically ill patients and patients without malignancy. As our hospital adopted a dual-triggering
system at the time of the launch of RRT, for ethical and patient safety concerns, a prospective
randomized trial comparing calling system and screening system based on the duty hours was not
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possible. A prospective multicenter study is required to evaluate the efficacy of the screening system
more accurately. Second, the proportion of patients who agreed on a plan for end-of-life care following
RRT activation was not considered. There are other factors affecting primary outcomes aside from
the management of RRT, such as end-of-life care, spontaneous decisions by attending physicians,
will of family caregivers, and the availability of ICU beds at the time of the RRT visit. Therefore,
these results should be interpreted with careful consideration of multiple clinical factors, not by the
RRT intervention alone.

5. Conclusions

Deployment of an EMR-based screening system offers additional improvement in detecting and
managing at-risk patients, particularly during on-call time. However, the clinical effectiveness of this
system can vary depending on patients’ characteristics. The deployment of a modified screening
system reflecting the physiologic parameters, laboratory measurements, and underlying diseases of
the patient population at each hospital would maximize the beneficial role of the RRT in point of
care management.
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Abstract: Background: The objective of this study was to investigate the use of ensemble methods to
improve the prediction of fetal macrosomia and large for gestational age from prenatal ultrasound
imaging measurements. Methods: We evaluated and compared the prediction accuracies of nonlinear
and quadratic mixed-effects models coupled with 26 different empirical formulas for estimating
fetal weights in predicting large fetuses at birth. The data for the investigation were taken from the
Successive Small-for-Gestational-Age-Births study. Ensemble methods, a class of machine learning
techniques, were used to improve the prediction accuracies by combining the individual models and
empirical formulas. Results: The prediction accuracy of individual statistical models and empirical
formulas varied considerably in predicting macrosomia but varied less in predicting large for
gestational age. Two ensemble methods, voting and stacking, with model selection, can combine the
strengths of individual models and formulas and can improve the prediction accuracy. Conclusions:
Ensemble learning can improve the prediction of fetal macrosomia and large for gestational age and
have the potential to assist obstetricians in clinical decisions.

Keywords: macrosomia; large for gestational age; machine learning; ensemble methods; prediction;
sensitivity; specificity

1. Introduction

Excessive fetal growth poses risks to maternal and infant well-being [1]. The term “macrosomia”
is used to describe the condition of a fetus with a birth weight of more than 4000 g, regardless of
gestational age [1,2]. Macrosomia is sometimes confused with “large for gestational age” (LGA), which
describes an infant with a 90th percentile or higher birthweight for gestational age [1]. It has been
shown that the infants with either macrosomia or LGA pose a large risk of perinatal morbidity and
mortality to their mothers [2,3]. Therefore, accurately predicting and diagnosing these conditions has
been a major goal of obstetric investigators, for purposes of conducting early intervention or targeted
perinatal medical care to reduce the risks.

Measurements taken from prenatal ultrasound imaging are the primary quantitative resources
for predicting birth weights and diagnosing macrosomia or LGA. Zhang et al. [4] took the empirical
formula given by Hadlock et al. [5] for estimating fetal weights and implemented a joint mixed-effects
model to predict macrosomia and LGA. This procedure of predicting macrosomia or LGA from
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prenatal ultrasound measurements was a two-step supervised learning process. In the first step,
an empirical formula was chosen to derive the estimated fetal weights (EFWs) from sonographic
ultrasound measurements at each of the gestational time points when the ultrasound measurements
were taken and recorded. In the second step, a joint mixed-effects model with latent subject-specific
random effects was fitted. One component of the joint model was a quadratic mixed-effects model to
derive the predicted birth weights (PBWs). Another component was a probit mixed-effects model,
from which the classification of macrosomia or LGA was determined from the PBWs by comparing
the PBWs with a pre-specified threshold [6]. However, previous literature has noted that there were
26 candidate empirical formulas for estimating fetal weights [7–9]. In addition, some literature also
argued that nonlinear mixed-effects models should be more appropriate in modeling growth curves
than linear or quadratic mixed-effects models [10]. Selecting a particular EFW empirical formula
and a quadratic mixed-effects model, as in Zhang et al. [4], increases the uncertainties in predicting
macrosomia or LGA, because these empirical formulas and the statistical models function diversely.

In this article, we investigate the use of ensemble methods to aggregate prediction results given
by different EFW empirical formulas and the statistical models. The goal of this practice is to improve
the prediction in macrosomia or LGA. With ensemble methods, it is not required to select any specific
statistical model or empirical formulas. Instead, the prediction capability of each combination of the
empirical formulas and statistical models is combined and aggregated to generate a learning procedure
that gives the best prediction performance.

2. Methods

2.1. Data

The Successive Small-for-Gestational-Age Births study (SGA study) was funded by the National
Institute of Child Health and Human Development (NICHD), in the National Institutes of Health
of the USA in 1983. The study was conducted concurrently by the University of Bergen in Norway,
the University of Uppsala in Sweden, and the University of Alabama, USA, from 1984 to 1985 [11].
The initial goal of the SGA study was to characterize the different types of intra-uterine growth
restriction and to assess the associated risk factors.

To demonstrate the strengths of ensemble methods in predicting fetal macrosomia or LGA, we took
the Scandinavian data in the SGA study that were collected in Norway and Sweden. The Scandinavia
SGA data were collected from January 1st, 1986, through March 31st, 1988 from nulliparous (parity
1) and primiparous (parity 2) Caucasian pregnant women prior to the 20th gestational week who
had a singleton pregnancy and spoke one of the Scandinavian languages. A total of 6354 women
were recruited to the study, and 632 of them were excluded from the study, according to the exclusion
criteria (n = 432) or due to absence of first prenatal visit (n = 200). The remaining 5722 patients were
split into three subgroups. A random sample of 561 patients was first selected. Then, a “high-risk”
group of 1384 patients was identified out of the random sample of 561 patients on the basis of five
small-for-gestational-age (SGA) risk factors: giving birth to an infant with birthweight below 2750 g in
the past, maternal cigarette smoking at conception, pre-pregnancy weight lower than 50 kg, a previous
perinatal death, and the presence of chronic maternal disease (chronic renal disease, hypertension, or
heart disease). The remaining 3777 patients were considered as the “low-risk” group. The patients
from the random sample and “high-risk” group were eligible to participate in a detailed follow-up
study, during which the women were examined at approximately 17th, 25th, 33rd, and 37th weeks
of gestation. For each visit, ultrasound examination was performed, and demographic and medical
information were collected. At the end of the Scandinavia SGA study, only 1945 were able to complete
the follow-up study.

In our study, we restricted the study data to the 1115 women in the Scandinavia SGA study who
had all four ultrasound examinations and complete covariate information (maternal age, pre-pregnancy
body weight and height, previous diseases history, and smoking history) in the Scandinavia SGA
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study. In the ultrasound examination records in the Scandinavia SGA study, there were three fetal
measurements: biparietal diameter (BPD), middle abdominal diameter (MAD), and femur length (FL).

2.2. An Ensemble Learning Procedure of Predicting Macrosomia and LGA

Here, we developed a four-step ensemble learning procedure to predict macrosomia or LGA from
prenatal ultrasound measurements. The output of the learning procedure is the binary classification of
either macrosomia or LGA. The prediction of macrosomia and LGA is conducted based upon a set
of input features. The primary input features are the sonographic measurements BPDs, MADs, and
FLs collected from 17th, 25th, 33rd, and 37th weeks of gestation, as well as gestational age at delivery,
in the Scandinavia SGA study. Other features also include maternal age, pre-pregnancy body mass
index, parity, smoking status, existing diabetes, and gestational diabetes. Figure 1 shows a diagram
that delineates the four steps in the ensemble learning procedure, to predict macrosomia or LGA. Step
1 is to take the sonographic measurements for each of the gestational weeks and each of the empirical
formulas in Table A2, to obtain EFWs at each gestational time point. Step 2 is to fit either a nonlinear
mixed-effects model or a quadratic mixed-effects model to predict the corresponding PBWs at birth
from the EFWs obtained in Step 1. Step 3 is to use the PBWs to derive the classification of macrosomia
or LGA by using a specified threshold. Step 4 is the ensemble learning step, in which prediction output
from various empirical formulas and the nonlinear and quadratic mixed-effects models are combined
to generate the ensemble learning prediction results.

2.3. Estimated Fetal Weights with 26 Empirical Formulas

In the ultrasound examination records in the Scandinavia SGA study, there were three fetal
measurements BPD, MAD, and FL. Melamed et al. [7] summarized 26 different empirical sonographic
formulas (see Appendix A Table A1) that can be taken to estimate fetal weights from sonographic
ultrasound measures. In our ensemble learning procedure, we considered all the 26 models in our
analysis. Abdominal circumference (AC) in the empirical sonographic formulas can be calculated by
3.1416 ×MAD, and head circumference (HC) can be derived by the formula introduced in [12].

2.4. Mixed-Effects Models for Predicting PBWs and Deriving the Classification of Macrosomia or LGA

We built a nonlinear three-parameter mixed-effects logistic model with latent random effects
to predict PBWs and derive the classification of macrosomia or LGA [10,13]. The three-parameter
mixed-effects logistic model for the ith fetus (i = 1, · · · , n indexing the study subjects) at gestational
time ti j ( j = 1, 2, 3, 4 indexing the time when the gestational ultrasound measurements were recorded,
j = 5 indexing the time of birth) is as follows:

yij =
φ1i

1 + exp
[
−
(
ti j −φ2i

)
/φ3i
] + εi j,

where yij is the EFW obtained from one of the 26 formulas in Table A1 at gestational time ti j, j = 1, 2, 3,
and 4, and yij is the birth weight when j = 5, φi = (φ1i, φ2i, φ3i) are model parameters in which
φ1i indicates amplitude, φ2i indicates the smoothness, φ3i indicates stretch, and εi j are within-subject
random errors. For the nonlinear mixed-effects model, each parameter φki (k = 1, 2, 3 indexing the
parameter), can be further modeled by a linear representation:

φki = X′i jβk + bki,

where Xij is a vector of fixed-effects the covariates of maternal age, pre-pregnancy body mass index,
previous disease history, including diabetes, cardiac disease, high blood pressure, renal disorders, and
other diseases, and smoking during pregnancy; and βk denotes the corresponding regression parameters.
The first element in Xij equals 1 for the interception. In our learning procedure, the covariates were
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included in the linear term φ1i = X′i jβ1 + b1i, and φ2i and φ3i were specified as φ2i = β2 + b2i and
φ3i = β3 + b3i. We also considered the nonlinear three-parameter mixed-effects logistic model without
any covariates in φ1i such that φ1i = β1 + b1i. The random effects bi = (b1i, b2i, b3i)′ represent
the latent individual variations that are not explained by the covariates. We assumed the random
effects, bi, independently follow a multivariate normal distribution, with a vector of mean 0 and a
variance-covariance matrix Σ, where Σ was assumed to be positive, definite, and unstructured. Further,
we assumed the following heteroscedastic model [10] for the within-subject random errors εi j:

εi j ∼ N

⎛⎜⎜⎜⎜⎜⎜⎝0,

∣∣∣∣∣∣∣
φ1i

1 + exp
[
−
(
ti j −φ2i

)
/φ3i
]
∣∣∣∣∣∣∣
2δ⎞⎟⎟⎟⎟⎟⎟⎠.

Input: Sonographic measurements
BPDs, MADs, and FLs from 17th,
25th, 33rd, and 37th weeks of
gestation.

Step 1: Using a specified empirical
formula to derive the estimated fetal
weights (EFWs) from sonographic
measurements BPDs, MADs, and FLs.

Step 2: Fitting a mixed effects model
to derive the corresponding predicted
birth weights (PBWs).

Output: Classification of
macrosomia or LGA

Step 3: Using the PBWs to derive the
classification of macrosomia or LGA
with a specified threshold.

Step 4: Using ensemble methods to
aggregate prediction results from
various empirical formulas and
mixed effects models. 

Figure 1. An ensemble learning procedure to predict macrosomia or LGA from prenatal
ultrasound measurements.

We compared the above nonlinear mixed-effects models with the following quadratic mixed-effects
model implemented in Zhang et al. [4].

yij = X′i jβ+ θ1ti j + θ2t2
i j + bi0 + bi1ti j + bi2t2

i j + εi j.

The configuration of Xij, β, bi, and εi j is identical to those in the nonlinear mixed-effects model,
and θ = (θ1, θ2) are the parameters of time fixed-effects ti j and t2

i j. For the quadratic mixed-effects
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model, we also considered the one without any covariates for predicting the birth weights and deriving
the classification of macrosomia or LGA.

2.5. Ensemble Learning Methods

Here, we propose to apply ensemble methods [14], to combine the prediction results generated
from 26 individual EFW empirical formulas and from nonlinear and linear mixed-effects models.
One appealing property for ensemble methods is that they combine the classification strengths of
individual models but do not overfit the data. Two types of ensemble algorithms, majority voting
and stacking, are considered. Majority voting is one of the most fundamental ensemble methods
for classification [14]. For a binary classification problem, the final classification of majority voting
is the class that receives more than half of the votes from the individual learning models. Because
the individual learning models can be correlated, it is necessary to select among individual learning
models that are combined in majority voting [15–17]. Here, we implemented least absolute shrinkage
and selection operator (LASSO) [18], smoothed clipped absolute deviation (SCAD) [19], and minimax
penalized likelihood (MCP) [20] to select individual learning models.

The stacking method [21,22] is one of the most known meta-learning methods. It combines
the prediction results from several different individual learning models, called “first-level learners”,
by another learning model, named “second-level learner” or “meta-learner”. Van der Laan et al. [23]
proposed to train the meta-learner by a unified cross-validation algorithm or super learner and proved
its oracle properties. The unified cross-validation algorithm is summarized as follows. For a K-fold
cross-validation procedure (K = 10 is set here), the training dataset was split into K equal-sized
groups, stratified by the response variable. Then, let the k-th group be the validation data, take the
remaining data to train the first-level learners, and collect the prediction values from the validation
data as the covariates of the meta-leaner. By repeating the above procedure on every fold of data,
along with the original response variable, a complete dataset, called the “leave-one data”, is generated
for training the meta-learner. Several reports [21,22,24] proposed using the logistic regression with
positive constraint on the regression coefficients as the meta-learner for classification, whereas Van
der Laan et al. [23] used linear regression as the meta-learner for regression models. Debray et al. [24]
suggested performing model selection on the meta-learner, so we applied LASSO, SCAD, and MCP to
conduct model selection on the meta-learner.

2.6. Evaluation of Prediction Performance

In our investigation, the original dataset was randomly divided into a training dataset (70%,
n = 781) and a testing dataset (30%, n = 334), stratified by the presence of macrosomia or LGA. For an
individual mixed-effects model with a particular EFW empirical formula, the entire training dataset,
along with the ultrasound measures and demographic information in the testing dataset, was used to
fit the model. The birth time, birthweight, and the true macrosomia or LGA status in the testing dataset
were used to evaluate the prediction performance. For ensemble methods, the ensemble learner was
trained by the training dataset and tested by the testing dataset.

The prediction accuracy of each individual mixed-effects model with a particular EFW empirical
formula, as well as the ensemble learner, was assessed by the areas under the receiver operating
characteristic curve (AUC), sensitivity, specificity, positive predictive value (+PV), negative predictive
value (−PV), positive likelihood ratio (+LR), negative likelihood ratio (−LR), and Youden’s index
(sensitivity + specificity − 1) for predicting both macrosomia and LGA.

3. Results

Table 1 shows the baseline characteristics of our study subjects (n = 1115). The mean maternal age
of the study subjects was 28 years (standard deviation or SD: 4 years), and the average height and
weight before pregnancy were 166 centimeters (SD: 6 centimeters) and 59 kg (SD: 10 kg), respectively.
Twenty-one percent of women had a history of SGA births, and about half of them smoked at enrollment.
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Only a few had high blood pressure, cardiac disease, diabetes, or renal disorder, but 15% had other types
of diseases. The mean gestational age at birth was 280 days (SD: 8 days), and the mean birthweight
was 3562 g (SD: 478 g). Seventeen percent of infants had macrosomia, 11% had LGA at birth, and,
among the LGA infants, 9 of them (7%) were not macrosomia infants. The current study sample was
used as the reference of LGA [11].

Table 1. Baseline characteristics of study subjects.

Demographic Characteristic Mean (Standard Deviation) n = 1115

Maternal age (years) 28.32 (4.12)
Birthweight (grams) 3562 (478)
Gestational age (days) 279.99 (8.34)
Maternal height (centimeters) 165.96 (5.99)
Maternal weight (kilograms) 59.20 (10.00)

Health History Number of Subjects (Percentage)

High blood pressure 20 (1.8)
Cardiac disease 10 (0.9)
Diabetes 3 (0.3)
Renal disorders 11 (1.0)
Other diseases 172 (15.4)
Small for gestational age 235 (21.1)
Large for gestational age 124 (11.1)
Macrosomia 195 (17.5)
Smoking at enrollment (cigarettes/day)

0 436 (49.1)
1–9 180 (16.1)
10–19 397 (35.6)
20+ 102 (9.2)

3.1. Prediction Performance of Individual Models and Empirical Formulas in Macrosomia

We predicted macrosomia or LGA with the nonlinear and quadratic mixed-effects models described
above, and also considered those models with or without the covariates. Thus, four mixed-effects
models combined with 26 empirical formulas for EFWs, totally 104 learning models, were fitted.
The prediction performance of individual learning models in predicting macrosomia is reported in
Appendix A Tables A2–A5. For the three-parameter mixed-effects logistic models, their prediction
performance varied with different EFW empirical formulas, and adding covariates into the models did
not improve their prediction performance (see Appendix A Tables A2 and A3). The three-parameter
mixed-effects logistic models, either with or without covariates, predicted all birth weights to be under
4000 g when combined with empirical formula 3 in Table A1. The two nonlinear mixed-effects models
combined with empirical formula 11 in Table A1 gave the highest value of Youden’s index of 0.670,
and the lowest value of Youden’s index of 0.050 was obtained by empirical formula 18 in Table A1
without covariates. The best sensitivities of 0.857 and 0.839 were obtained from the two models with
or without covariates, respectively, when coupled with empirical formula 7 in Table A1. The AUCs for
these models ranged from 0.871 to 0.910. The prediction performance of the quadratic mixed-effects
models also varied among different empirical formulas, and adding covariates did not improve their
prediction performance either (see Appendix A Tables A4 and A5). The quadratic mixed-effects models
combined with empirical formula 12 in Table A1 gave the highest value of Youden’s index of 0.663,
whereas the lowest value of Youden’s index of 0.310 was obtained by empirical formula 3, in Table A1,
without covariates. The best sensitivity of 0.982 was obtained from the two models with or without
covariates when coupled with empirical formulas 7 and 11 in Table A1. The AUCs for these models
ranged from 0.857 to 0.905.
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3.2. Prediction Performance of Individual Models and Empirical Formulas in LGA

LGA is defined as a newborn with a birthweight greater than the 90th percentile for gestational
age. Here, given the input of sonographic ultrasound measures, both the nonlinear and quadratic
mixed-effects models can generate PBWs for each of fetuses at any time point, regardless of its actual
birth time. A newborn was classified as LGA if his or her PBW was above the 90th percentile of
PBWs of all other fetuses, when the fetuses were assumed to be born at the identical birth time as that
newborn. The prediction performance of the nonlinear and quadratic mixed-effects models is reported
in Appendix A Tables A6–A9. The prediction performance showed small variation among different
EFWs empirical formulas and among these models. The Youden’s indexes ranged from 0.354 to 0.526,
the sensitivities ranged from 0.424 to 0.576, the specificities ranged from 0.930 to 0.950, and the AUCs
ranged from 0.863 to 0.894.

3.3. Prediction Performance of Ensemble Methods

Two ensemble methods, voting and stacking methods, were applied to combine the 104 learning
models for the prediction of macrosomia. The voting method was implemented by using two
approaches: voting from all learning models without selection and voting from the selected learning
models. To select among the learning models, a penalized logistic regression was run with either a
LASSO, SCAD, or MCP penalty. When the stacking method was implemented, we fit a linear regression
model as our meta-learner, either without variable selection or with three variable selection methods,
LASSO, SCAD, and MCP. The prediction performance of the ensemble methods for the prediction of
macrosomia is summarized in Table 2. The voting and stacking methods with the SCAD selection
yielded the best Youden’s indexes of 0.681 and 0.688, respectively, which were higher than the Youden’s
indexes generated by any other individual learning models in Tables A2–A5. The voting method with
the SCAD and MCP selection and the stacking method with the LASSO, SCAD, and MCP selection
outperformed most of the individual learning models listed in Tables A2–A5. The voting method with
the SCAD or MCP model selection generated an AUC of 0.932 and 0.924, respectively, higher than the
AUCs generated by any other individual learning models in Tables A2–A5.

We also applied the voting and stacking methods for the prediction of LGA, to combine the 104
learning models. The voting method was implemented as described in the prediction of macrosomia.
When the stacking method was implemented, we fit a logistic regression with positive constraints [22],
without further selection on first-level learners, and a logistic regression with the LASSO, SCAD,
and MCP selection on first-level learners as our meta-learner. The results are summarized in Table 3.
These results showed that the best prediction results were supplied by the voting method with the
MCP selection with a Youden’s index of 0.537 and a sensitivity of 0.636, both higher than any of the
individual learning models in Tables A6–A9.
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4. Discussion and Conclusions

We proposed using ensemble methods to combine the strengths from nonlinear and quadratic
mixed-effects models and 26 empirical formulas of EFWs to predict macrosomia and LGA of newborns
from sonographic ultrasound measurements. The prediction performance of the ensemble methods
was studied with the data from the Scandinavia SGA study. We showed that the prediction performance
varied among the empirical formulas and mixed-effects models. The three-parameter mixed-effects
logistic model combined with empirical formula 11 in Table A1 gave the best prediction results in
predicting macrosomia. In predicting LGA, the prediction performance also varied. The best prediction
results were obtained from the quadratic mixed-effects model combined with empirical formula 6 in
Table A1. These results showed that it was difficult to select any individual statistical learning model
combined with only one empirical formula of EFWs, to predict macrosomia or LGA from sonographic
ultrasound measurements.

We subsequently proposed applying ensemble methods to aggregate the prediction results from
mixed-effects models and empirical formulas of EFWs, to achieve better prediction performance.
Our investigation showed that, with the aid of either the SCAD or MCP for model selection, both
stacking and voting methods improved the prediction accuracies in predicting macrosomia, as opposed
to those from individual statistical models and empirical formulas. The voting method with the
MCP for model selection predicted LGA more accurately than the individual statistical models and
empirical formulas. In this study, the ensemble prediction algorithms were created from all the prenatal
ultrasound measures and birth weights. However, the algorithms can be used to make prediction on
macrosomia or LGA with the ultrasound measures only from the first or second trimester, although
the ultrasound measures collected in the third trimester or before birth can substantially improve the
prediction accuracy. Our current study is a feasibility study that demonstrates the ensemble methods
can be integrated with ultrasound examinations to assist obstetricians in clinical diagnosis on whether
a pregnant woman will give birth to a large infant, and to further guide clinical interventions for the
condition. However, measurable clinical benefits are unclear until they are demonstrated in prospective
clinical studies.

Our current study has several limitations. The proportion of macrosomia or LGA infants in the
Scandinavia SGA dataset is small (15% for macrosomia and 11% LGA of n = 1115 infants). This may
largely influence the prediction accuracy given by the individual models and empirical formulas.
However, using machine learning methods specifically ensemble methods, can accommodate such
imbalanced data, and improve prediction accuracy [23]. In addition, the initial objective of the SGA
study was to characterize the intra-uterine growth restriction and assess the associated risk factors
of SGA, but the study was not designed for studying macrosomia or LGA. As a consequence, the
risk factors associated with macrosomia or LGA were not thoroughly collected. This may be the
reason why, in our study, we did not receive benefits from adding covariates into the mixed-effects
models. Lastly, The SGA study was conducted in 1980s, with out-of-date sonographic ultrasound
examination technologies, so the prediction models developed in this study may not be directly
applied to predict macrosomia or LGA with the ultrasound measures from most recent state-of-the-art
ultrasound technologies. However, the ensemble methods can still be applied to aggregate any available
ultrasound prediction models. Also, the subjects in this study were the Caucasians from Europe that
were mostly not obese (11.6% overweight rate and 2.1% obese rate in the study). New studies and data
on a diverse population should be able to substantially improve the prediction of macrosomia and
LGA among both the whites and minorities, as well as the overweight and obese population.
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verified the analytical methods and conducted data analysis. S.Y., F.S., and B.Z. took the lead in writing the
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Appendix A

Table A1. Empirical formulas used for estimating fetal weight from sonographic ultrasound
measurements (Melamed et al. [5]).

Formula Reference Equation

1 Campbell and Wilkin [25] ln EFW = −4.564 + 0.383 ·AC− 0.00331 ·AC2

2 Hadlock et al. [5] ln EFW = 2.695 + 0.253 ·AC− 0.00275 ·AC2

3 Jordaan [26] log10 EFW = 0.6328 + 0.1881 ·AC− 0.0043 ·AC2 + 0.000036239 ·AC3

4 Warsof et al. [27] log10 EFW = 1.1633 + 0.092 ·AC− 0.000019 ·AC
5 Higginbottom et al. [28] EFW = 0.0816 ·AC3

6 Hadlock et al. [5] log10 EFW = 1.304 + 0.05281 ·AC + 0.1938 · FL− 0.004 ·AC · FL
7 Woo et al. [29] log10 EFW = 0.59 + 0.08 ·AC + 0.28 · FL− 0.00716 ·AC · FL
8 Warsof et al. [30] ln EFW = 2.792 + 0.108 · FL + 0.0036 ·AC2 − 0.0027 ·AC · FL
9 Vintzileos et al. [31] log10 EFW = 1.879 + 0.084 · BPD + 0.026 ·AC
10 Warsof et al. [27] log10 EFW = 1.401 + 0.144 · BPD + 0.032 ·AC− 0.000111 ·AC · BPD2

11 Shepard et al. [32] log10 EFW = 1.2508 + 0.166 · BPD + 0.046 ·AC− 0.002546 · BPD ·AC
12 Jordaan [26] log10 EFW = 1.9317 + 0.0377 ·AC + 0.0950 · BPD− 0.0015 · BPD ·AC
13 Hadlock et al. [5] log10 EFW = 1.1134 + 0.05845 ·AC− 0.000604 ·AC2 − 0.007365 · BPD2 + 0.000595 · BPD ·AC + 0.1694 · BPD
14 Woo et al. [29] log10 EFW = 1.63 + 0.16 · BPD + 0.00111 ·AC2 − 0.0000859 · BPD ·AC2

15 Mirghani et al. [33] log10 EFW = 2.1315 + 0.0056541 ·AC · BPD− 0.00015515 · BPD ·AC2 + 0.000019782 ·AC3 + 0.052594 · BPD
16 Hadlock et al. [5] log10 EFW = 1.182 + 0.0273 ·HC + 0.07057 ·AC− 0.00063 ·AC2 − 0.0002184 ·HC ·AC
17 Jordaan [26] log10 EFW = 0.9119 + 0.0488 ·HC + 0.0824 ·AC− 0.001599 ·HC ·AC
18 Jordaan [26] log10 EFW = 2.3231 + 0.02904 ·AC + 0.0079 ·HC− 0.0058 · BPD
19 Hadlock et al. [5] log10 EFW = 1.335− 0.0034 ·AC · FL + 0.0316 · BPD + 0.0457 ·AC + 0.1623 · FL
20 Woo et al. [29] log10 EFW = 1.54 + 0.15 · BPD + 0.00111 ·AC2 − 0.0000764 · BPD ·AC2 + 0.05 · FL− 0.000992 · FL ·AC
21 Shinozuka et al. [34] EFW = 0.23966 ·AC2 · FL + 1.6230 · BPD3

22 Mirghani et al. [33] log10 EFW = 2.7193 + 0.0094962 ·AC · BPD− 0.1432 · FL− 0.00076742 ·AC · BPD2 + 0.001745 · FL · BPD2

23 Hadlock et al. [5] log10 EFW = 1.326− 0.00326 ·AC · FL + 0.0107 ·HC + 0.0438 ·AC + 0.158 · FL
24 Combs et al. [35] EFW = 0.23718 ·AC2 · FL + 0.03312 ·HC3

25 Ott et al. [36] log10 EFW = 0.9339 + 0.04355 ·HC + 0.05392 ·AC− 0.0008582 ·HC ·AC + 1.2594 · (FL/AC)
26 Hadlock et al. [5] log10 EFW = 1.3596 + 0.0064 ·HC + 0.0424 ·AC + 0.174 · FL + 0.00061 · BPD ·AC− 0.00386 ·AC · FL

Abdominal circumference (AC), femur length (FL), biparietal diameter (BPD), and head circumference (HC) are
expressed in centimeters, and EFW is expressed in grams, unless stated otherwise. This is an identical table to the
Table 1 in Melamed et al. [5].
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Abstract: We aim to examine how season and temperature levels affect physical activity using a
wearable device among patients scheduled to undergo surgical resection of lung cancer. Physical
activity (PA) data from the wearable device were analyzed by seasons for 555 preoperative lung
cancer patients from the CATCH-LUNG cohort study. The seasons were divided into spring, summer,
autumn, and winter using the study enrollment date before surgery. The overall mean (SD) age
was 61.1 (8.9) years, and the mean (SD) daily steps at each season were 11,438 (5922), 11,147 (5065),
10,404 (4403), and 8548 (4293), respectively. In the fully-adjusted models, patients in the winter season
had 27.04% fewer daily steps (95% CI = −36.68%, −15.93%) and 35.22% less time spent performing
moderate to vigorous physical activity (MVPA) compared to patients in the spring. The proportion of
participants with over 8000 steps and duration of MVPA were significantly lower in the winter than
the spring. In particular, daily steps had a negative linear association with wind chill temperature in
patients who lived in Seoul. In conclusion, PA was significantly lower in the winter and it was more
robust in patients who had a low cardiorespiratory function.

Keywords: lung cancer; physical activity; season; preoperative; wearable

1. Introduction

Lung cancer is the leading cause of cancer-related death worldwide, contributing to 1.6 million
deaths annually [1]. Surgical resection remains the best curative treatment option in patients with
early-stage non-small cell lung cancer (NSCLC), and a patient’s preoperative status is important to
assess the feasibility of undergoing surgical lung resection under general anesthesia. In particular,
patients with poor pulmonary function and cardiorespiratory fitness are considered inoperable due
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to increased morbidity and mortality after surgical resection [2]. Both cardiopulmonary fitness
and functional capacity are widely recognized as strong predictors of postoperative complications,
specifically mortality and long-term survival, in NSCLC [3].

Cardiorespiratory fitness (CRF) and functional capacity are affected by physical activity (PA) [4].
Numerous studies have conducted PA or exercise programs to improve physical fitness and functions
before thoracic surgery [2,5]. Adopting and sustaining a more physically active lifestyle has been
shown to reduce the risk of complications and mortality and improve health-related quality of
life in patients who underwent thoracic surgery [6]. However, promoting long-term PA has been
challenging due to various factors such as lack of motivation, access to facilities for physical activities,
and inclement weather [7]. Studies reported that seasonal weather conditions could promote or
deter PA [8]. Furthermore, most studies were conducted with a small number of participants
(<50) and only included limited populations such as children [9] or the elderly [10]. In addition,
few quantitative assessments have been focused on seasonal variation in PA among preoperative lung
cancer patients. Studies have attempted to measure daily PA with quantitative assessments using
simple and non-expensive devices during the perioperative periods of lung cancer surgery [11–13].
They found that that daily walk distance predicted maximum oxygen consumption per minute in
patients undergoing lung resection [11], and the time and the quality of the daily ambulatory activity
of the patients decreased during the first postoperative month [12]. Thus, our study aims to use a
wearable device (Fitbit) to examine how the season and temperature level affect PA among patients
who are scheduled to undergo surgical resection for lung cancer.

2. Methods

2.1. Subjects and Data Sources

Patients with lung cancer in this study were selected from the Coordinate Approach to Cancer
patients’ Health for Lung Cancer (CATCH-LUNG) cohort of preoperative lung cancer patients between
March 2016 and October 2018 at the Samsung Medical Center in Seoul, Korea. Inclusion criteria for
CATCH-LUNG cohort were (1) patients who were expected to undergo curative lung cancer surgery
for suspected or histologically confirmed NSCLC, (2) patients who were able to walk and keep a
normal life with the Eastern Cooperative Oncology Group Performance Status (ECOG PS ≤1), and (3)
patients understood the purpose of this study and agreed to participate in the study. Exclusion criteria
were (1) patients who had undergone neoadjuvant treatment before surgery, (2) patients free of NSCLC
after pathological exams, (3) patients whose surgery was canceled, or (4) patients who withdrew
consent before baseline data collection. Among patients who met these criteria, we furthermore
excluded patients who had either pathologically confirmed stage IV cancer after surgery (n = 2) and
63 patients who were excluded due to lack of Fitbit data (28 patients wore their Fitbit less than one day
and 35 patients had either hardware or software failures of Fitbit). The final study sample included
555 patients. The study protocol was approved by the Institutional Review Board of Samsung Medical
Center (no. 2015-11-025). Written informed consent was obtained from all participants.

2.2. Grouping and Weather Data Collection

The main exposure variable was the season, which was divided into spring (March to May),
summer (June to August), autumn (September to November), and winter (December to February) using
the study enrollment date before surgery. For preoperative patients living in the metropolitan Seoul
area, the weather-related factor of wind chill temperature was obtained from the Korea Meteorological
Administration (https://data.kma.go.kr).

2.3. Physical Activity and other Variable

The main outcome was PA, which was assessed using a reliable wearable activity tracker [14].
The Flex tracker (Fitbit, San Francisco, CA, USA) was used to quantify the PA intensity, time, activity
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type, and steps per day. We asked participants to wear a Fitbit activity tracker 24 h per day for 7
consecutive days. We determined that patients did not wear the Fitbit if there was no movement
(0 steps) for more than 4 consecutive hours during daytime (9:00 a.m. to 4:00 p.m.). Physical activity
time, frequency, and intensity data were automatically measured and saved by an internal sensor.
We then calculated activity level by combining the Fitbit data with age, gender, height, and weight
data recorded at registration. Activities were classified into four categories: (1) sleeping or sedentary
activity (1 MET), (2) light physical activity (1~2.9 METs), (3) moderate physical activity (3~5.9 METs),
and (4) vigorous physical activity (more than 6 METs). The calculated values were averaged to define
daily activity level.

The tracker was worn on the wrist. To reduce bias, the device had no screen so that patients could
not see their recorded level of PA. In addition, there was no specific education or guidelines for patients
regarding PA and patients were recommended to maintain PA prior to surgery, as usual.

CRF was measured using the 6-min walk test (6MWT), which was performed according to ATS
guidelines [15]. Each participant was asked to walk (not run) back and forth along the corridor as far
as possible for 6 min and was given standardized verbal encouragement every minute. The test has
been widely used for preoperative and postoperative evaluations of CRF. In some clinical situations,
the 6MWT provides a better index of the patient’s ability to perform daily activities compared to peak
oxygen uptake [16]. In addition, the 6MWT is a sub-maximal test of CRF, as opposed to cardiopulmonary
exercise testing (CPET). While it is well known that the incremental shuttle walk test (ISWT) has a
higher correlation with CPET than 6MWT, we could not use the ISWT because it was not available
in Korea. In fact, 6MWT has been widely used in real-world clinics for cardiopulmonary evaluation
in patients with chronic obstructive pulmonary disease (COPD) [17]. To obtain quality data, trained
researchers provided study participants detailed instructions about 6MWT, and asked patients to do a
pilot walk (for 15~20 s) before the actual test.

Spirometry and DLco measurements were performed using a Vmax 22 respiratory analyzer
(SensorMedics, OH, USA) according to the American Thoracic Society/European Respiratory Society
criteria [18,19]. Absolute values of forced expiratory volume in 1 s (FEV1), forced vital capacity (FVC),
and DLco were obtained, and the percentage of predicted values (% predicted) for FEV1, FVC, and DLco
were calculated using a representative Korean sample [20,21] as a reference. Sociodemographic and
behavioral information, including age, smoking status, and comorbidities, were recorded before
surgery using a questionnaire. Treatment information regarding pathological stage and pulmonary
function were collected after surgery.

2.4. Statistical Analysis

Continuous and categorical variables were compared among the seasons using analysis of variance
(ANOVA) and the χ2 test, respectively.

For the main analyses, we used linear regression to compare the daily number of steps and
the moderate-to-vigorous physical activity (MVPA) time by season. Since steps per day and MVPA
minutes are markedly right skewed (p-values based on Shapiro–Wilk and Shapiro–Francia tests for
normality were <0.001), we used log-transformed daily number of steps and MVPA time as the
outcomes. The average difference (as a percent difference with 95% confidence interval (CI)) was
estimated comparing patients enrolled in the summer, autumn, or winter to those patients enrolled in
the spring.

Using daily number of steps and MVPA duration, we developed a dichotomized outcome to
evaluate the proportion of participants who were physically active. Being physically active was defined
as either taking more than 8000 steps per day or performing more than 60 min of MVPA. We chose
8000 steps per day based on a reference that adults usually take 5000 steps per day and perform daily
activities such as house errands, walking, or shopping [22]. We then added 3000 steps per day to
account for 30 min of MVPA (10 min of MVPA is around 1000 steps [23,24]). From this, we equated
8000 steps to 60 min of MVPA.
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Logistic regression was conducted to compare the odds of being physically active by season with
adjustments made for age, sex, smoking status, FEV1% pred, any pulmonary comorbidities (COPD,
asthma, or ILD), and any extra-pulmonary comorbidities (cardiovascular diseases or diabetes mellitus).
In addition, we performed stratified analyses to evaluate differences in PA associated with the season
in prespecified subgroups of age (<65 vs. ≥65 years) [25] and CRF (<500 vs. ≥500 m in 6MWD) [26].

To determine factors leading to the differences in PA according to season, we conducted an
additional analysis for patients (n = 85) living in the Seoul metropolitan area because we considered
the bias of area environment and topography in Korea. To find an association between weather and
daily steps, we modeled wind chill temperature as a continuous variable using restricted cubic splines
with knots at the 5th, 35th, 65th, and 95th percentiles of the sample distribution to provide a flexible
estimate of the dose-response relationship between weather factors and daily steps.

For all analyses, a p-value of <0.05 was considered statistically significant. All analyses were
performed using STATA software, version 14 (Stata Corp LP, College Station, TX, USA).

3. Results

The characteristics of 555 patients are described in Table 1. The mean (SD) age and daily
steps of study participants were 61.1 (8.9) years and 10,603 (5200) (range, 425–32,143), respectively.
Among the participants, Fitbit data from 30.8% (n = 171), 32.1% (n = 178), 17.8% (n = 99), and 19.3%
(n = 107) of the study subjects were collected in the spring, summer, autumn, and winter seasons,
respectively. Although patients in the winter season were likely to be younger and have better
pulmonary function than patients in other seasons, the clinical characteristics, including sex, BMI,
smoking status, comorbidities, pathologic stage, and cardiorespiratory fitness, were not different across
the seasons (Table 1).

Table 1. Characteristics of study participants by season (n = 555).

Characteristics
Spring

(n = 171)
Summer
(n = 178)

Autumn
(n = 99)

Winter
(n = 107)

p

Mean age 60.6 (8.9) 62.6 (8.3) 60.6 (9.0) 59.9 (9.4) 0.05
Age categories 0.04

<65 118 (69.0) 104 (58.4) 66 (66.7) 79 (73.8)
≥65 53 (31.0) 74 (41.6) 33 (33.3) 28 (26.2)

Sex, male 97 (56.7) 101 (56.7) 57 (57.6) 57 (53.3) 0.92
Body mass index, kg/m2 24.1 (2.9) 24.3 (2.7) 24.1 (2.7) 24.5 (3.2) 0.67

Smoking status 0.32
Never-smoker 78 (45.6) 89 (50.0) 48 (48.5) 57 (53.3)

Ex-smoker 59 (34.5) 34 (19.1) 27 (27.3) 16 (15.0)
Current smoker 34 (19.9) 55 (30.9) 24 (24.2) 34 (31.8)
Marital status 0.64

Married 151 (88.3) 159 (89.3) 91 (91.9) 91 (85.1)
Single/divorced/widowed 19 (11.1) 19 (10.7) 7 (7.1) 15 (14.0)

Unknown 1 (0.6) 0 1 (1.0) 1 (0.9)
Employment status 0.46

Current work 98 (57.3) 81 (45.5) 49 (49.5) 58 (54.2)
No work 72 (42.1) 96 (53.9) 49 (49.5) 48 (44.9)

Unknown 1 (0.6) 1 (0.6) 1 (1.0) 1 (0.9)
Monthly family income 0.19

<$3.000 54 (31.6) 51 (28.7) 23 (23.2) 31 (29.0)
≥$3.000 87 (50.9) 93 (52.3) 54 (54.6) 66 (61.7)

Unknown 30 (17.5) 34 (19.1) 22 (22.2) 10 (9.4)
Comorbidities

Pulmonary comorbidities

COPD 40 (23.4) 43 (24.2) 26 (26.3) 19 (17.8) 0.49
Asthma 3 (1.8) 8 (4.5) 1 (1.0) 3 (2.8) 0.34

ILD 1 (0.6) 2 (1.1) 1 (1.0) 2 (1.9) 0.86
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Table 1. Cont.

Characteristics
Spring

(n = 171)
Summer
(n = 178)

Autumn
(n = 99)

Winter
(n = 107)

p

Extra-pulmonary comorbidities

Hypertension 52 (30.4) 72 (40.5) 28 (28.3) 35 (32.7) 0.12
Diabetes mellitus 22 (12.9) 27 (15.2) 11 (11.1) 7 (6.5) 0.18

Cardiovascular disease 12 (7.0) 20 (11.2) 9 (9.1) 9 (8.4) 0.58
Pathologic stage 0.81

I 128 (74.9) 130 (73.0) 75 (75.8) 75 (70.1)
II 25 (14.6) 31 (17.4) 13 (13.1) 16 (15.0)
III 18 (10.5) 17 (9.6) 11 (11.1) 16 (15.0)

Pulmonary function test

FVC, L 3.6 (0.9) 3.4 (0.8) 3.7 (0.9) 3.7 (0.8) 0.02
FVC, % predicted 93.4 (11.5) 89.8 (12.9) 94.3 (12.7) 96.4 (12.1) < 0.01

FEV1, L 2.7 (0.7) 2.5 (0.6) 2.7 (0.6) 2.8 (0.6) < 0.01
FEV1, % predicted 90.0 (13.2) 87.5 (15.5) 90.2 (14.9) 95.0 (13.5) < 0.01

FEV1/FVC 73.8 (8.2) 73.6 (8.6) 72.6 (8.6) 75.1 (8.3) 0.21
DLco, % 91.6 (16.0) 89.2 (17.3) 89.7 (15.2) 91.3 (13.7) 0.47

Cardiorespiratory fitness

6 min walk distance (m) 520.1(85.7) 506.9(89.1) 515.0(66.8) 508.1(80.7) 0.46
6 min walk distance 0.69

Short distance (<500 m) 68 (39.9) 77 (43.3) 37 (37.4) 49 (45.8)
Long distance (≥500 m) 102 (59.7) 97 (54.5) 60 (60.1) 56 (52.3)

Unknown 1 (0.6) 4 (2.3) 2 (2.1) 2 (1.9)

Values are presented as either n (%) or mean (SD). COPD, chronic obstructive pulmonary disease; ILD, interstitial
lung disease; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s; DLco, diffusing capacity of
carbon monoxide.

The mean (SD) daily steps were 11,438 (5922), 11,147 (5065), 10,404 (4403), and 8548 (4293) in
patients who participated in this study in the spring, summer, autumn, and winter seasons, respectively.
The proportion of patients who had 8000 or more steps per day was 71%, 72%, 71%, and 54% in
participants who received surgery in the spring, summer, autumn, and winter seasons, respectively
(Figure 1).

Figure 1. Mean daily steps and the proportion of participants who had more than 8000 steps in
each season.
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In the fully-adjusted models, patients in the winter season had a significantly lower number of
daily steps, with a low of 27.04% (95% CI = −36.68%, −15.93%) compared to the daily steps of patients
in the spring season. In comparing the mean (SD) MVPA time, patients in the winter season had the
lowest MVPA among subjects (spring, 60.3 (57.2) min/d; summer, 58.5 (46.4) min/d; autumn, 51.0 (35.6)
min/d; and winter, 35.0 (36.3) min/d). In the fully-adjusted models, compared to patients in the spring
season, the MVPA time was significantly shorter by 35.22% (95% CI = −49.18%, −17.43%) for patients
in the winter season. The number of steps and duration of MVPA were significantly lower in the
winter season compared to spring season irrespective of age and 6MWD (Table 2).

Table 2. Differences in physical activity by season.

Spring Summer Autumn Winter

Difference in
steps per day (%)

Overall Reference −0.86 (−12.38, 12.18) −6.24 (−18.86, 8.33) −27.04 (−36.68, −15.93)
Age

<65 years Reference −8.08 (−21.25, 7.30) −10.27 (−24.74, 6.98) −25.21 (−36.65, −11.70)
≥65 years Reference 11.91 (−9.08, 37.74) 2.36 (−20.65, 32.02) −32.16 (−48.31, −10.97)

p for interaction 0.14 0.40 0.55

Cardiorespiratory
fitness (6MWD)

<500 m Reference −1.21 (−18.1, 19.18) 7.07 (−14.97, 34.83) −27.63 (−41.48, −10.50)
≥500 m Reference −0.75 (−15.53, 16.62) −12.95 (−27.52, 4.55) −20.97 (−34.54, −4.59)

p for interaction 0.97 0.17 0.54

Difference in
MVPA minutes

per day (%)

Overall Reference 5.06 (−14.6, 29.24) −2.11(−23.13, 24.67) −35.22 (−49.18, −17.43)
Age

<65 years Reference 5.13 (−19.26, 36.89) −1.43 (−26.71, 32.57) −33.03 (−49.63, −10.95)
≥65 years Reference 4.05 (−26.37, 47.04) −3.75 (−37.24, 47.60) −40.72 (−62.76, −5.62)

p for interaction 0.96 0.93 0.66

Cardiorespiratory
fitness (6MWD)

<500 m Reference −4.25 (−30.56, 32.04) 20.57 (−18.5, 78.39) −38.65 (−57.62, −11.18)
≥500 m Reference 11.12 (−15.17, 45.55) −10.57 (−34.3, 21.73) −26.01 (−46.46, 2.25)

p for interaction 0.48 0.24 0.03

Models were adjusted for age, sex, smoking status, FEV1% pred, any pulmonary comorbidities, and any
extra-pulmonary comorbidities. Pulmonary comorbidities include chronic obstructive pulmonary disease, asthma,
or interstitial lung disease, and extra-pulmonary comorbidities include cardiovascular diseases or diabetes mellitus.
6MWD, 6-min walk distance. MVPA, moderate-to-vigorous physical activity.

In the fully-adjusted models, the OR for 8000 or more steps per day was 0.46 (95% CI 0.28, 0.77)
for patients in the winter compared to those in the spring. The proportion of patients who had 60 min
or more MVPA per day was also similar (spring, 30.4%; summer, 42.7%; autumn, 32.3%; winter, 18.7%).
In the fully-adjusted models, the OR for MVPA ≥ 60 min/day was 0.52 (95% CI = 0.29, 0.94) for patients
in the winter compared to those in the spring. In particular, the OR for low CRF (<500 m) was 0.30
(95% CI 0.10, 0.87) for patients in the winter compared to those in the spring (Table 3).
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Table 3. Odds ratios (95% CI) for physical activity by season.

Spring Summer Autumn Winter

Steps ≥8000/day

Overall Reference 1.11 (0.69, 1.79) 0.98 (0.57, 1.70) 0.46 (0.28, 0.77)
Age

<65 years Reference 0.79 (0.43, 1.44) 0.73 (0.37, 1.45) 0.38 (0.20, 0.71)
≥65 years Reference 2.00 (0.93, 4.31) 1.75 (0.67, 4.56) 0.67 (0.26, 1.74)

p for interaction 0.06 0.15 0.32
Cardiorespiratory
fitness (6MWD)
<500 m Reference 0.94 (0.48, 1.82) 1.75 (0.73, 4.20) 0.45 (0.21, 0.96)
≥500 m Reference 1.35 (0.67, 2.74) 0.74 (0.36, 1.55) 0.58 (0.28, 1.22)

p for interaction 0.46 0.14 0.63

MVPA ≥60
min/day
Overall Reference 1.73 (1.10, 2.71) 1.07 (0.62, 1.83) 0.52 (0.29, 0.94)

Age

<65 years Reference 1.59 (0.91, 2.79) 1.19 (0.62, 2.27) 0.59 (0.30, 1.15)
≥65 years Reference 2.11 (0.96, 4.61) 0.92 (0.34, 2.50) 0.29 (0.07, 1.13)

P for interaction 0.50 0.72 0.42
Cardiorespiratory
fitness (6MWD)
<500 m Reference 1.26 (0.61, 2.58) 1.24 (0.52, 2.98) 0.30 (0.10, 0.87)
≥500 m Reference 1.97 (1.10, 3.55) 1.03 (0.52, 2.05) 0.77 (0.37, 1.61)

p for interaction 0.34 0.75 0.15

Models were adjusted for age, sex, smoking status, FEV1% pred, any pulmonary comorbidities, and any
extra-pulmonary comorbidities. Pulmonary comorbidities include chronic obstructive pulmonary disease, asthma,
or interstitial lung disease, and extra-pulmonary comorbidities include cardiovascular diseases or diabetes mellitus.
6MWD, 6-min walk distance. MVPA, moderate-to-vigorous physical activity.

In the spline regression models, the relationship between wind chill temperature and daily
steps was linear below 25◦ wind chill temperature, with lower daily steps corresponding to colder
temperatures (Figure 2). The association between winter and the decline in PA was consistent across
all the subgroups.

Figure 2. Mean daily steps (95% CI) by wind chill temperature. The curves represent daily step (solid
line) and their 95% confidence intervals (dashed lines) based on restricted cubic splines for wind
chill temperature with knots at the 5th, 35th, 65th, and 95th percentiles of their sample distributions.
The reference value (diamond dot) was set at the 90th percentile.
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4. Discussion

We found that preoperative PA was significantly lower in the winter season compared to other
seasons, irrespective of age and CRF. In particular, the low MVPA in the winter season was more robust
in patients who had low CRF, but the effect was not statistically significant. In terms of weather factors,
wind chill temperature was inversely associated with PA. These results demonstrate that the PA of
preoperative lung cancer patients is significantly affected by the season and temperature levels.

Our study showed that daily step was lower by 27% in the winter season compared with the
spring season. These findings are consistent with previous studies that showed the association between
daily PA and the season [8,27–30]. Those studies observed that PA decreased during the winter season
in healthy adults [8] and elderly subjects [29]. This phenomenon was profoundly observed in patients
with lung and heart diseases. In COPD patients, the daily step count reduced by 43.3 steps/day/◦C in
the winter season [27], and in heart failure patients, there was a significant seasonal variation in activity
between summer and winter ranging from 13.78% to 20.69% [30]. In addition, the odds of walking more
than 8000 steps or having more than 60 min MVPA per day in winter is around 0.5 compared to those in
spring. It means that only about 50% of patients in the winter season had similar levels of PA as those of
patients in spring time. It would be important for clinicians and researchers to evaluate PA in different
seasons, especially in winter and provide more tailored educations for PA depending on season.
In fact, the cold and snow of winter weather can significantly affect participation in outdoor activity.
In particular, influenza during the winter season is an important contributor to the winter burden
among older adults and lung-disease patients [31]. Furthermore, slippery roads and a high risk of
falling can affect the decline in PA [32]. When outdoor activities are complicated by weather conditions,
indoor activity equipment such as treadmills and stationary bicycles offer a helpful alternative. A recent
study found that preoperative exercise was effective in reducing postoperative complications and
length of hospital stay in patients with lung cancer [6], suggesting the importance of maintaining PA
before lung cancer surgery. Another study found that that pulmonary rehabilitation programs using
treadmills and bicycles were a valid preoperative strategy to improve physical performance in patients
with both NSCLC and COPD [33]. It would be worthwhile to develop a PA intervention program for
winter and evaluate its impact on postoperative pulmonary complications.

We found that a few patients achieving MVPA ≥ 60 min/day were more robust in patients with
low CRF (≤500 m of 6MWD) compared to those with high CRF (>500 m of 6MWD). Lower exercise
tolerance assessed through the 6MWD is associated with poorer postoperative outcomes after lung
resection [34]. However, a 7-day intensive preoperative program of PA combined with inspiratory
muscle training increased the 6MWD in lung cancer patients in a previous study [35]. Increasing PA
has positive effects on CRF and muscle power, such as health-related physical function, leading to
improved postoperative recovery in early-stage NSCLC patients. In a previous study, structured and
planned preoperative PA reduced postoperative complications (from 45% to 67%) and the length of
hospital stay (by 4–5 days) in patients with lung cancer [3,6], suggesting that preoperative PA is an
effective strategy for lung cancer patients who will undergo surgical resection. Thus, a strategic PA
program should be recommended to maintain and promote PA even in the winter season, especially
for low-CRF patients and older adults, for whom it is feasible to receive surgery for lung cancer.

However, seasons are a crude measure when it comes to understanding the effects of weather on
PA [36]. Previous studies have observed the effects of several factors related to the season on daily
activities. In a healthy population, there was a 2.9% decrease in steps per day for every 10 ◦C drop
in temperature [37]. In addition to temperature, day length and daylight hours account for 73% of
the monthly differences in daily activity level, and these three parameters are independent predictors
of daily activities [38]. To analyze the climate conditions affecting PA in our study, we conducted a
subgroup analysis to identify the relationship between climate conditions and activity for 85 people
living in the capital city of South Korea. We found that wind chill temperature significantly affected the
steps per day of preoperative patients. In the spline regression models, the relationship between wind
chill temperature and daily steps was linear below 25 ◦C wind chill temperature, with lower daily steps
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corresponding to colder temperatures. This is similar to the previous findings [30,39]. The wind chill
temperature used in our study is likely to be more closely related to patients’ PA behavior compared
to absolute temperature, as the wind chill temperature is a quantitative measure of the heat or cold
that the human body feels, calculated based on air temperature and wind velocity [40]. While it is
not possible to change the weather conditions, a better understanding of how weather influences PA
might be helpful when developing strategies to ameliorate the impact of adverse weather conditions
on future PA interventions in low-CRF patients and older adults.

There are several limitations to this study. Firstly, this was a cross-sectional study and we were
not able to observe the change of PA of the same patient group in different seasons. In addition, due to
enrollment periods, a limited number of patients were observed in the winter season. These factors
limited our ability to observe the magnitude of seasonal variation in PA among patients. Despite these
limitations, our study indicates little variability in PA by season. In fact, patients in the winter season
were younger and had better lung function than patients in other season and we still see the different
levels of PA depending on season. Secondly, patients who were motivated to perform PA might be
more likely to participate in the study. The mean daily step figures were higher in this study compared
to data reported in earlier studies [11]. This might be due to our recruitment of patients with ECOG 0
or 1 as they would be healthier and more physically active than general cancer patients. However,
mean 6MWD was similar to that reported in the previous study [26], suggesting our study participants
had similar CRF to other lung cancer patients. Thirdly, the physical activity device used only counts
the steps and the time spent on all those steps, but it does not differentiate whether the steps are outside
or inside the house. Therefore we have a limitation in assuming that patients in the winter season were
less active due to decreased outdoor PA. Lastly, the results of this study might not be generalizable as
it was conducted with patients at a tertiary cancer center in Seoul, Korea. Additional studies would be
necessary to confirm the findings with different populations and in different settings.

5. Conclusions

In this study, we found that season and temperature levels affect PA among preoperative lung
cancer patients. Patients were much less physically active in the winter season than other seasons
and patients in the winter season had lower cardiorespiratory function. Health professionals need to
be aware of these seasonal differences and recommend indoor physical activities that preoperative
patients with lung cancer can do in winter.

Author Contributions: Conceptualization: S.K., H.Y.P., J.I.Z., and J.C.; study design: S.K., H.Y.P., J.I.Z., and J.C.;
data collection: S.K., J.K.L., G.L., O.J.K., Y.M.S., and J.I.Z.; data and statistical analysis: S.K., D.K., and J.C.; drafting
the manuscript: S.K., H.Y.P., J.I.Z., and J.C.; revising the manuscript: S.K., H.Y.P., D.K., J.K.L., G.L., O.J.K., Y.M.S.,
J.I.Z., and J.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIP) [No. 2015R1C1A2A01055805 and 2017R1A2B2006435].

Conflicts of Interest: The authors declare no conflict of interest

References

1. Fitzmaurice, C.; Allen, C.; Barber, R.M.; Barregard, L.; Bhutta, Z.A.; Brenner, H.; Dicker, D.J.; Chimed-Orchir, O.;
Dandona, R.; Dandona, L.; et al. Global, Regional, and National Cancer Incidence, Mortality, Years of Life
Lost, Years Lived With Disability, and Disability-Adjusted Life-years for 32 Cancer Groups, 1990 to 2015:
A Systematic Analysis for the Global Burden of Disease Study. JAMA Oncol. 2017, 3, 524–548. [PubMed]

2. Sebio Garcia, R.; Yanez Brage, M.I.; Gimenez Moolhuyzen, E.; Granger, C.L.; Denehy, L. Functional and
postoperative outcomes after preoperative exercise training in patients with lung cancer: A systematic review
and meta-analysis. Interact. Cardiovasc. Thorac. Surg. 2016, 23, 486–497. [CrossRef] [PubMed]

3. Bade, B.C.; Thomas, D.D.; Scott, J.B.; Silvestri, G.A. Increasing physical activity and exercise in lung cancer:
Reviewing safety, benefits, and application. J. Thorac. Oncol. 2015, 10, 861–871. [CrossRef]

83



J. Clin. Med. 2020, 9, 349

4. Vainshelboim, B.; Muller, J.; Lima, R.M.; Nead, K.T.; Chester, C.; Chan, K.; Kokkinos, P.; Myers, J.
Cardiorespiratory fitness, physical activity and cancer mortality in men. Prev. Med. 2017, 100, 89–94.
[CrossRef]

5. Kehler, D.S.; Stammers, A.N.; Tangri, N.; Hiebert, B.; Fransoo, R.; Schultz, A.S.H.; Macdonald, K.;
Giacomontonio, N.; Hassan, A.; Legare, J.F.; et al. Systematic review of preoperative physical activity and its
impact on postcardiac surgical outcomes. BMJ Open 2017, 7, e015712. [CrossRef]

6. Steffens, D.; Beckenkamp, P.R.; Hancock, M.; Solomon, M.; Young, J. Preoperative exercise halves the
postoperative complication rate in patients with lung cancer: A systematic review of the effect of exercise
on complications, length of stay and quality of life in patients with cancer. Br. J. Sports Med. 2018, 52, 344.
[CrossRef]

7. Chen, Y.M. Perceived barriers to physical activity among older adults residing in long-term care institutions.
J. Clin. Nurs. 2010, 19, 432–439. [CrossRef] [PubMed]

8. Tucker, P.; Gilliland, J. The effect of season and weather on physical activity: A systematic review. Public Health
2007, 121, 909–922. [CrossRef] [PubMed]

9. Ridgers, N.D.; Salmon, J.; Timperio, A. Seasonal changes in physical activity during school recess and
lunchtime among Australian children. J. Sports Sci. 2018, 36, 1508–1514. [CrossRef]

10. Wu, Y.T.; Luben, R.; Wareham, N.; Griffin, S.; Jones, A.P. Weather, day length and physical activity in older
adults: Cross-sectional results from the European Prospective Investigation into Cancer and Nutrition (EPIC)
Norfolk Cohort. PLoS ONE 2017, 12, e0177767. [CrossRef]

11. Novoa, N.M.; Varela, G.; Jimenez, M.F.; Ramos, J. Value of the average basal daily walked distance measured
using a pedometer to predict maximum oxygen consumption per minute in patients undergoing lung
resection. Eur J Cardiothorac Surg. 2011, 39, 756–762. [CrossRef] [PubMed]

12. Novoa, N.; Varela, G.; Jimenez, M.F.; Aranda, J.L. Influence of major pulmonary resection on postoperative
daily ambulatory activity of the patients. Interact. Cardiovasc. Thorac. Surg. 2009, 9, 934–938. [CrossRef]
[PubMed]

13. Granger, C.L.; McDonald, C.F.; Irving, L.; Clark, R.A.; Gough, K.; Murnane, A.; Mileshkin, L.; Krishnasamy, M.;
Denehy, L. Low physical activity levels and functional decline in individuals with lung cancer. Lung Cancer
2014, 83, 292–299. [CrossRef] [PubMed]

14. Sushames, A.; Edwards, A.; Thompson, F.; McDermott, R.; Gebel, K. Validity and Reliability of Fitbit Flex for
Step Count, Moderate to Vigorous Physical Activity and Activity Energy Expenditure. PLoS ONE 2016, 11,
e0161224. [CrossRef]

15. ATS Committee on Proficiency Standards for Clinical Pulmonary Function Laboratories. ATS statement:
Guidelines for the six-minute walk test. Am. J. Respir. Crit. Care Med. 2002, 166, 111–117. [CrossRef]

16. Guyatt, G.H.; Thompson, P.J.; Berman, L.B.; Sullivan, M.J.; Townsend, M.; Jones, N.L.; Pugsley, S.O. How
should we measure function in patients with chronic heart and lung disease? J. Chronic Dis. 1985, 38, 517–524.
[CrossRef]

17. Celli, B.; Tetzlaff, K.; Criner, G.; Polkey, M.I.; Sciurba, F.; Casaburi, R.; Tal-Singer, R.; Kawata, A.; Merrill, D.;
Rennard, S. The 6-Minute-Walk Distance Test as a Chronic Obstructive Pulmonary Disease Stratification
Tool. Insights from the COPD Biomarker Qualification Consortium. Am. J. Respir. Crit. Care Med. 2016, 194,
1483–1493. [CrossRef]

18. Miller, M. ATS/ERS task force: Standardisation of spirometry. Eur. Respir. J. 2005, 26, 319–338. [CrossRef]
19. American Thoracic Society. Single-breath carbon monoxide diffusing capacity (transfer factor).

Recommendations for a standard technique—1995 update. Am. J. Respir. Crit. Care Med. 1995, 152,
2185–2198. [CrossRef]

20. Choi, J.K.; Paek, D.; Lee, J.O. Normal predictive values of spirometry in Korean population. Tuberc. Respir.
Dis. 2005, 58, 230–242. [CrossRef]

21. Park, J.; Choi, I.; Park, K. Normal predicted standards of single breath carbon monoxide diffusing capacity of
lung in healthy nonsmoking adults. J. Korean J. Intern. Med. 1985, 28, 176–183.

22. Tudor-Locke, C.; Craig, C.L.; Aoyagi, Y.; Bell, R.C.; Croteau, K.A.; De Bourdeaudhuij, I.; Ewald, B.;
Gardner, A.W.; Hatano, Y.; Lutes, L.D.; et al. How many steps/day are enough? For older adults and special
populations. Int. J. Behav. Nutr. Phys. Act. 2011, 8, 80. [CrossRef] [PubMed]

84



J. Clin. Med. 2020, 9, 349

23. Tudor-Locke, C.; Jones, R.; Myers, A.M.; Paterson, D.H.; Ecclestone, N.A. Contribution of structured exercise
class participation and informal walking for exercise to daily physical activity in community-dwelling older
adults. Res. Q. Exerc. Sport 2002, 73, 350–356. [CrossRef] [PubMed]

24. American College of Sports Medicine Position Stand. The recommended quantity and quality of exercise
for developing and maintaining cardiorespiratory and muscular fitness, and flexibility in healthy adults.
Med. Sci. Sports Exerc. 1998, 30, 975–991.

25. World Health Organization (WHO). Definition of an Older or Elderly Person. World Health Organization. 2016.
Available online: http://www.who.int/healthinfo/survey/ageingdefnolder/en/ (accessed on 3 August 2017).

26. Marjanski, T.; Wnuk, D.; Bosakowski, D.; Szmuda, T.; Sawicka, W.; Rzyman, W. Patients who do not reach a
distance of 500 m during the 6-min walk test have an increased risk of postoperative complications and
prolonged hospital stay after lobectomy. Eur. J. Cardiothorac. Surg. 2015, 47, e213–e219. [CrossRef]

27. Alahmari, A.D.; Mackay, A.J.; Patel, A.R.; Kowlessar, B.S.; Singh, R.; Brill, S.E.; Allinson, J.P.; Wedzicha, J.A.;
Donaldson, G.C. Influence of weather and atmospheric pollution on physical activity in patients with COPD.
Respir. Res. 2015, 16, 71. [CrossRef]

28. Merchant, A.T.; Dehghan, M.; Akhtar-Danesh, N. Seasonal variation in leisure-time physical activity among
Canadians. Can. J. Public Health 2007, 98, 203–208. [CrossRef]

29. Klenk, J.; Buchele, G.; Rapp, K.; Franke, S.; Peter, R. Walking on sunshine: Effect of weather conditions on
physical activity in older people. J. Epidemiol. Community Health 2012, 66, 474–476. [CrossRef]

30. Shoemaker, M.J.; Roper, S.E.; Calkins, T.N. Seasonal variation of daily physical activity in individuals with
heart failure. Heart Int. 2016, 11, e25–e31. [CrossRef]

31. Elliot, A.J.; Cross, K.W.; Fleming, D.M. Acute respiratory infections and winter pressures on hospital
admissions in England and Wales 1990–2005. J. Public Health 2008, 30, 91–98. [CrossRef]

32. Hasegawa, J.; Suzuki, H.; Yamauchi, T. Impact of season on the association between muscle strength/volume
and physical activity among community-dwelling elderly people living in snowy-cold regions. J. Physiol.
Anthr. 2018, 37, 25. [CrossRef] [PubMed]

33. Stefanelli, F.; Meoli, I.; Cobuccio, R.; Curcio, C.; Amore, D.; Casazza, D.; Tracey, M.; Rocco, G. High-intensity
training and cardiopulmonary exercise testing in patients with chronic obstructive pulmonary disease and
non-small-cell lung cancer undergoing lobectomy. Eur. J. Cardiothorac. Surg. 2013, 44, e260–e265. [CrossRef]
[PubMed]

34. Hattori, K.; Matsuda, T.; Takagi, Y.; Nagaya, M.; Inoue, T.; Nishida, Y.; Hasegawa, Y.; Kawaguchi, K.; Fukui, T.;
Ozeki, N.; et al. Preoperative six-minute walk distance is associated with pneumonia after lung resection.
Interact. Cardiovasc. Thorac. Surg. 2018, 26, 277–283. [CrossRef] [PubMed]

35. Lai, Y.; Huang, J.; Yang, M.; Su, J.; Liu, J.; Che, G. Seven-day intensive preoperative rehabilitation for elderly
patients with lung cancer: A randomized controlled trial. J. Surg. Res. 2017, 209, 30–36. [CrossRef]

36. Aspvik, N.P.; Viken, H.; Ingebrigtsen, J.E.; Zisko, N.; Mehus, I.; Wisloff, U.; Stensvold, D. Do weather
changes influence physical activity level among older adults?—The Generation 100 study. PLoS ONE 2018,
13, e0199463. [CrossRef]

37. Chan, C.B.; Ryan, D.A.; Tudor-Locke, C. Relationship between objective measures of physical activity and
weather: A longitudinal study. Int. J. Behav. Nutr. Phys. Act. 2006, 3, 21. [CrossRef]

38. Kimura, T.; Kobayashi, H.; Nakayama, E.; Kakihana, W. Seasonality in physical activity and walking of
healthy older adults. J. Physiol. Anthr. 2015, 34, 33. [CrossRef]

39. Togo, F.; Watanabe, E.; Park, H.; Shephard, R.J.; Aoyagi, Y. Meteorology and the physical activity of the
elderly: The Nakanojo Study. Int. J. Biometeorol. 2005, 50, 83–89. [CrossRef]

40. Bluestein, M. An evaluation of the wind chill factor: Its development and applicability. J. Biomech. Eng. 1998,
120, 255–258. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

85





Journal of

Clinical Medicine

Article

Postprandial Hypotension as a Risk Factor for the
Development of New Cardiovascular Disease:
A Prospective Cohort Study with 36 Month Follow-Up
in Community-Dwelling Elderly People

Aelee Jang

Department of Nursing, University of Ulsan, 93, Daehak-ro, Nam-gu, Ulsan 44610, Korea; aeleejang@ulsan.ac.kr;
Tel.: +82-52-259-1252

Received: 2 January 2020; Accepted: 23 January 2020; Published: 27 January 2020

Abstract: Postprandial hypotension (PPH) is common among the elderly. However, it is unknown
whether the presence of PPH can predict the development of new cardiovascular disease (CVD) in the
elderly during the long-term period. This study aimed to prospectively evaluate the presence of PPH
and the development of new CVD within a 36 month period in 94 community-dwelling elderly people
without a history of CVD. PPH was diagnosed in 47 (50.0%) participants at baseline and in 7 (7.4%)
during the follow-up period. Thirty participants (31.9%) developed new CVD within 36 months.
We performed a time-dependent Cox regression analysis with PPH, hypertension, diabetes, and body
mass index (BMI) as time-varying covariates. In the univariate analyses, the presence of PPH, higher
BMI, hypertension, diabetes mellitus, and higher systolic and diastolic blood pressure were associated
with the development of new CVD. The multivariate analysis indicated that the relationship between
PPH and the development of new CVD remained (adjusted hazard ratio 11.18, 95% confidence
interval 2.43–51.38, p = 0.002) even after controlling for other variables as covariates. In conclusion,
the presence of PPH can predict the development of new CVD. Elderly people with PPH may require
close surveillance to prevent CVD.

Keywords: cardiovascular disease; postprandial; hypotension; blood pressure; elderly

1. Introduction

Postprandial hypotension (PPH) is a common but often unrecognized disorder in the elderly [1].
PPH is defined as a ≥20 mmHg decrease in systolic blood pressure (SBP) within 2 h after a meal [2].
The prevalence of PPH is 20–91% in hospitalized geriatric patients [3–6]. The pathogenesis of PPH
is unclear, but an inadequate cardiovascular response to postprandial splanchnic blood pooling is
regarded as a primary mechanism [2]. In the elderly, sympathetic activation to decrease the effective
circulating volume is often suppressed; hence, a continuous pooling of blood in the splanchnic bed
may result in a significant decrease in blood pressure (BP) after a meal [7,8]. Changes in cardiovascular
function and the neurohormonal response with aging can also contribute to diverse comorbidities
associated with the dysregulation of BP homeostasis [9].

J. Clin. Med. 2020, 9, 345; doi:10.3390/jcm9020345 www.mdpi.com/journal/jcm87



J. Clin. Med. 2020, 9, 345

Cardiovascular diseases (CVDs), such as stroke, transient ischemic attack, angina, and myocardial
infarction, are the main cause of mortality and work disability in the elderly [10,11]. Early recognition
of subclinical risk factors is essential for the proper surveillance and prevention of new CVD.
PPH is also recognized as an important clinical issue, particularly as a significant risk factor for
subsequent CVD, but this has not yet been accurately confirmed [2,12]. Some studies have suggested
an association between PPH and CVD and mortality [9,13]. However, it is difficult to determine the
casual relationship between PPH and CVD development owing to differences in patient selection,
study design, and diagnosis criteria among previous studies [9,14–16]. Furthermore, the diagnosis of
PPH was heterogeneous in previous studies, such as with regard to the time interval between meal
consumption and BP measurement [5]. Therefore, to investigate whether the presence of PPH can
predict the development of new CVD in the elderly, this study aimed to prospectively evaluate the
existence of PPH and the development of new CVD among community-dwelling elderly people in a
period of 36 months.

2. Materials and Methods

2.1. Study Design and Participants

This prospective cohort study enrolled 94 participants from three senior community centers
in South Korea between 2011 and 2015. The inclusion criteria were (1) age ≥65 years, (2) ability to
eat independently and maintain a sitting position for 2 h after a meal, and (3) ability to perform
activities of daily living independently. The exclusion criteria included (1) impaired cognitive function,
(2) psychiatric illness, (3) recent hospitalization owing to acute illness within 1 month prior to the study,
(4) medical history of CVD (congestive heart failure, myocardial infarction, angina, or cerebrovascular
accidents, including transient ischemic attack), or (5) use of medications affecting gastrointestinal
motility. After evaluating the presence of PPH at baseline, the new onset of PPH was evaluated during
the follow-up period of 36 months. Body mass index (BMI) and the presence of hypertension and
diabetes were also assessed regularly. This study was conducted following the guidelines of the
Declaration of Helsinki of 1975, revised in 2013, and was approved by the institutional review board
of Pusan National University Hospital (E-2014007), located in B city, South Korea. All participants
provided written informed consent.

2.2. Evaluation of PPH and Acquisition of Demographic Data

BP was measured using an automated sphygmomanometer (A&D UA-851; A&D Company,
Japan) following the European Society of Hypertension guidelines [17]. BP was measured by a
well-trained nurse with the participant in a sitting position. Baseline BP was measured before a meal.
Participants were asked to refrain from eating food, drinking coffee or alcohol, and smoking 4 h before
measurement. All participants took any prescription medications after the evaluation of PPH, including
antihypertensive drugs and hypoglycemic agents. BP was measured twice with a 5 min interval before
a meal, and the average of the two measurements was used as the baseline BP. To measure postprandial
BP, participants were provided the same standardized meal comprising 210 g rice, 100 g soup, and 70 g
side dishes, which was approximately 500 kcal. After the participant consumed the meal, postprandial
BP was measured every 15 min for 2 h. PPH was defined as a decrease in SBP of ≥20 mmHg from the
baseline within 2 h after a meal [2]. We analyzed the reliability of measurements and found that the
intraclass correlation coefficients (ICCs) for intra-rater reliability for SBP and diastolic blood pressure
(DBP) were 0.995 (95% confidence interval (CI) 0.975–0.998, p < 0.001) and 0.989 (95% CI 0.942–0.996,
p < 0.001), respectively.
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Demographic and clinical information was also obtained by interviewing the participants using a
questionnaire. Information on age, living conditions, alcohol intake, and smoking habits was collected,
and information on medical history was obtained from hospital records after consent was obtained
from the participants and their families. Bodyweight and height were measured using an automated
measuring machine (G-Tech International Co., Ltd., Uijeongbu, Korea) to determine the BMI.

2.3. Surveillance of CVD Development

The primary endpoint was the occurrence of new CVD within 36 months. CVD in this study
included coronary heart disease (such as congestive heart failure, angina, and myocardial infarction)
and cerebrovascular disease (such as stroke and transient ischemic attack) according to the World
Health Organization definition of CVD [18]. Participants were regularly followed every 3 months,
and CVD-related information was obtained from them or their families during their visits to the centers
or via telephone calls. If the participant was diagnosed with a new disease, additional information was
also obtained from the medical record or prescription from the hospital at which the participant was
diagnosed with new conditions, including the new onset of hypertension, diabetes, and CVDs.

2.4. Statistical Analysis

The reliability of BP measurements was calculated by determining the ICC (two-way random
effects model). Variables are expressed as frequencies and percentages for categorical data, and means
± standard deviation for numerical data. Group differences were assessed using the chi-squared
test or Fisher’s exact test for categorical data and the independent t test or Mann–Whitney U test
for numerical data as appropriate. To determine whether the distribution was normal, we used
the Shapiro–Wilk test. Time to CVD was estimated using Kaplan–Meier curves. Survival curves
were compared between groups using the log-rank test. Cox regression models with time-varying
covariates were used to identify prognostic factors that were independently related to CVD. The main
predictors were baseline PPH and PPH as a time-varying covariate (incorporating new onset PPH
during the follow-up and duration of PPH as a time-varying covariate). In addition, hypertension,
diabetes mellitus, and BMI were monitored during the follow-up period. These predicting variables
were considered as time-varying covariates in time-dependent Cox regression models. All statistical
analyses were performed using SPSS version 24.0 (IBM Corp., Armonk, NY, USA) and R version 3.5.1,
and p-values <0.05 were considered statistically significant.

3. Results

3.1. Baseline Characteristics

The participants comprised 79 (84.0%) females and 15 (16.0%) males. The mean age was
73.1 ± 4.8 years, and the mean BMI was 23.7 ± 2.5 kg/m2. Among the participants, 67 (71.3%) had
lower than middle school education, and 62 (66.0%) were currently living with their family or spouse.
The most common comorbidity was hypertension (50.0%), followed by diabetes mellitus (19.1%).
At baseline, 47 (50%) participants were diagnosed with PPH, but there were no significant differences in
baseline characteristics, with the exception of BP, between participants with and without PPH (Table 1).
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Table 1. Baseline characteristics of participants with and without PPH.

Characteristics Total (n = 94) PPH (n = 47) Non-PPH (n = 47) p-Value

Age (years) 73.1 ± 4.8 73.6 ± 4.4 72.7 ± 5.1 0.355 1

Sex 0.778 3

Male 15 (16.0) 8 (17.0) 7 (14.9)
Female 79 (84.0) 39 (83.0) 40 (85.1)

Body Mass Index (kg/m2) 23.7 ± 2.5 23.8 ± 2.7 23.5 ± 2.4 0.642 2

Education Level 0.509 3

Elementary School 67 (71.3) 36 (76.6) 31 (66.0)
Middle School 13 (13.8) 5 (10.6) 8 (17.0)
High School 14 (14.9) 6 (12.8) 8 (17.0)
Living Status 1.000 3

Living Alone 32 (34.0) 16 (34.0) 16 (34.0)
With Family or Spouse 62 (66.0) 31 (66.0) 31 (66.0)

Alcohol Drinking 0.370 3

Yes 13 (13.8) 5 (10.6) 8 (17.0)
No 81 (86.2) 42 (89.4) 39 (83.0)

Smoking 1.000 4

Yes 4 (4.3) 2 (4.3) 2 (4.3)
No 90 (95.7) 45 (95.7) 45 (95.7)

Hypertension 47 (50.0) 26 (55.3) 21 (44.7) 0.302 3

Diabetes Mellitus 18 (19.1) 11 (23.4) 7 (14.9) 0.294 3

Baseline SBP (mmHg) 128.6 ± 20.2 140.1 ± 17.2 117.1 ± 16.1 <0.001 2

<120 34 (36.2) 6 (12.8) 28 (59.6) <0.001 3

≥120 to <140 31 (33.0) 15 (31.9) 16 (34.0)
≥140 29 (30.9) 26 (55.3) 3 (6.4)

Baseline DBP (mmHg) 75.2 ± 9.9 78.7 ± 7.5 71.7 ± 10.9 <0.001 2

<80 64 (68.1) 23 (48.9) 41 (87.2) <0.001 3

≥80 30 (31.9) 24 (51.1) 6 (12.8)
Postprandial SBP Change

(mmHg) <0.001 3

<10 26 (27.7) 0 (0.0) 26 (55.3)
≥10 to <20 21 (22.3) 0 (0.0) 21 (44.7)
≥20 47 (50.0) 47 (100.0) 0 (0.0)

Postprandial DBP Change
(mmHg) <0.001 3

<10 41 (43.6) 9 (19.1) 32 (68.1)
≥10 53 (56.4) 38 (80.9) 15 (31.9)

Values are either frequency with percentage in parentheses or mean ± standard deviation. PPH, postprandial
hypotension; SBP, systolic blood pressure; DBP, diastolic blood pressure. 1 P values were derived from independent
t tests. 2 P values were derived from Mann–Whitney’s U test. 3 P values were derived using chi-square tests.
4 P values were derived using Fisher’s exact test. Shapiro–Wilk’s test was employed for test of normality assumption.

3.2. Incidence of CVD

During the follow-up, 30 (31.9%) patients developed new CVD, of whom 4 passed away owing to
acute myocardial infarction (n = 2) and ischemic stroke (n = 2). The CVD incidence was significantly
higher in the group with PPH than the group without PPH at baseline (55.3% vs. 8.5%, p < 0.001,
Figure 1).
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Figure 1. Kaplan–Meier curve of the incidence of new CVD between participants with and without
PPH at baseline. The 3 year incidence of CVD was significantly higher in the group with PPH than
in the group without PPH at baseline (55.3% vs. 8.5%, log-rank test, p < 0.001). PPH, postprandial
hypotension; CVD, cardiovascular disease.

Table 2 indicates the differences between groups with respect to CVD development. The presence
of PPH at baseline (86.7% in the CVD group vs. 32.8% in the non-CVD group, p < 0.001), higher BMI
(24.5 ± 2.1 in the CVD group vs. 23.3 ± 2.7 in the non-CVD group), hypertension (66.7% in the CVD
group vs. 42.2% in the non-CVD group), higher baseline SBP (139.3 ± 20.9 mmHg in the CVD group vs.
123.6 ± 17.9 mmHg in the non-CVD group), and higher baseline DBP (79.0 ± 8.6 mmHg in the CVD
group vs. 73.4 ± 10.1 mmHg in the non-CVD group) were significantly related to the development
of new CVD. The percentage of participants with an SBP change of ≥20 mmHg (86.7% vs. 32.8%,
respectively, p < 0.001) and a DBP change of ≥10 mmHg (73.3% vs. 48.4%, respectively, p = 0.023) were
significantly higher among participants who developed new CVD than among those who did not.

Table 2. Differences of characteristics between participants who developed and did not develop
new CVD.

Total (n = 94) CVD (n = 30) Non-CVD (n = 64) p-Value

PPH <0.001 3

Yes 47 (50.0) 26 (86.7) 21 (32.8)
No 47 (50.0) 4 (13.3) 43 (67.2)

Age (years) 73.1 ± 4.8 73.0 ± 4.1 73.2 ± 5.1 0.849 1

Sex 1.000 4

Male 15 (16.0) 5 (16.7) 10 (15.6)
Female 79 (84.0) 25 (83.3) 54 (84.4)

Body mass index (kg/m2) 23.7 ± 2.5 24.5 ± 2.1 23.3 ± 2.7 0.013 2

Education level 0.534 4

Elementary school 67 (71.3) 24 (80.0) 43 (67.2)
Middle school 13 (13.8) 3 (10.0) 10 (15.6)
High school 14 (14.9) 3 (10.0) 11 (17.2)
Living status 0.571 3

Living alone 32 (34.0) 9 (30.0) 23 (35.9)
With family or spouse 62 (66.0) 21 (70.0) 41 (64.1)
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Table 2. Cont.

Total (n = 94) CVD (n = 30) Non-CVD (n = 64) p-Value

Alcohol drinking 0.336 4

Yes 13 (13.8) 6 (20.0) 7 (10.9)
No 81 (86.2) 24 (80.0) 57 (89.1)

Smoking 0.590 4

Yes 4 (4.3) 2 (6.7) 2 (3.1)
No 90 (95.7) 28 (93.3) 62 (96.9)

Hypertension 47 (50.0) 20 (66.7) 27 (42.2) 0.027 3

Diabetes mellitus 18 (19.1) 9(30.0) 9 (14.1) 0.067 3

Baseline SBP (mmHg) 128.6 ± 20.2 139.3 ± 20.9 123.6 ± 17.9 <0.001 2

<120 34 (36.2) 5 (16.7) 29 (45.3) <0.001 3

≥120 to <140 31 (33.0) 7 (23.3) 24 (37.5)
≥140 29 (30.9) 18 (60.0) 11 (17.2)

Baseline DBP (mmHg) 75.2 ± 9.9 79.0 ± 8.6 73.4 ± 10.1 0.005 2

<80 64 (68.1) 15 (50.0) 49 (76.6) 0.010 3

≥80 30 (31.9) 15 (50.0) 15 (23.4)
Postprandial SBP change

(mmHg) <0.001 3

<10 26 (27.7) 3 (10.0) 23 (35.9)
≥10 to <20 21 (22.3) 1 (3.3) 20 (31.3)
≥20 47 (50.0) 26 (86.7) 21 (32.8)

Postprandial DBP change
(mmHg) 0.023 3

<10 41 (43.6) 8 (26.7) 33 (51.6)
≥10 53 (56.4) 22 (73.3) 31 (48.4)

Values are either frequency with percentage in parentheses or mean ± standard deviation. PPH, postprandial
hypotension; CVD, cardiovascular disease; SBP, systolic blood pressure; DBP, diastolic blood pressure. 1 P values
were derived from independent t tests. 2 P values were derived from Mann–Whitney’s U test. 3 P values were
derived using chi-square tests. 4 P values were derived using Fisher’s exact test. Shapiro–Wilk’s test was employed
for test of normality assumption.

3.3. Predictive Factors for the Development of New CVD

Ninety-four patients were available for the Cox regression models to assess the relationship
between PPH and CVD using PPH as the time-varying covariate. There were 30 cases of CVD.
We considered time-varying covariates, including PPH, hypertension, diabetes, and BMI, in the
time-dependent Cox regression models. Among the 47 patients without PPH at baseline, 7 were
diagnosed with PPH during the follow-up period. The main predictive factors were baseline PPH,
with PPH as a time-varying covariate incorporating new onset PPH during follow-up, and the duration
of PPH as a time-varying covariate. New onset hypertension and diabetes mellitus during the
follow-up period were observed in 12 and 11 patients, respectively. In addition, BMI was measured
at baseline, 1 year, and 2 years. All predictive variables were considered as time-varying covariates
in time-dependent Cox regression models. In the univariate analyses, the presence of PPH, higher
BMI, hypertension, diabetes mellitus, and higher SBP and DBP were found to be associated with the
development of new CVD, while age, sex, education level, living status, alcohol consumption, and
smoking were not. Patients with PPH were more likely to develop new CVD (crude hazard ratio (HR)
15.97, 95% CI 3.80–67.08, p < 0.001). The multivariate analysis that included significant factors in the
univariate analyses as covariates revealed that the relationship between PPH and the development of
new CVD remained (adjusted HR 11.18, 95% CI 2.43–51.38, p = 0.002) even after controlling for other
variables as covariates in the multivariate analysis. Hypertension was also found to be a significant
factor affecting CVD (adjusted HR 3.26, 95% CI 1.22–8.76, p = 0.019) (Table 3).
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Table 3. Summary of time-dependent Cox regression analyses using time-varying covariates (a total of
94 subjects, 30 CVDs).

Characteristic
Univariate Multivariate

HR 95% CI p-Value HR 95% CI p-Value

PPH 15.97 3.80–67.08 <0.001 11.18 2.43–51.38 0.002
Age (years) 1.00 0.93–1.07 0.940
Sex (female) 0.90 0.34–2.35 0.830
BMI (kg/m2) 1.14 1.01–1.29 0.030 1.10 0.96–1.26 0.173

Education level (vs.
Elementary school)

Middle school 0.61 0.19–2.04 0.430
High school 0.57 0.17–1.88 0.350

Living status (Living alone) 0.80 0.37–1.75 0.580
Alcohol drinking 1.61 0.66–3.95 0.300

Smoking 1.77 0.42–7.46 0.430
Hypertension 4.61 1.77–12.05 0.002 3.26 1.22–8.73 0.019

Diabetes mellitus 3.20 1.56–6.56 0.002 1.80 0.84–3.89 0.132
Baseline SBP (mmHg) 1.03 1.02–1.05 <0.001 1.02 0.99–1.05 0.148
Baseline DBP (mmHg) 1.03 1.01–1.06 0.013 0.97 0.91–1.02 0.245

HR, hazard ratio; CVD, cardiovascular disease; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic
blood pressure; PPH, postprandial hypotension.

4. Discussion

This study investigated the time-varying effect of PPH associated with new CVD in
community-dwelling elderly people. The study indicated that approximately half (55.3%) of the
participants with PPH developed new CVD within the 36 month follow-up period, whereas only 8.5%
of participants without PPH developed CVD. After adjustment for other covariates, the time-varying
effect of PPH on the development of new CVD was found to be significant (HR 11.18, 95% CI 2.43–51.38).
These results suggest that elderly people with PPH were more likely to develop new CVD and, thus,
required close surveillance.

The reported prevalence of PPH varies widely in previous studies depending on the patient
population and diagnostic methods [5]. Studies of institutionalized elderly patients reported a PPH
prevalence of 24–38% [3,4]. Meanwhile, the incidence of PPH among hospitalized geriatric patients
was considerably high (up to 91%) [5,6]. However, studies investigating the incidence of PPH among
healthy elderly people are relatively rare [19]. Unlike previous studies, the present study investigated
PPH in relatively healthy elderly people who were not institutionalized or hospitalized. Although
the study population comprised elderly patients, the PPH incidence was 50%, which seems to be
slightly higher than that reported in previous studies. The development of PPH is highly dependent
on meal composition. Carbohydrate-rich meals predispose patients to a more immediate decrease in
BP than do meals containing primarily protein or fat [20]. Therefore, it is expected that PPH might be
more prevalent in people from Asian regions owing to their carbohydrate-dominant diets. However,
few studies have investigated PPH in Asian patients [21]. To date, this is the first prospective cohort
study to investigate PPH and its association with CVD in relatively healthy Asian elderly people.
In this study, a stringent diagnostic approach was used for PPH, such as provision of a standardized
meal and more frequent BP measurements. Furthermore, in this study, variance in BP changes related
to food composition was reduced by administering the same standardized meal to all participants.
Therefore, this study may provide relevant insights into the epidemiology of PPH in Asian regions.
Large cohort studies are recommended to further determine the prevalence of PPH in different patient
populations using a standardized diagnostic method.

In this study, 30 (31.9%) participants developed new CVD during the 36 month follow-up. In one
study on PPH as a predictor of new CVD [14], 40.8% of older nursing home residents developed
CVD during a 29 month follow-up. The patients with new CVD exhibited a significantly greater
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decline in postprandial SBP than did those without (p < 0.001). The other previous study found a
59.2% occurrence of new CVD during a 4.7 year follow-up period in older low-level-care residents
in long-term health facilities [9]. The occurrence of new CVD cases was lower in this study (31.9%)
than in previous studies (40.1–59.2%) because this study was conducted in a relatively healthy cohort
from a community setting. Furthermore, the previous studies did not fully exclude populations with a
history of CVD. In contrast, this prospective study excluded people with a history of CVD to clearly
demonstrate the relationship between PPH and CVD.

In this study, the presence of PPH, higher BMI, hypertension, diabetes mellitus, and higher SBP
and DBP were predictive factors for the development of CVD in the univariate analysis using the
time-dependent Cox proportional hazard model. After adjustment for these factors, the time-varying
effect of PPH and hypertension on the occurrence of new CVD still remained in the elderly people.
According to Aronow et al. [14], the mean maximal decrease in postprandial SBP was a significant
risk factor for developing CVD. Similarly, in previous cross-sectional studies, PPH was considered
an independent predictor of asymptomatic cerebrovascular damage in healthy participants and
hospitalized patients with essential hypertension [15,16]. Despite the small sample size, this study is
meaningful as a prospective cohort study for the risk factors of new CVD in the presence or absence of
PPH among community-dwelling elderly people without a history of CVD.

The total mortality (7/94, 7.4%) and CVD-related mortality (4/94, 4.3%) rates in this study were
relatively lower than those reported in previous studies (16.9–54.2%) [9,13,14]. Again, this is likely
because this study included relatively healthy older adults (i.e., from a community setting) in contrast
to previous studies, which generally included hospitalized geriatric patients or patients in nursing
homes. The mean age of the participants in this study (73.1 years) was also relatively lower than that
in previous studies (77.8–83.2 years) [9,13,14]. In a previous study of hypertensive elderly patients
who were followed up at the cardiology clinic for 4 years, the total mortality rate was 16.9%, and a
greater decrease in postprandial SBP was associated with a greater increase in CVD mortality. In that
prospective study, CVD mortality constituted 50% of the total mortality rate, while PPH accounted
for 52.9% of deaths owing to CVD [13], which was similar to the findings of the present study. In a
study by Fisher et al. [9], PPH was the only risk factor for all-cause mortality, and 50% of deaths were
attributed to CVD. Participants with a postprandial SBP difference of ≥20 mmHg had the lowest
survival during the 4.7 year follow-up period. They also reported that PPH accounted for 47% of deaths
in long-term healthcare facilities, which was lower than the 57.1% (4 of 7 deaths) found in the present
study. Populations in long-term healthcare facilities typically require nursing care for monitoring
and preventing serious diseases, including CVD. These perspectives may explain the difference in
attributing the total mortality rate to CVD mortality between the present study and the previous study
mentioned above [9]. Therefore, prevention and close monitoring are needed to reduce deaths due to
new CVD by classifying patients diagnosed with PPH as high risk for CVD.

This study had some limitations. First, the sample size was relatively small. However, compared
to previous studies, this study was conducted over a long-term follow-up with the time-varying effect
of PPH. The post hoc power for investigating the primary objective of this study was approximately
99%. Second, despite efforts to recruit a similar ratio of males and females, the participants were
predominantly female because of the higher proportion of elderly women in the Korean elderly
population. Future studies should confirm CVD risk factors in sex-balanced populations with
postprandial SBP reduction during long-term follow-up. Third, the level of physical activity was not
considered in this study, which could affect the development of CVDs. Nevertheless, the participants
had similar lifestyle patterns because they resided in the same town and enjoyed the same activity
programs provided by the community welfare center. Therefore, their physical activity levels may be
similar. Fourth, the pathophysiological relationship between PPH and CVD remains vague despite
PPH being identified as an independent time-varying variable for the development of new CVD.
Autonomic dysfunction may play a major role in the development of PPH-related new CVD because
PPH has been reported to be pathologically associated with autonomic dysfunction. This needs further
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evaluation using animal models. Fifth, the positive association between PPH and CVD may only
reflect the high baseline SBP on the risk of CVD because the baseline SBP level in the PPH group was
much higher than that in the non-PPH group. Although hypertension was adjusted in the multivariate
model, based on the small sample size, the effect of high baseline SBP may persist. As it is impossible
to stratify the analysis by hypertension status at baseline, owing to the limited sample size, further
research in the form of a well-designed, large-sample study in a normotensive elderly population is
necessary to definitively establish the effect of PPH on the risk of CVD.

This study investigated the relationship between PPH and the development of new CVD in elderly
people during a long-term follow-up period. The results also suggest that the underlying reason of
CVD development could be the greater decline in postprandial SBP (such as that occurring in PPH).
This study demonstrated that increases in SBP variations after a meal may be a manifestation of CVD
development and may reflect the presence of subclinical cardiovascular damage.

5. Conclusions

This study revealed that PPH was an independent predictor of new CVD among
community-dwelling elderly people during a 36 month follow-up. Thus, CVD development may
be prevented or monitored based on the presence of PPH. However, longitudinal studies in larger
samples are needed to clarify the prognostic significance of PPH in the development of new CVD.
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Abstract: This study aimed to analyze the demographic characteristics and health behaviors related to
chronic diseases and to identify factors that may affect chronic diseases. Data from the Seventh Korea
National Health and Nutrition Examination Survey were used, and 3795 adults aged above 40 years
were included. The following demographic variables were obtained: sex, age, education, income, type
of health insurance, and private insurance. The following health behavior factors were also analyzed:
medical checkup, drinking, smoking, exercise, obesity, and hypercholesterolemia. Participants with
lower socioeconomic status had a higher risk of developing chronic diseases. Meanwhile, those with
private health insurance had a lower risk of developing chronic diseases. In addition, participants
who underwent medical checkups and performed exercises had a lower risk, while those with obesity
and hypercholesterolemia had a higher risk of developing chronic diseases. It is necessary to manage
chronic diseases through comprehensive programs, rather than managing these diseases individually,
and through community primary care institutions to improve health behaviors.

Keywords: chronic disease; health behavior; socioeconomic status; primary care; Korea

1. Introduction

An individual’s behavior related to health may have an effect on their physical health or ability
to recover from illness. In particular, health-related behavior, such as a lack of exercise, smoking, and
drinking, are some of the main factors that can contribute to morbidity and mortality [1–3]. Health
behavior affects 40% of premature deaths; in order to reduce premature mortality, improving health
behaviors is more cost-effective than improving the social and physical environments or health-care
systems [4]. These health behaviors are important in maintaining good health, which is influenced by
biological and socioeconomic factors, among others [5,6]. Rapid economic growth, high health-care costs,
lifestyle changes, and population aging have been associated with an increased prevalence of chronic
diseases worldwide. Chronic diseases may cause complications, and thus, require continuous care and
are among the types of diseases with high health-care costs due to their long disease duration [7–9].

Chronic diseases, one of the leading causes of death worldwide, especially cardiocerebrovascular
diseases, diabetes, and hypertension, have a high mortality rate. However, the mortality rate of chronic
diseases can be reduced through prevention [10–12]. Chronic disease is closely related to changes in
health behaviors; the main health behaviors affecting the development of chronic diseases include health
risk behavioral factors, such as smoking, drinking, and physical activities, and clinicopathologic factors,
including obesity, hypertension, and hypercholesterolemia [13,14]. In particular, since health-related
lifestyles have increased the risk of mortality, the significance of managing health risk behavioral factors
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has also been increasing. Thus, it is necessary to prevent chronic diseases and delay the aggravation of
symptoms by improving individual lifestyles [15–17]. In addition, individual health behaviors may
differ according to sociodemographic characteristics including age and sex [18]. In the identification
of the individual physical condition, sociodemographic and socioeconomic factors are known to act
as important factors, and prevalence rates vary in accordance with the individual’s income level,
education level, and socioeconomic factors [19].

Previous studies have analyzed the relationship between chronic diseases and health promotion
behaviors, but were only conducted in predetermined age groups, such as in older patients, or examined
the relationship between chronic diseases and health behaviors while only targeting certain chronic
diseases [20–24]. As the number of polychronic patients has increased, a comprehensive analysis of
chronic diseases is required. To date, the number of studies evaluating patients with chronic diseases
is limited. Accordingly, in this study, we aimed to analyze the sociodemographic characteristics and
health behaviors related to the development of chronic diseases and to identify factors that may have
an effect on the morbidity of chronic diseases. Through this and by suggesting measures to contribute
to the effective management and prevention of chronic diseases, we intend to promote the health of
the people.

2. Experimental Section

2.1. Data Source and Research Participants

In this study, we utilized the source data from the 2nd year (2017) of the 7th period of the Korea
National Health and Nutrition Examination Survey, performed by the Korea Centers for Disease Control
and Prevention. The Korea National Health and Nutrition Examination Survey (KNHANES) is a
nationwide national survey, conducted to determine health-related parameters including the prevalence
of chronic diseases and health behaviors based on Article 16 of the National Health Promotion Act.
A total of 10,430 individuals from 3580 households were surveyed, but only 8127 participated in the
study. Of them, 5159 aged above 40 years were extracted. In addition, 658 individuals whose answers
were not related to chronic diseases were excluded; hence, only 3795 participants were analyzed, after
further excluding 706 who did not respond to the questions related to health behaviors. The KNHANES
is approved by the ethical committee of the Korea Centers for Disease Control and Prevention. The
requirement for informed consent was waived because data in the KNHANE database are anonymized
in adherence to strict confidentiality guidelines. The flowchart is shown in Figure 1.

 
Figure 1. Flowchart of the study.
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2.2. Description of Variables

In this study, questions related to sociodemographic characteristics, morbidity, and presence of
chronic diseases, and health behaviors were utilized. Sex, age, education level, level of income, type of
health insurance, and private insurance policy were used as sociodemographic variables. In terms of
age, participants aged 19 years or older were divided into two groups: adults and older adults (aged
65 years and above). The education level was stratified into middle school graduates or less and high
school graduates or more. Income status was determined by the monthly mean household gross income
and was classified based on 3 million won as the cut-off point. The patients with health insurance were
classified as health insurance subscribers and medical care beneficiaries [23,25–28].

Hypertension and diabetes are the main causes of cardiovascular disease, and the number of patients
continues to rise due to the increase in obesity rate. In addition, the cost of medical care is proliferating
more rapidly than the number of patients. Therefore, it is significant to prevent it by analyzing the factors
influencing chronic diseases. Hitherto, chronic disease was defined as hypertension, dyslipidemia,
stroke, myocardial infarction, and diabetes. The presence of chronic disease was determined based on a
response of “Yes” to the question related to a doctor’s diagnosis. Health behaviors included health
checkups, drinking, smoking, exercise, obesity, and hypercholesterolemia [28–31]. Health checkup
status was classified as patients who underwent health checkups and those who did not undergo
health checkups. Drinking status was classified as non-drinkers and drinkers based on the monthly
drinking rate; smoking status was classified as non-smokers and smokers using the current smoking
rate. Exercise history was stratified as those who performed exercises and those who did not perform
exercises based on the aerobic physical activity practice rate [32,33]. Furthermore, the prevalence of
obesity was determined and obesity was stratified based on the following indices: a body mass index of
18.5 kg/m2 or higher or a body mass index of 23 kg/m2 or lower indicates normal weight, while a body
mass index of 25 kg/m2 or higher indicates obesity [34–36]. Hypercholesterolemia was stratified based
on its prevalence (Table 1).

Table 1. Classification and definition of variables.

Variable Definition

Sex
0 = Female
1 =Male

Age 0 = Adult
1 = Senior

Education
0 = ≤Middle school
1 = ≥Middle school

Income
0 = <300
1 = ≥300

Type of insurance 0 = National Health Insurance
1 = Assistance

Private insurance
0 = No
1 = Yes

Chronic disease
0 = No
1 = Yes

Medical checkup 0 = No
1 = Yes

Drinking 0 = Non-drinker
1 = Drinker

Smoking 0 = Non-smoker
1 = Smoker
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Table 1. Cont.

Variable Definition

Exercise
0 = No
1 = Yes

Obesity 0 = Obesity
1 = Normal

Hypercholesterolemia 0 = No
1 = Yes

2.3. Statistical Analysis

In order to analyze the relationship among sociodemographic characteristics, health behaviors,
and the presence of chronic diseases, statistical analyses were conducted using the SPSS (version 25.0,
https://www.ibm.com/kr-ko/analytics/spss-statistics-software).

First, cross-analysis was performed to analyze the relationship between chronic diseases and
sociodemographic characteristics and between health behaviors and chronic diseases. In order to
determine the relationship between sociodemographic characteristics and health behaviors and the
risk for developing chronic diseases, a logistic regression analysis was performed.

3. Results

3.1. Participants’ Demographic Characteristics

Of the total participants, 56% were women and the proportion of women was higher than that
of men; older adults aged 65 years or higher accounted for 33% of the total study population. Most
of the participants were middle school graduates or had obtained higher education (2269 persons,
59.8%) and had an income of more than 3 million won (2107 persons, 55.5%). With regard to the type
of health insurance, national health insurance subscribers accounted for 95.7% of the total participants
according to the characteristics of health insurance in Korea. Meanwhile, private insurance subscribers
accounted for 74.2%, even though the proportion of health insurance subscribers corresponded to a
majority; this finding indicates that most of the patients took a private medical insurance policy due
to the lack of coverage by the national health insurance. A total of 857 patients (22.6%) underwent
medical checkups, which suggests that only a few patients were able to undergo medical checkups.
A total of 1762 patients (46.4%) developed chronic diseases, of whom 21.4% had two or more chronic
diseases (Table 2).

Table 2. Demographic characteristics (n = 3795).

Characteristic Type N %

Sex
Female 2126 56.0
Male 1669 44.0

Age 40–65 2544 67.0
≥65 1251 33.0

Education
<Middle school 1526 40.2
≥Middle school 2269 59.8

Income
<300 1688 44.5
≥300 2107 55.5

Type of insurance National health insurance 3632 95.7
Assistance 163 4.3

Private insurance
Y 2814 74.2
N 981 25.8
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Table 2. Cont.

Characteristic Type N %

Medical checkup Y 857 22.6
N 2938 77.4

Chronic disease
0 2033 53.6
1 950 25.0
<2 812 21.4

3.2. Relationship between Demographic Characteristics and Chronic Diseases

In this study, we intended to analyze the relationship between sociodemographic characteristics
and chronic diseases, and the results are shown in Table 3. Among chronic disease patients, 955 (44.9%)
were women, this proportion being higher than that of men. Meanwhile, 807 (48.4%) of 862 male
participants had chronic diseases, which indicates that men had a higher rate of chronic disease morbidity.
Approximately 71.3% of the participants aged 65 years or higher had chronic diseases. In addition, most
of the patients with a lower educational level and lower-income level had chronic diseases (981 patients
(64.3%)and 1008 patients (59.7%), respectively). A total of 1648 (45.4%) health insurance subscribers
were chronic disease patients, while 114 (69.9%) medical care recipients were chronic disease patients.
Furthermore, 1128 (40.1%) chronic disease patients were private insurance subscribers.

Table 3. Relationship between demographic characteristics and chronic diseases.

Characteristic Type
Chronic Disease p-Value

N % Y %

Sex **
Female 1171 55.1 955 44.9

0.019Male 862 51.6 807 48.4

Age *** 40–65 1674 65.8 870 34.2
0.001≥65 359 28.7 892 71.3

Education ***
<Middle school 545 35.7 981 64.3

0.001≥Middle school 1488 65.6 781 34.4

Income ***
<300 680 40.3 1008 59.7

0.001≥300 1353 64.2 754 35.8

Type of insurance *** NHI 1984 54.6 1648 45.4
0.001Assistance 49 30.1 114 69.9

Private insurance ***
Y 1686 59.9 1128 40.1

0.001N 347 35.4 634 64.6

** p < 0.05, *** p < 0.001.

3.3. Relationship between Health Behavior and Chronic Diseases

We analyzed the relationship between health behaviors and chronic diseases; the results are
shown in Table 4. Of the total chronic disease patients, 944 (50.6%) were alcohol drinkers, 1503 (47%)
were smokers, and 605 (40.1%) performed exercises, which is less than the number of patients who did
not perform exercises (1157, 50.6%). Moreover, 1263 (52.7%) and 823 (73.9%) patients with obesity and
hypercholesterolemia, respectively, had chronic diseases.
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Table 4. Relationship between health behavior and chronic diseases.

Characteristic Type
Chronic Disease p-Value

N % Y %

Medical checkup Y 453 52.9 404 47.1
0.331N 1580 53.8 1358 46.2

Drinking *** Y 923 49.4 944 50.6
0.001N 1110 57.6 818 42.4

Smoking * Y 1696 53.0 1503 47.0
0.062N 337 56.5 259 43.5

Exercise ***
Y 904 59.9 605 40.1

0.001N 1129 49.4 1157 50.6

Obesity *** Y 1132 47.3 1263 52.7
0.001N 901 64.4 499 35.6

Hypercholesterolemia *** Y 291 26.1 823 73.9
0.001N 1742 65.0 939 35.0

* p < 0.1, *** p < 0.001.

3.4. Factors Affecting Chronic Diseases

In order to determine the factors that may affect the development of chronic diseases, logistic
regression analysis was performed, and the results are shown in Table 5. The factors with statistically
significant effects in patients with chronic disease included sex, age, education, income, types of
health insurance, decision to take a private insurance policy, health checkups, exercise, obesity,
and hypercholesterolemia.

Table 5. Factors affecting the development of chronic diseases.

Dependent Variable Independent Variable Exp(B) p-Value

Chronic disease

Sex *** 1.498 0.001
Age *** 3.145 0.001

Education *** 0.535 0.001
Income ** 0.773 0.004

Type of insurance ** 1.727 0.008
Private insurance ** 0.803 0.036
Medical checkup ** 0.782 0.009

Drinking 1.101 0.252
Smoking 1.061 0.606
Exercise * 0.861 0.060

Obesity *** 0.544 0.001
Hypercholesterolemia *** 5.444 0.001

* p < 0.1, ** p < 0.05, *** p< 0.001.

In men, the risk of developing chronic diseases was higher by 1.498 times. Further, as age increased,
the risk of developing chronic diseases also increased by 3.145 times. In participants with a higher
education level, the risk of developing chronic diseases increased by 0.535 times. In participants with
higher income, the risk of developing chronic disease reduced by 0.773 times. With regard to the type of
health insurance, the risk of developing chronic diseases increased by 1.727 times among medical care
beneficiaries. In addition, for those who took a private insurance policy, the risk of developing chronic
diseases increased by 0.782 times. Meanwhile, the risk of developing chronic diseases decreased by
0.782 times and 0.861 times among those who underwent medical checkups and who performed
exercises, respectively. In normal-weight people, the risk of developing chronic diseases reduced by
0.544 times. In patients with hypercholesterolemia, the risk increased by 5.444 times.
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4. Discussion

In this study, we analyzed the factors affecting the development of chronic diseases through logistic
regression analysis using the data from the Korea National Health and Nutrition Examination Survey
(2017). Of the sociodemographic characteristics, sex, age, education and income level, types of health
insurance, and private insurance were found to have an effect on chronic diseases. In terms of sex, the
proportion of women with chronic diseases was higher than that of men. Compared with women, men
had a higher rate of chronic disease morbidity and the risk of developing chronic diseases. These results
are inconsistent with those of previous studies, which reported that the prevalence of chronic diseases
is higher among women than in men because men can maintain their economic level for longer than
women. Women who have a lower income level than men have relatively low medical accessibility
and find it difficult to manage their chronic diseases [37]. The number of chronic disease patients is
increasing due to the lack of physical activity and the increasing prevalence of hypercholesterolemia
and obesity, and considering that previous studies have shown that the prevalence of chronic disease
was lower among men who received management, managing chronic diseases according to sex seems
to be of utmost importance [38]. In addition, the number of patients aged 65 years or older who had
chronic diseases was higher; therefore, the higher the age, the higher the risk of developing chronic
diseases. This finding is consistent with those of a previous study, which reported that as age increases,
the prevalence of chronic diseases also increases due to the decreased amount of physical activities and
habit-based health risk behaviors [8,39].

It was also found that the higher the income and education levels, the lower the risk of chronic
diseases. This finding is consistent with those of previous studies reporting that socioeconomic status,
including income, education, and occupation levels, affects the health-related lifestyles and risk of
chronic diseases [40]. Because of the low rates of physical activity and exercise practice and as the
provision of medical services for managing chronic diseases has still not been ensured owing to lower
educational levels or living standards, the prevalence of chronic diseases is increasing. Among medical
care beneficiaries, the risk of developing chronic diseases was high, which was similar to the results of
a previous study reporting that the incidence of chronic disease increased among individuals who
belonged to the lower social class, like those in the low-income bracket. Social determinants, such as
income, education, and social class, may cause health-related inequality but create an environment
in which quality medical care can be provided for the treatment of chronic diseases. In addition,
non-medical factors, such as social determinants, play a more substantial role in the management
of chronic diseases than medical factors. It seems that medical care beneficiaries with low income
may have more difficulty in managing chronic diseases [41–43]. There were many chronic disease
patients who obtained a private medical insurance policy; the results showed that patients with private
medical insurance had a lower risk of developing chronic diseases. These findings are similar to those
of a previous study, which indicated that those who have private medical insurance policies tend to
receive outpatient and inpatient treatments. In line with these findings, among patients with chronic
diseases who require continuous health care, those with private medical insurance have a reduced
burden in terms of medical expenses, leading to better health-care outcomes [44–46]. Considering
these results, there are limitations in managing chronic diseases with national health insurance only.
Furthermore, it is estimated that people obtain commercial medical insurance policies due to the
burden of medical expenses caused by the recent increase in polychronic diseases. Therefore, since
health-related inequalities in the low-income group patients, who find it difficult to pay the private
medical insurance premiums, will become a serious problem if we only rely on private medical
insurance for the management of chronic diseases, the coverage of the national health insurance should
be reinforced for the management of chronic diseases.

Among health behaviors, the factors affecting the risk of developing chronic diseases included
health checkups, exercise, obesity, and hypercholesterolemia. Those who underwent periodic health
checkups had a risk of developing chronic diseases, which is similar to previous findings showing
that periodic health checkups promote health and help prevent chronic diseases [8,47]. In addition,
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considering the results of previous studies reporting that those who benefit from health insurance are
more likely to receive health checkups depending on the nature of the health insurance system in Korea,
chronic diseases could be effectively managed through modifying the nature of the insurance provided.
Previous studies have shown that health behavior factors related to chronic diseases include smoking,
drinking, exercise, body mass index, and regular life and eating habits [7,29,36,48,49]. However, in
this study, drinking and smoking did not have a statistically significant effect on the prevalence of
chronic diseases, and these results are different from those of existing research. Furthermore, exercise,
obesity, and hypercholesterolemia were associated with the risk of developing chronic diseases,
consistent with existing research. Among those who performed exercises, the risk of developing
chronic diseases was lower, while among those with obesity and hypercholesterolemia, the risk
of developing chronic diseases was higher. Weight loss via exercise programs reduces the risk of
developing chronic diseases. Maintaining a standard body weight can prevent chronic diseases
by alleviating hypercholesterolemia. Management of chronic diseases should be comprehensively
performed with weight management through exercise; however, there seems to be a limitation in
this regard according to patients’ behavioral changes [50,51]. In order to overcome this limitation,
wearable medical devices, which use ICT (Information & Communication Technology), have recently
been developed for chronic disease management. Prevention and management of chronic diseases can
be ensured through exercise [52–55]. The use of medical devices to promote physical activity leads
to obesity and hypercholesterolemia management, and through the linkage between these medical
devices and local clinic-centered, effective management of chronic diseases can be achieved through
periodic monitoring. The results of this study also suggest that gender, age, education, and income
levels have impacts on chronic disease, and it is significant to add these as risk factors and to continue
monitoring in local clinic-centered facilities. Through this, a personalized chronic disease management
system could be established.

This study has some limitations. First, chronic disease patients aged 40 years or below were not
included. Recently, the number of younger chronic disease patients has increased owing to changes in
lifestyle, therefore, further studies to analyze the factors influencing the risk of developing chronic
diseases in this age group will be required, with the patients stratified as follows: youth, middle-aged,
and older adults. Second, analyses according to the number of chronic diseases were not performed.
In this study, only the presence or absence of chronic diseases in patients was assessed. Further studies
to determine the influencing factors according to the number of chronic diseases are required. Third,
there was no analysis of factors affecting chronic disease according to the residential area. Accessibility
to medical services varies depending on where you live; therefore, chronic disease management may
be different. Hence, it is necessary to analyze the factors affecting chronic diseases according to urban
and rural areas. Despite these limitations, we comprehensively analyzed the factors influencing the
prevalence of chronic diseases. Our study is significant as we were able to determine the risk factors
for chronic diseases, which can be used as a basis for developing policies for the comprehensive
management of chronic diseases, based on sex, age, and social factors.

5. Conclusions

In order to manage chronic diseases, the management approach should be based on patients’
socioeconomic characteristics to address the differences related to sex, education, income, and medical
care. The management should also include approaches to improve health behaviors, including the
use of wearable medical devices and digital healthcare products. Based on our findings, we presume
that chronic diseases develop due to a combination of factors. Age, socioeconomic factors, obesity,
and hypercholesterolemia are factors that can be controlled to prevent and manage chronic diseases
through comprehensive programs rather than through individual management. Moreover, those
who belong to the lower social class, are more likely to require chronic disease management via
primary healthcare institutions in the community. In order to improve health behaviors, continuous
observation is required, and local clinic-centered chronic disease management can help improve health
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behaviors. It is significant to establish a comprehensive management system and promote efficient
medical delivery systems for chronic diseases focused on local clinic-centered facilities. However,
Korea’s medical delivery system urgently needs reorganization due to the concentration of university
hospitals and the weakening of a local clinic-centered structure. Therefore, in order to expand the
role of local clinic-centered facilities and to efficiently manage chronic diseases, the integrated local
clinic-centered care chronic disease management project is being implemented. Through this, medical
treatment for chronic disease management and education for improving lifestyle, are applied to
lower the patient’s copayment. If the burden reduction of chronic disease management is expanded,
the dependency on private health insurance will be reduced, which will prevent excessive medical
expenses for chronic patients. In addition, strengthening the role of local clinic-centered facilities will
lead to strengthening medical access for low-income people, thereby relieving health inequalities. For
older adults, when included in the community care project in line with community-based primary
healthcare service, comprehensive management of chronic diseases, including health improvement
and lifestyle modification, could be implemented. In particular, in Europe, where public health policies
are in place, chronic diseases are effectively managed by strengthening the local clinic-centered services,
such as the attending physician, to manage chronic diseases. For common goals such as chronic
disease management, community care is implemented to ensure continuous health care. In view of
this, chronic disease management through public health policy should be implemented prior to private
medical insurance. Patients with private medical insurance have a lower risk of developing chronic
diseases, but this can be seen as a problem of low insurance coverage for chronic diseases. This can be
resolved through community care projects such as in Europe. Because of this, patient-centered chronic
disease management will ultimately improve the health of chronic disease patients.
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Abstract: Deployment or distribution of valuable medical resources has emerged as an increasing
challenge to hospital administrators and health policy makers. The hospital emergency department
(HED) census and workload can be highly variable. Improvement of emergency services is an
important stage in the development of the healthcare system and research on the optimal deployment
of medical resources appears to be an important issue for HED long-term management. HED
performance, in terms of patient flow and available resources, can be studied using the queue-based
approach. The kernel point of this research is to approach the optimal cost on logistics using queuing
theory. To model the proposed approach for a qualitative profile, a generic HED system is mapped into
the M/M/R/N queue-based model, which assumes an R-server queuing system with Poisson arrivals,
exponentially distributed service times and a system capacity of N. A comprehensive quantitative
mathematical analysis on the cost pattern was done, while relevant simulations were also conducted
to validate the proposed optimization model. The design illustration is presented in this paper to
demonstrate the application scenario in a HED platform. Hence, the proposed approach provides a
feasibly cost-oriented decision support framework to adapt a HED management requirement.

Keywords: hospital emergency department; queuing theory; decision support; cost optimization

1. Introduction

1.1. Background

Hospitals play an important role in the healthcare system of society. They have changed
rapidly in parallel with improvements in medical instruments and medicine. Administrators of
hospital institutions should have spared no effort in developing strategies that enable the provision of
high-quality services, while operating with increased costs and pressure from competition [1]. One of
the most demanding departments in terms of economic resource consumption and programming is the
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hospital emergency department (HED). To this extent its operational profile should be monitored and
optimized in order to provide the optimal quality of medical service subject to the budget constraint.

HEDs must be operational 24 h, and, moreover, should respond to multiple demands requiring
sophisticated technical equipment and the manpower to operate them, all of which imply higher
costs. Large HEDs have even higher costs because they offer a wide range of services that would be
unavailable in a small rural HED [2]. Emergency Departments have traditionally been a crucial issue
in the hospitals’ cost containment and management. The optimization of patient flow and bottleneck
elimination in key departments could be a viable way for policy makers to decrease operational
costs and boost quality of care [3]. In the interest of improving patient throughput and resource
utilization, appropriate key performance measures are selected, like the size of staffing providers,
HED patient arrival patterns, service rate of staffing providers, waiting time, etc. To explore the
tradeoff among them, the proposed queue-based optimization technique on cost may provide hospital
management with a decision support for deploying staffing providers under the constraints of the
kernel performance parameters.

An M/M/R/N queuing model was adopted to explore the cost profile from analyzing the
relationships among relevant performance parameters in a HED, such as the number of staffing
providers (i.e., servers) needed during each staffing interval. This model assumes a single queue with
a limited system capacity of N that feeds into R identical medical servers (i.e., staffing providers).
The fourth symbol “N” of the notation M/M/R/N indicates the restriction on the system capacity of the
HED. The value of (N−R) gives the number of waiting rooms for incoming patients when all staffing
providers in the HED are busy. Arrivals occur according to a time-homogeneous Poisson process
with a constant rate, and the service duration (e.g., provider time associated with a patient) has an
exponential distribution. In the language of queuing theory [4,5], these two assumptions are often
called Markovian, hence the use of the two “M’s” in the notation used for the model. One advantage
of adopting the M/M/R/N model is that given an arrival rate, an average service duration, and the
number of servers, formulae for performance measures such as the cost profile, the average number of
patients, or the average waiting time can be easily obtained.

1.2. Contribution Profile

This novel idea in this work originated from the theory of an M/M/R/N queuing system (QS),
which is used to estimate the optimal number of providers needed during each staffing interval [4,5].
At some pre-configured period (say a shift, or a day), a finite quantity of staffing providers exists to
provide medical services for patients under limited waiting rooms in HEDs. On application modeling,
such a finite quantity of staffing providers (i.e., R) can be regarded as the term “server” in the M/M/R/N
model of queuing theory. The quantity of (N−R) can be considered to be the rather limited waiting
rooms in HEDs regulated by each hospital.

The research goal for this work is to explore whether, with cost-based deployment, how many sets
of staffing providers in the HED schedule would be optimal if a certain level of the server availability
is kept? To explore the tradeoff between them, the proposed optimization technique may provide the
HED management with decision support on the number of staffing providers. The key contributions
of this paper are threefold: (1) This work provides HED administrators with an efficient deployment of
staffing providers for the HED platform to optimize the cost improvement. In regards to management,
the proposed system can be adopted as a decision-making methodology approaching predictive
management, rather than reactive or chaotic management. (2) For quantitative analysis, the M/M/R/N
queue model was applied and derived, and then the relevant system metrics were established in
a brand-new manner. The mathematical expression of the cost function was established for the
evaluation requirement. (3) In regards to verification, relevant experimental results were obtained in
terms of configurations on cost optimization and average waiting time. The simulated results indicate
that the proposed approach may provide a feasible decision support for deployment on quantities of
standby servers.
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The rest of the paper is organized as follows: Section 2 describes related work and the motivation
behind this research. To demonstrate the framework qualitatively, an M/M/R/N model of queuing
theory is adopted and the mapping profile is demonstrated in Section 3. Quantitative work is
presented in Section 4, where the mathematical analysis is conducted in detail and the relevant system
performance measures, such as the expected number of online servers, the expected number of spares,
etc., are derived. Following this, in Section 5, the queue-based model is further addressed in terms of
cost function, and the simulations of the feasibility of the proposed scheme are conducted. Finally,
some concluding remarks are made in Section 6.

2. Related Work

HED crowding represents an important issue that may affect the quality and access of health care.
Accordingly, the optimization of average waiting times has become a focus across many mainstream
hospitals. As defined by the Canadian Association of Emergency Physicians [6], HED overcrowding
is a situation in which the demand for services exceeds the ability of health care professionals to
provide care within a reasonable length of time. As stated in [7], significant variation in HED patient
arrival rates necessitates the adjustment of staffing patterns to optimize the timely care of patients.
Green et al. [7] collected detailed HED arrival data from an urban hospital and used a queue-based
analysis to gain insights on how to change provider staffing to decrease the proportion of patients who
leave without being seen. However, no optimization materials in terms of mathematical theory were
addressed at all in these studies [8–10].

Finamore et al. [6] described an innovative use of a satellite clinic to prevent patients returning to
HED for care on a scheduled basis. Their strategy allows patients returning for follow-up diagnostics
or treatment to bypass the main HED. The proposed HED satellite clinic may shorten the waiting
times in multiple ways, such as increasing the capacity to remove returning patients from the pool of
patients requiring care in the HED, and creating a separate registration area and a separated staffed
treatment area. The visit data in the HED were used to measure crowding and completion of waiting
room time, treatment time, and boarding time for all patients treated and released or admitted to a
single HED during 2010. In [11], the authors conducted a relevant statistical analysis and concluded
that a HED census at arrival demonstrated variation in crowding exposure over time. In the work
of Wiler et al. [12], the authors developed an agent-based simulation model for the evaluation of the
FTS (fast track strategies) scheme applied in the HED to reduce patient waiting time. By and large,
the issues regarding cost optimization on the HED management cost are not a concern for these open
studies [5,11,12].

Vass and Szabo [13] evaluated 2195 questionnaires in the HED situated in Mures County, Romania,
for a period three years (2010–2013). Their research reported that long waiting times were the most
important complaint in patient’s satisfaction surveys. To perceive the waiting times, only a specific
M/M/3 queuing model was considered in their work to demonstrate the computation details. The work
of [13] has motivated us to consider whether it is possible to provide an effective and feasible approach
to decision support for the optimization of provider staffing under cost constraints for the HEDs with
more elaborative queue-based frameworks. This research generalizes the queuing model of [13] into
the M/M/R/N queuing framework in terms of three practical aspects: (1) Numbers of medical servers
(provider staffing) can be configured to one of the system parameters instead of a fixed quantity. Such
a dynamic staffing level enables a hospital to quantify the cost patterns and the alleviation of HED
waiting times. (2) The space available in the HED would be limited for every hospital management.
The fourth factor (N) in the notation of the M/M/R/N model symbolizes the fact that only N patients can
be allowed to enter the waiting rooms of the HED in order not to exacerbate the issue of overcrowding.
(3) The exact mathematical expressions would be derived in an elaborative manner and the relevant
cost formulation would be used to provide the generic decision support for the hospital administrators.
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3. The Proposed Model of Medical Emergency Services

3.1. The Generic Platform of Medical Emergency Services

This research explores feasible decision support that is proposed to optimize running costs under
the constraint of the waiting time at a HED using queue-based models. The exemplified HED is in
a metropolitan hospital (Taichung Veterans General Hospital or TVGH) located in central Taiwan.
It began offering medical services on 16 September 1982. Since 1991, it has been accredited as a “Medical
Center and First-Class Teaching Hospital” by the Department of Health, Taiwan. Taichung Veterans
General Hospital is a 1500-bed hospital with up to 3900 employees. According to the latest statistical
average data of registration accessed in TVGH, it offers a capacity of about 7000 outpatients and 190
patients in the emergency room daily [14]. As a public medical center, it provides safe, high-quality
medical services with advanced facilities and training programs, as well as outstanding research and
development programs.

The HED building, with eight floors at the TVGH (TVGH-ED), provides comprehensive emergency
services 24 h a day. The functional deployment on the ground floor of the TVGH-ED building, as shown
in Figure 1, is composed of different zones, including the Registration and Triage Area, Resuscitation
Areas, Internal Medicine Areas, the Pediatric Treatment Area, Waiting Areas, Clinic Areas, Monitor
Rooms and the Fever Screen Center, and relevant auxiliary service units such as the X-ray service
and nursing stations. As this HED is a rather complicated service system due to random arrivals,
various disease chains, uncertain service times of care, and randomness in human decision-making, it is
difficult to model the whole HED with a single operational model. From the perspective of the model
attribute [15], a generic operational model is defined as a formal description of operations performed to
deliver a health service that is applicable over a wide range of health service delivery settings. For the
sake of simplicity, this research concentrates the optimization issue on a specific platform of medical
service, which is used hereafter to model staffing providers for a single disease chain.

Figure 1. The functional deployment on the ground floor of the TVGH-ED building. TVGH-ED,
Taichung Veterans General Hospital - Emergency Department.
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3.2. Mapping Profile between the HED Service Platform and the M/M/R/N Queuing System

The proposed generic framework on the HED service platform is considered to be modeled as an
M/M/R/N queuing system (QS), which is used to estimate the optimal number of providers needed
during each staffing interval. An input-throughput-output framework of HED operations is used
as the prototype shown in Figure 2 for a generic profile [16]. The ambulance icon symbolizes the
arrivals of HED patients. Practically, patient arrivals are hard to schedule, or even control significantly.
Arrivals may surge in some unpredictable time windows due to a short-term disaster, car accidents,
and seasonal influences [17]. In modeling language, the busy and regular time windows can be
associated with high and normal arrival rates, respectively. Patient arrivals in the proposed model are
assumed to be Poisson processes [18], with average hourly rates that are forecasted for each future
hour in question (say a shift, or a day) [19].

Figure 2. The generic service platform of an emergency department.

The itinerary for HED patients from arrival to exit can conceptually be divided into three
phases [12]. The first phase, named “Waiting for treatment phase (waiting phase)”, is symbolized
by the icon HED Waiting Rooms in Figure 2. In the waiting phase, the patient goes through some
standard processes that assist the HED to grasp the record of patients and their current medical
condition. These are termed the Registration and Triage process, respectively. Registration guarantees
administratively that patient demographics are captured accurately for billing and maintaining the
record. Triage is the first assessment conducted by a healthcare professional after the patient arrives in
the HED. The second phase (treatment phase) begins when the patient is placed in bed. For simplicity,
the treatment phase is represented by the icons of provider staffing (medical servers) in Figure 3 for a
generic profile. The whole medical service largely depends on patient acuity and physician activities.
In modeling language, the duration of treatment can be regarded mathematically as the service rate of
(medical) servers. The treatment phase is followed by the post-treatment phase, which is represented
by the expression HED patient departures in Figure 3. Exiting from the treatment area of the HED
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is reasonably assumed to mean that the patients are discharged, either as an outpatient or into the
hospital [16].

Figure 3. An M/M/R/N queue system mapped by the HED service platform.

The mapping scenarios for the theoretical approach are illustrated in Figures 2 and 3. An M/M/R/N
queuing model was used to estimate the number of providers needed during each staffing time
window. In Figure 3, the proposed model assumes a single queue with regulated and finite waiting
rooms that feed into R identical servers with blue highlights, which is mapped to providers in the
HED. The walking-man (customers) icons symbolize HED patient arrivals. Based on the proposed
queuing model, relevant system metrics, such as average waiting times, expected number of customers
in the queue buffer, and the probability that all servers are busy, can be analyzed and derived
mathematically [7]. For instance, a patient’s total length-of-stay from arrival to departure from the
HED platform is termed as the patient throughput time, which is equivalent to the waiting time in the
QS. Patient throughput time has a significant impact on operational and economic efficiency as well as
overall patient satisfaction, which is a measure of medical service quality [20].

Generally, the performance metric on average waiting times may provide the HED administrator
with decision support on how to alleviate patients’ complaints. To avoid the deterioration of average
patient throughput time (i.e., the average wait times in the QS), the optimization approach on
the average waiting times, under some constraints such as a limited number of servers in the QS
(i.e., mapped counterpart: level of staffing in the HED platform), is explored further in this article.
The metric is the probability that all servers can be used to reveal the possibility and scenario in which
notorious HED crowding may occur. The question is how to reduce this HED crowding phenomenon
in some specific time windows. Such a metric can provide decision support for the administrator in
order to properly configure or deploy hospital resources.

4. Quantitative Modeling and System Measures for the HED Platform

4.1. Theoretical Analysis

The service-oriented model on the HED platform in Figure 3 is considered to have R servers with
an adequate level of staffing and a finite size (N) of waiting rooms for HED arrivals. The birth-and-death
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process is adopted to derive analytic steady-state solutions to the M/M/R/N queuing system (QS).
Let the states n (n = 0, 1, 2, . . . , N) represent the number of customers in the QS. McManus et al. [18]
studied all admissions to the medical–surgical intensive care unit (ICU) of a large, urban children’s
hospital during a 2-year period. Their statistical analysis confirmed that the arrival rate of patients to
ICUs follows a Poisson distribution, and the durations of stay (service times) were found to follow
an exponential distribution. Hence, it is reasonably assumed that the customers arrive according
to a Poisson process with mean arrival rate λn = λ if 0 ≤ n ≤ N and λn = 0 if n > N due to a finite
system capacity. The QS has R servers, each having an exponential distribution of service times with
an identical service rate μn = μ. The service volume can be classified into two parts as follows:

Mean Service Rate:

μn =

{
n μ, if 1 ≤ n ≤ R

Rμ, if (R + 1) ≤ n ≤ N
(1)

To approach analytic steady-state results for the proposed model, we first construct the
state-transition-rate diagram depicted in Figure 4. The number inside the circle represents the
number of customers (patients) in the system. Each circle in Figure 4 shows the steady-state probability
scenario that may occur during the service period in the system. For each circle except the first one
(n = 0) and the last one (n =N), there are four arrows marked with the corresponding values of the
state-transition rate. The quantity marked along each arrow gives either the flow-in probability into
that state or the flow-out probability off that state.

 
Figure 4. State-transition-rate diagram for the proposed model.
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Let the notation P(n) = the probability that there are n customers in the system, where n = 0, 1, 2,
. . . , N. Hence, for a steady-state case, the state probability functions P(n) can be obtained from the
birth-and-death formula [5] in association with the state-transition-rate diagram shown in Figure 4.
We define notation ρ = λ/μ for the server utilization and ρS = ρ/R = λ/(Rμ) for the system utilization.
According to the value n (number of customers in the QS that may be present), two segments are
defined by the vector: (Segment 1, Segment 2) = (1 ≤ n ≤ R, (R+1) ≤ n ≤ N). The state probability
functions P(n) can then be derived in terms of two segments as follows:

(A) Segment (1): 1 ≤ n ≤ R

P(n) =
λ0·λ1·λ2 · · · λn−1

μ1·μ2·μ3 · · · μn
P(0) =

λn

μ (2μ)(3μ) · · · (nμ)P(0) =
λn

μn n!
P(0) =

ρn

n!
P(0) (2)

(B) Segment (2): (R+1) ≤ n ≤ N,

P(n) = λ0·λ1·λ2 ··· λn−1
(μ1·μ2 ··· μR)(μR+1 ··· μn)

P(0) = λn

[μ·(2μ)···(Rμ)](Rμ···Rμ)P(0) =

= λn

R! μR (Rμ)n−R P(0) = ρn

R! (R)n−R P(0)
(3)

There are (n–R) terms of Rμ in the parenthesis (Rμ. Rμ) of the above denominator. Equations (2)
and (3) are the closed-forms for the state probability functions P(n) in terms of two segments in which
the number of customers may be present. To obtain P(0), we substitute expressions (2) and (3) in the
normalizing equation

∑N
n=0 P(n) = 1, which yields:

∑R

n=0

ρn

n!
P(0) +

∑N

n=R+1

(
ρn

R! Rn−R

)
P(0) = 1

P(0) = [
∑R

n=0

ρn

n!
+
∑N

n=R+1

(
ρn

R! Rn−R

)
]
−1

= [
∑R

n=0

ρn

n!
+

ρR
(
1− ρN−R+1

s

)
R! (1− ρs)

]

−1

(4)

4.2. System Performance Measures

Mathematical expectations are crucially important for the long-run theoretical average values of
relevant parameters in the system. To formulate the expressions of the system performance metrics,
it is necessary to construct average-based functions, such as the expected number of customers in the
queue, expected number of busy servers in the system, etc. The following mathematical analyses are
all necessary for the system performance measures of an M/M/R/N QS.

Let

Ls = expected number of customers in the system,
Lq = expected number of customers in the queue buffer,
E[I] = expected number of idle servers,
E[B] = expected number of busy servers,
PB = Probability that all servers are busy,
Ws = average waiting times in the system,
Wq = average waiting times in the queue buffer.

With steady-state probability functions (2) and (3), it yields

Ls =
∑N

n=0
n P(n) (5)

Lq =
∑N

n=R
(n−R) P(n) (6)
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E[I] =
∑R−1

n=0
(R− n) P(n) (7)

E[B] = R − E[I] (8)

PB =
∑N

n=R
P(n) (9)

To express the above parameters in terms of (R, N, ρ, ρS, P0), the system performance measures
can be derived as follows:

Ls =
∑N

n=0 n P(n) =
∑R−1

n=0 n P(n) +
∑N

n=R n P(n) =
∑R−1

n=0 n·ρn

n! P(0) +
∑N

n=R (n−R + R)P(n) =
=
∑R−1

n=0 n·ρn

n! P(0) +
∑N

n=R(n−R)P(n) + R
∑N

n=R P(n) =
∑R−1

n=0 n·ρn

n! P(0) + Lq + R PB
(10)

PB =
∑N

n=R
P(n) =

∑N

n=R

ρn

R! Rn−R
P(0) =

ρR

R!
[1− (ρs)

N−R+1]

(1− ρs)
P(0) (11)

By changing the indices of j = n—R so that n = R is changed to j = 0, and n = N is changed to j
= N—R,

Lq =
∑N

n=R
(n−R) P(n) =

∑N

n=R
(n−R)

ρn

R! Rn−R
P(0) =

ρRP(0)
R!

∑N−R

j=0
[j·(ρs)

j] (12)

The average waiting times in the system and in the queue buffer (Ws, Wq) can be derived by

applying Little’s formula, which gives Ws =
Ls
λ and Wq =

Lq
λ , respectively.

4.3. An Illustrative Example with Computation Details

To gain prompt perception on the theoretical implication of the quantitative modeling, an example
is given by a detailed calculation. Let (R, N) = (4, 5) and (λ, μ) = (2, 1), then the server utilization ρ =

λ/μ= 2 and the system utilization ρS = ρ/R= 0.5, which is less than unity for the stable system.

(1) 0 ≤ n ≤ (R–1) = 3, P(n) = ρn

n! P(0) = 2n

n! P(0)

P(1) =
21

1!
P(0) = 2P(0); P(2) =

22

2!
P(0) = 2P(0); P(3) =

23

3!
P(0) = (1.33)P(0) (13)

(2) R ≤ n ≤ N, i.e., For 4 ≤ n ≤ 5, P(n) = ρn

R! Rn−R P(0)

P(4) =
24

4! 44−4
P(0) = 0.667 P(0); P(5) =

25

4! 45−4
P(0) = 0.333 P(0) (14)

⇒[P(1), P(2), P(3), P(4), P(5)] = = [2, 2, 1.333, 0.667, 0.333] P(0). (15)

The complete five state probabilities are assembled and expressed in terms of P(0) as follows:
Using the normalization condition,

∑N
n=0 P(n) = 1⇒ ∑5

n=0 P(n) = (7.33)P(0)

⇒ P(0) = 0.136 # (16)

And from Equations (5)–(9), the system metrics can be computed sequentially as follows:

Ls =
∑N

n=0
n P(n) = P(1) + 2P(2) + 3P(3) + 4P(4) + 5P(5) = (14.333)·(0.136) = 1.949 (17)

Lq =
∑N

n=R
(n−R) P(n) =

∑5

n=4
(n− 4)P(n) = P(5) = 0.0453 (18)
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E[I] =
∑R−1

n=0
(R− n)P(n) =

∑3

n=0
(4− n)P(n) = 4P(0) + 3P(1) + 2P(2) + P(3) = 2.085 (19)

E[B] = R − E[I] = 4 − 2.085 = 1.915 (20)

PB =
∑N

n=R
P(n) =

∑5

n=4
P(n) = P(4) + P(5) = 0.136 (21)

Ws = Ls/λ = 1.949/2 = 0.9745 and Wq = Lq/λ = 0.0453/2 = 0.0223 (22)

The distribution of steady-state probabilities is depicted in Figure 5. The relevant system
performance measures, such as Ls, Lq, E[B] and Ws, are shown in the left-lower part of Figure 5.
The average number of customers in the QS and the queue buffer are 1.949 and 0.0457, respectively.
The average waiting times in the system and the queue buffer are 0.9745 and 0.0223, respectively.

Figure 5. Steady-state probabilities with parameters (R, N, λ, μ) = (4, 5, 2, 1).

5. Issue on Decision Support for HED Management

5.1. Evaluation Formulation on Cost

The strategy to minimize the total cost of the operating horizon is referred to as the optimal policy.
Like all medical institutions, the cost pattern is important for gaining long-term and stable hospital
management. To optimize the cost, we developed a steady-state expected cost function per unit time
for an M/M/R/N queuing system, in which the parameter vector of (R, N, λ, μ) and the average waiting
times (Lq) are considered as decision variables. The cost element CW is defined as the waiting cost
per unit time (or cost rate) per customer (HED patient) present in the system. Our goal is to provide
decision support for determining the optimal number of servers R, say R*, to optimize the cost function.
To formulate the cost function, some cost parameters are defined in the following vector form as
follows:

Cq = cost per unit time when one customer is waiting for service,
Cs = cost per unit time when one customer joins the system and is served,
(CB, CI) = cost per unit time when one server is (busy, idle).
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Using the definitions of each cost element with its corresponding feature, the cost function F(R, N)
can be developed in association with the system metrics Ls, PB, Lq, E[I], and E[B], which are given
in Equations (10)–(12), (7) and (8), respectively. It is noted that the steady-state probabilities for two
segments are given in Equations (2) and (3). The probability that there is no customer in the system,
P(0), is given by Equation (4).

F(R, N) = Cq Lq + Cs (Ls− Lq) + CB E[B] + CI E[I] = (Cq−Cs) Lq + Cs Ls + CB E[B] + CI E[I]

= (Cq−Cs) ρRP(0)
R!
∑N−R

j=0 [j·(ρs)
j] + Cs {∑R−1

n=0 n·ρn

n! P(0) + ρRP(0)
R!
∑N−R

j=0 [j·(ρs)
j] + R·

ρR

R!
[1−(ρs)

N−R+1]
(1−ρs)

}+ CB (R−∑R−1
n=0 (R− n) P(n)) + CI [

∑R−1
n=0 (R− n) P(n)]

(23)

The cost function F(R, N) in Equation (23) is expressed in terms of basic parameters, such as (R, N,
λ, μ), and cost elements. It is noted that the utilization parameters of the unit server and system is
given by (ρ, ρS) =(λ/μ, λ/(Rμ)), respectively. The state probability functions P(n) for two segments are
given in Equations (2) and (3), which are quite complex for the control parameter R. To find the optimal
profile on the cost function, it is necessary to show the existence of convexity or unimodality of F(R, N).
However, this mathematical task is difficult to implement. The cost function F(R, N) is unimodal; that
is, it has a single relative minimum.

5.2. Evaluation of Cost Optimization

Equation (23) shows that the parameter R occurs not only at the location of in-line items, but also
at the upper limit of the summation symbol Σ, which makes F(R, N) a highly nonlinear and complex
function. Instead, practical numerical examples are presented and intensively studied by applying
the proposed models. The optimization evaluation is firstly probed in terms of cost patterns in this
subsection. For illustrative purposes, we first study the effect of varying R while keeping N constant,
and then varying N while keeping R constant. All simulations are performed with the MATLAB
platform with custom MATLAB scripts. The exemplified system parameters are listed as vector forms
as follows:

(a) Average arrival rate of patients (λ) = 2.5, 3.0, and 3.5,
(b) Average service rate of a server (μ) = 1,
(c) Cost rate: (Cq, Cs, CB, CI,) = (200, 150, 120, 100),
(d) N = 15 for emergency departments of small and medium size.

Contour plots may provide the best graphical representation of the optimization problem, and also
possess a powerful visualization that permits the solutions of the optimization problem by inspection.
To validate the analytical solution, the graphical results were obtained and are shown in Figure 6A,
where three cost contours with the black box, red circle, and blue triangle icons are depicted along the
Y-axis in terms of λ = 2.5, 3.0, and 3.5, respectively. Generally, a higher patient arrival rate implies that
the medical service cost is higher, so the blue line marked with the triangle icon (λ = 3.5) is situated
over the red line marked with a circle (λ = 3.0). To clearly show the crucial region surrounded by the
dashed-line rectangle in Figure 6A, enlarged detail is depicted in Figure 6B. In Figure 6B, the critical
region is between R = 3 and R = 9 on the X-axis. The optimal cost value with the corresponding optimal
R* is shown for each contour.
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(A) 

 

(B) 

Figure 6. (A). Optimal cost patterns shown in terms of three average arrival rates. (B) An enlarged
diagram showing the optimal cost data from Figure 6A.

5.3. Issues on Cost Profile under the Constraint of Average Waiting Time

In view of performance evaluation, the average waiting time (AWT) can also be regarded as
a measure of performance committed to the HED patients, and of a yardstick for comparing the
effectiveness of the deployment of the staffing providers in a quantitative manner. Practically, it is
reasonable for management experts to guarantee an AWT target level when they want to alleviate
the sense of worry for potential HED patients. Logically, the higher the number of staffing providers
deployed, the higher the cost. Hence, the proposed approach explores the issue of decision support for
optimal cost under the constraint of the AWT at some target level.

In Figure 7 with the double-Y axis, the left Y-axis and the right Y-axis are set to be the cost values
and the average waiting time (AWT), respectively. Observing the solid-line contour marked with black
rectangles (i.e., the left Y-axis), the optimal cost value F(R, N) = 1242.5, which occurs at R* = 6 based on
the similar parameters in Figure 6A with the average arrival rate λ = 3.5. However, the corresponding
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AWT approaches 6.84 units, which is a reference metric for decision-making. The proposed generic
model could be used for general insights into the issues faced in deploying multiple staffing providers
for a disease chain or a single department like the Department of Pediatrics shown in the middle
right-handed location of the ground floor in Figure 1. On the right Y-axis, the dash-curve marked with
a red star shows the variation profile of the performance metric for AWT.

During the busy time-window for a specific disease chain in HED, patients may spend hours in
crowded waiting rooms before seeing a doctor. Those who choose to tolerate longer waiting times
expose themselves to others who may have a contagious illness. To alleviate such an occasional impact,
one straight approach for reducing the waiting time is to deploy more staffing providers for that
specific disease chain. The simulation results in Figure 7 provide an exemplified decision reference on
re-deploying the amount of staffing providers to alleviate the waiting time.

Figure 7. Decision support on optimal cost at R* = 7 under the constraint of reduction of AWT (average
waiting time) by 68.9%, which is calculated from ((6.84–2.13)/6.84) × 100%.

Then an issue emerges from the judgment: how many extra staffing providers are needed to gain
a reduction in the AWT by some level (for example, 50%) without over-provisioning? Observing the
red-star contour with the right Y-axis in Figure 7, it is found that the AWT can be reduced by 68.9% at
R* = 7 (shown by the red dash-line) at the expense of only adding one staffing provider and cost values
F(R* = 7, N) = 1309.8, compared to the minimum cost F(R = 6, N) = 1242.5. The detailed numerical data
are listed in Table 1 with a range of R from unity to 12. The value of AWT for R = 12 is less than 0.01
and then marked to be 0 for clarity. In other words, the proposed approach can provide a quantitative
decision support on the trade-off study between the cost profile and the amount of staffing providers
in HED deployment.

Table 1. Numerical data on AWT and the corresponding cost values for the range of R from unity to 12.

R Cost Values AWT R Cost Values AWT

1 2990.0 388.57 7 1309.9 2.13
2 2873.9 333.42 8 1399.5 0.65
3 2345.8 220.77 9 1496.3 0.19
4 1530.2 78.57 10 1595.4 0.05
5 1250.7 22.51 11 1695.1 0.01
6 1242.5 6.84 12 1795.0 0

AWT, average waiting time.
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5.4. Application Profile in a Window-by-Window Way

This work addressed the issue of the mathematical modelling to evaluate scenarios for deployment
of medical resources to the HED, and also aimed to provide feasible applications iteratively to
approaching an effective decision support in terms of deploying appropriate staffing providers to
alleviate the impact on HED crowding. Patients who want to receive medical services always arrive
randomly, and they require immediate services available at that time. If the service facility is operating
at peak capacity when they arrive, they are obliged to wait in line (queue) with patience in the case of a
shortage in staffing level. The surges and changes in HED activity may occur from time to time in
terms of various time-widows with associated system parameters, as shown in Figure 8.

Time

Concert ticket web site

Ticket sales open Ticket sales open

Figure 8. Iterative applications exemplified by various time-windows.

In Figure 8, each unique time-window may represent a specific surge time-period, wherein
larger numbers of patients nearby the hospital are delivered to HED after some disaster or traffic
event has occurred. In modeling language, the proposed modeling approaches can be applied in a
window-by-window way that each specific time window can be approximated by its λ (average arrival
rate) and μ (average service rate) in association with various practical historical data. For example,
supposing that the surge in time window B of Figure 8 represents some middle-level traffic event,
then the system parameters λB (average arrival rate) and μB (average service rate) may be approximated
by some existing past and experienced parameters for the baseline, and then the cost function F(R, N)
(23) may be applied iteratively to approach the cost optimization in a window-by-window way.

6. Conclusions

In terms of patient flow and available resources, an efficient generic methodology to optimize the
performance of the HED platform has been addressed in this research. The proposed queue-based
approach provides HED administrators with an efficient deployment of staffing providers to optimize
the cost profile. Conceptually, the HED service platform was mapped into an M/M/R/N queuing
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system, and illustrated using appropriate figures and materials in the work. To gain insight into the
queuing model, the mathematical derivation was detailed for the application need as well.

Based on the quantitative analysis, the M/M/R/N queue model was applied and derived, and then
the relevant system metrics were established in a brand-new manner. The mathematical expression
for cost function was established for evaluation requirements. In regards to verification, the relevant
experimental results were obtained in terms of integration configurations on cost optimization and
average waiting time. Instead of chaotic management, the proposed generic methodology may provide
feasible applications for approaching an effective decision support in terms of deploying appropriate
staffing providers to alleviate the impact on HED crowding.
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Abstract: Severe obesity has been associated with numerous comorbidities and reduced health-related
quality of life (HRQoL). Although many studies have reported changes in HRQoL after bariatric
surgery, few were long-term prospective studies. We examined the performance of the convolution
neural network (CNN) for predicting 5-year HRQoL after bariatric surgery based on the available
preoperative information from the Scandinavian Obesity Surgery Registry (SOReg). CNN was
used to predict the 5-year HRQoL after bariatric surgery in a training dataset and evaluated in a
test dataset. In general, performance of the CNN model (measured as mean squared error, MSE)
increased with more convolution layer filters, computation units, and epochs, and decreased with a
larger batch size. The CNN model showed an overwhelming advantage in predicting all the HRQoL
measures. The MSEs of the CNN model for training data were 8% to 80% smaller than those of
the linear regression model. When the models were evaluated using the test data, the CNN model
performed better than the linear regression model. However, the issue of overfitting was apparent
in the CNN model. We concluded that the performance of the CNN is better than the traditional
multivariate linear regression model in predicting long-term HRQoL after bariatric surgery; however,
the overfitting issue needs to be mitigated using more features or more patients to train the model.

Keywords: prediction; deep learning; conventional neural network; health-related quality of life;
bariatric surgery

1. Introduction

Severe obesity, defined as having a body mass index (BMI) greater than 40 kg/m2 or greater than
35 kg/m2 plus at least one obesity-related comorbidity [1,2], has been associated with numerous health
outcomes and reduced health-related quality of life (HRQoL) [3–8]. HRQoL measures population health
multi-dimensionally from physical, mental, emotional, and social functioning domains, which have
already been identified as an important indication for bariatric surgery and recognized by the United
States National Institutes of Health Conference as early as 1991 [9,10]. Although many studies have
reported changes in HROoL after bariatric surgery, few are long-term prospective studies. A systematic
review of seven prospective cohort studies with a follow-up time of ≥5 years revealed that bariatric
surgery patients reported considerably improved HRQoL and the improvement was maintained over
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the long term [11]. However, many patients still experience reduced HRQoL after surgery. In our
study, 39% of patients had significant improvements in physical functioning (PF) (increased by >25 in
the original score or >0.25 in the scaled score), and the rest had no significant improvement and some
patients (2%) even had significant deterioration (reduced by >25 in the original score or >0.25 in the
scaled score). No relationship between the PF scores before and 5 years after surgery was identified
(Figure S1).

Although some preoperative psychological factors, including personality change, severe
psychiatric disorder, or depressive symptoms, are associated with postoperative HRQoL after bariatric
surgery [12,13], whether long-term HRQoL after bariatric surgery can be predicted based on patients’
baseline features has not been investigated. The present study examined the performance of the
convolution neural network (CNN) for predicting 5-year HRQoL after bariatric surgery based on
the available preoperative information from a national quality registry, and compared CNN with a
conventional linear regression estimator.

2. Material and Methods

2.1. Patients and Features

Data for the patients registered in the Scandinavian Obesity Surgery Registry (SOReg) were used
for the current study. The SOReg was launched in 2007 and covers 98% of bariatric surgery in Sweden
since 2009. SOReg is validated regularly and has been shown to have high data quality [14]. In total,
27 - of 42 operating centers in Sweden participate in the HRQoL registration in SOReg. HRQoL was
measured using the RAND-SF-36 and the obesity-related problems (OP) scale preoperatively and 1,
2, and 5 years after surgery. In the present study, preoperative and 5-year HRQoL data, including
PF, role physical (RP), bodily pain (BP), general health (GH), vitality (VT), social functioning (SF),
role emotional (RE), mental health (MH) scale, summary physical scale (PCS), summary mental scale
(MCS), and OP, were used. All scale scores ranged from 0 to 100, with higher scores indicating better
health status except for OP, where low values represent good health. Eight baseline features, including
sex, age, BMI, sleep apnea syndrome (SAS), hypertension, diabetes, dyslipidemia, and depression,
were also used as predictors.

In total, 6687 patients with complete information on 19 baseline features and 11 5-year HRQoL
measures were used in the machine learning study.

The data that support the study are not publicly available because they contain information that
could compromise research participant privacy and confidentiality. The authors will make the data
available upon reasonable request and with permission of the Committee of Scandinavian Obesity
Surgery Registry in Örebro, Sweden.

2.2. Feature Scaling

Before machine learning, the features in the dataset were scaled. The binary features were
converted into dummy variables, and the continuous features were scaled to between 0 and 1 using a
min-max scaler. In the sensitivity analysis, the normalizer and standardizer scalers were also used to
evaluate the influence of scalers on the model’s performance.

2.3. Conventional Neural Network

A CNN is a regularized version of a multi-layer perceptron neural network, which was inspired
by a biological process where the connectivity pattern between neurons resembles the organization of
the visual cortex [15]. Although not specifically developed for non-image data, CNN may achieve
state-of-the-art results on regression prediction problems, especially for data with time series or
spatial patterns. The CNN input is traditionally two-dimensional (2D) but can also be changed to be
one-dimensional (1D), allowing it to develop an internal representation of a 1D sequence. In our study,
we used a CNN with seven hidden layers, including two 1D convolution layers (with 10 filters for
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each), two 1D max pooling layers, one flattened layer, and two dense layers (with 1000 computation
units). The rectified linear unit (relu) activation function was used for the convolution layers and dense
layers, and the normal distribution was used to initialize weights in the layers. The mean squared error
was used as the loss function and the an Adadelta algorithm was used as optimizer when compiling
the model [16]. The structure of the CNN model is shown in Figure S2.

2.4. Model Validation and Evaluation

In total, 20% of the patients were randomly selected as a test dataset for the final evaluation of
the data, and the rest of the patients were used as the training dataset. To find optimal high-level
parameters (like the number, size, and type of layers in the networks) and lower-level parameters (like
the number of epochs, choice of loss function and activation function, and optimization procedure) in
the CNN model, the K-fold cross validation method was used during the training phase [17]. We split
the training data into 5 partitions, instantiated 5 identical models, and trained each one on 4 partitions
while validating on the remaining partition. The performance of each model was evaluated using the
mean squared error (MSE) because of the existence of zero values in the outcome variables. We then
computed the average performance over the 5 folds. In the end, the choice of the parameters was
a compromise between the model’s performance and computing time, i.e., the model with both the
smallest validation error and a shorter computing time was deemed an optimal model. The training,
validation, and final evaluation process is shown in Figure S3.

To avoid overuse of the deep learning method for prediction, we also applied a simple multivariate
linear regression model as an estimator to predict the 5-year HRQoL scores, and compared the
performance between the linear regression model and the CNN model.

2.5. Software and Hardware

The descriptive and inferential statistical analyses were performed using Stata 15.1 (StataCorp
LLC, College Station, TX, USA). The CNN and multiple linear regression models were achieved
using packages scikit-learn 0.21.2 and Keras 2.2.4 in Python 3.6 (Python Software Foundation, https:
//www.python.org/).

All of the computation was conducted in a computer with a 64-bit Windows 7 Enterprise operation
system (Service Pack 1), Intel®Core TM i5-4210U CPU @ 2.40 GHz, and 16.0 GB random access memory.

3. Results

3.1. Descriptive Analysis of the Data

In total, 6687 patients registered in SOReg between 2008 and 2012 with complete demographic
and preoperative comorbidity information, and preoperative and 5-year HROoL scores were included
in the study. The characteristics of the patients are shown in Table 1. Briefly, the average age and BMI
of the patients were 42.7 years and 42.3 kg/m2, respectively. More than three quarters (77%) were
female and 45% had at least one of the five comorbidities (SAS, hypertension, diabetes, depression,
and dyslipidemia) before bariatric surgery.
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Table 1. Characteristics of the patients (n = 6687) included in the study, mean (SD) or n (%).

Preoperative Five Years after Bariatric Surgery

Original Scaled Original Scaled

Age (year) 42.7 (11.0) 0.494 (0.197) 47.7 (11.0) 0.494 (0.197)
BMI (kg/m2) 42.3 (5.2) 0.241 (0.103) 30.3 (5.2) 0.358 (0.127)

Female 5259 (77%) NA 5259 (77%) NA
SAS 680 (10%) NA NA NA

Hypertension 1851 (27%) NA NA NA
Diabetes 990 (15%) NA NA NA

Depression 884 (13%) NA NA NA
Dyslipidemia 747 (11%) NA NA NA

PF 61.6 (21.9) 0.616 (0.219) 84.2 (20.7) 0.842 (0.207)
RP 60.2 (38.9) 0.602 (0.389) 77.8 (36.6) 0.778 (0.366)
BP 56.0 (26.8) 0.560 (0.268) 65.1 (30.8) 0.651 (0.308)
GH 58.2 (21.4) 0.582 (0.214) 68.0 (24.7) 0.680 (0.247)
VT 47.3 (23.0) 0.473 (0.230) 54.5 (26.9) 0.545 (0.269)
SF 74.8 (26.1) 0.748 (0.261) 79.5(26.5) 0.795 (0.265)
RE 75.9 (36.2) 0.759 (0.362) 76.7 (37.9) 0.767 (0.379)
MH 71.5 (19.4) 0.715 (0.194) 72.0 (23.0) 0.720 (0.230)
PCS 38.3 (10.7) 0.567 (0.177) 47.6 (11.1) 0.653 (0.163)
MCS 46.8 (11.7) 0.621 (0.172) 44.6 (13.8) 0.621 (0.192)
OP 61.0 (26.3) 0.610 (0.263) 25.6 (27.4) 0.256 (0.274)

SD, standard deviation; NA, not applicable; BMI, body mass index; SAS, sleep apnea syndrome; PF, physical
functioning; RP, role-physical; BP, bodily pain; GH, general health; VT, vitality; SF, social functioning;
RE, role-emotional; MH, mental health; PCS, summary physical scale; MCS, summary mental scale; OP,
obesity-related problems.

3.2. Performance of the CNN Model in the K-Fold Cross-Validation

We analyzed 11 HRQoL scores in the study. To make our description concise, we used the PF
score as an example of our data analysis as follows.

In general, the performance of the CNN model (measured as the MSE) increased with more
convolution layer filters, computation units, and epochs, and decreased with a larger batch size.
Although the performance increased with the model’s complexity, the computing time increased
exponentially. When we set the number of computation units and filters to be large enough (1000 and
10, respectively) and the batch size was small enough (10), the performance of the CNN model in
K-fold cross-validation is shown in Figure 1. The performance was not stable when the number of
epochs was small and changed dramatically depending on the random seed used in training (Figure 1).
When the number of epochs was >40, the model presented smaller MSE than the linear regression
model (0.032 vs. 0.035, Figures 1 and 2). Although more epochs reduced the MSE in the CNN model,
the computing time increased exponentially, indicating a higher cost in machine learning (Figure 1).
The MSE of the linear regression model appeared constant when the number of epochs >40 (Figure 2),
which means the prediction cannot be improved with more epochs. The cross-validation indicates that
the CNN model may provide better prediction but at the expense of the computing time.
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Figure 1. Performance of the convolution neural network (CNN) model in K-fold cross-validation.

Figure 2. Performance of the simple multivariate linear regression model in K-fold cross-validation.

3.3. Performance of the CNN Model in the Final Evaluation

When the models were evaluated using the test data that were not seen previously by the
models, in general, the CNN model presented a better performance (solid line in Figure 3b) than
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the linear regression model (solid line in Figure 3a) with epochs >40. Although overfitting was
presented sporadically in the CNN model (comparing the solid line with the dotted line in Figure 3b),
the performance improved gradually with an increased number of epochs while remaining constant in
the linear regression model.

Finally, we used 40 epochs for the CNN model, and predicted PF scores for both the training data
and the test data. Clear correlations can be seen between the predicted values and observed values in
the training data, with an MSE of 0.032 for the CNN model (Figure 3d and Table 2) compared to the
MSE of 0.033 seen in the linear regression model (Figure 3c and Table 2). For the test data, the CNN
model had an MSE of 0.035 (Figure 3f and Table 2) compared with 0.034 (Figure 3e and Table 2) from
the linear regression model. Although the CNN model provided better prediction than the linear
regression model for the test data, the overfitting became apparent in some situations when the model
learned patterns more specific to the training data.

 
Figure 3. Model performance of the simple linear estimator and the CNN estimator. The dots in
the plots (c)–(f) were jittered to avoid a heavy overlap of patients with the same coordinates. CNN,
convolution neural network.
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3.4. Performance of CNN in Predicting Other HRQoL Measures

The relationships between the baseline and the 5-year scores of other HRQoL measures in the
test data are shown in Figure 4. Except for GH and VT, no clear relationship between the baseline
and the observed 5-year scores is seen for the HRQoL measures (Figure 4, plots a1–j1). However,
the predicted 5-year scores based on the baseline scores and the CNN model show clear correlations
with the observed 5-year scores for BP, GH, VT, MH, MCS, and OP (Figure 4, plots a2–j2).

 
Figure 4. Correlation of the observed 5-year scores with the observed baseline scores and predicted
scores for test data. The dots in the plots were jittered to avoid a heavy overlap of patients with the same
coordinates. RP, role physical; BP, bodily pain; GH, general health; VT, vitality; SF, social functioning;
RE, role emotional; MH, mental health; PCS, summary physical scale; MCS, summary mental scale; OP,
obesity-related problems.
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We compared the performance of the CNN model and the linear regression model for all the
HRQoL measures in both the training data and the test data. The CNN model showed an overwhelming
advantage in predicting all the HRQoL measures. The MSEs of the CNN model for the training data
were 8% to 80% smaller than those of the linear regression model (Table 2). The overfitting was also
apparent in the CNN model, i.e., the MSEs of the CNN model for the test data were all greater than
those of the linear regression model (Table 2).

Table 2. Mean squared errors (MSEs) of the CNN model and the multivariate linear regression model.

HRQoL Measure
Training Data Test Data

CNN Model Linear Regression Model CNN Model Linear Regression Model

PF 0.0316 0.0329 0.0350 0.0343
RP 0.1078 0.1178 0.1324 0.1211
BP 0.0604 0.0763 0.0898 0.0772
GH 0.0280 0.0497 0.0618 0.0508
VT 0.0303 0.0572 0.0914 0.0625
SF 0.0213 0.0600 0.0995 0.0588
RE 0.0393 0.1275 0.2118 0.1269
MH 0.0119 0.0427 0.0807 0.0416
PCS 0.0087 0.0210 0.0333 0.0219
MCS 0.0075 0.0301 0.0584 0.0305
OP 0.0450 0.0625 0.0750 0.0608

PF, physical functioning; RP, role physical; BP, bodily pain; GH, general health; VT, vitality; SF, social functioning;
RE, role emotional; MH, mental health; PCS, summary physical scale; MCS, summary mental scale; OP,
obesity-related problems.

3.5. Sensitivity Analysis and Computing Time

We also conducted sensitivity analysis using different scalers and optimizers in data preparation
and model compiling, and tuned the hyperparameters using the exhaustive grid search method [18].
Although they showed more or less influence on the models’ performance, the influence was negligible
when the number of epochs was large and the batch size was small. The computing time for the
CNN model largely depends on the hyperparameter settings of the layers, number of epochs and the
batch size for training, and the software and hardware used. In our study, with the model structures
and hyperparameters shown in Figure S2, the running time ranged from 70 (epoch = 40, batch size
= 10, without cross-validation) to 595 s (epoch = 400, batch size = 10, with five cross-validations) on
our computer.

4. Discussion

Machine learning methods to predict HRQoL have been used in elderly with chronic diseases [19],
cervical cancer patients [20], and osteoarthritis patients [21]. However, to our knowledge, they have not
been used to predict the postoperative HRQoL of patients undergoing bariatric surgery. We explored
the feasibility and capacity of a deep learning method, i.e., convolution neural network, to predict
long-term HRQoL after bariatric surgery using a national register. The study can only be achieved
based on a well-maintained and high-quality longitudinal database with long-term follow-up like
SOReg [22].

Our results indicate that 5-year HRQoL after bariatric surgery may be well predicted preoperatively
for some scale domains like PF, BP, GH, VT, MH, MCS, and OP. In our study, we aimed to evaluate
and predict the quality of life of patients after bariatric surgery. Some patients were not “satisfied”
even when they lost weight. Other factors, such as complications during follow-up and preoperative
pharmacologic drug treatment, are associated with a change of the quality of life after bariatric surgery,
whereas age, sex, and preoperative metabolic comorbidity may also play a role [11,23–25]. Our findings
may provide important information for postoperative care and rehabilitation for this group of patients.
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Our research question was about predicting continuous outcomes using supervised deep learning
methods, which could be converted to a question of supervised two- or multi-class classification, i.e., to
predict whether the quality of life of the patient has improved, remained unchanged, or deteriorated.
Although the precision of prediction might be reduced in classification, the accuracy might be enhanced,
and the method might be more applicable for clinical use. We would like to investigate the question in
future studies.

There has been a warning that healthcare researchers should not be overly enthralled by the
promises of deep learning methods [26]. Therefore, to avoid abusing the deep learning method in
our study, we also compared the performance of the CNN model with a conventional statistical
learning method for continuous variables, using a multivariate linear regression model. Although the
conventional statistical methods require sometimes complex processing (feature engineering) to extract
the requisite discriminative features, they may provide more interpretable results compared to the
deep learning methods. In contrast, the biggest advantage of deep learning methods is that they try to
learn high-level features from data in an incremental manner, which eliminates the need for domain
expertise and hard-core feature extraction. However, the generalizability of deep learning models
relies largely on the data they learned, and overfitting on unseen data is more apparent, as observed in
our study. Although there are some ways in which we may reduce overfitting in deep learning models,
the rule of thumb is to use more training data.

There are potential limitations to our study. In total, 28,293 patients underwent surgery for
a primary gastric bypass between 2008 and 2012 and had a follow-up longer than 5 years when
the study was initiated. However, only less than one quarter of the patients who had complete
HRQoL information could be used for the machine learning. Compared to the patients who had no or
incomplete HRQoL information, the patients with complete relevant data were older (42.7 ± 11.0 vs.
40.4 ± 10.8 years), had fewer males (21.2% vs. 25.1%), and lower BMI (42.3 ± 5.2 vs. 42.8 ± 5.5 kg/m2).
These factors have already been shown to influence HRQoL [27–29]. Because of these systematic
differences in HRQoL between the patients with and without HRQoL measures, the generalizability of
our CNN model may be questionable. The missing information needs to be imputed in the future for
deep machine learning. We would also point out that the CNN built in our study was only based on
features from gastric bypass patients, which cannot be generalized to other surgical procedures or
health conditions. The application of CNN in predicting prognosis after surgeries still needs to be
investigated using large data from the real world.

5. Conclusions

CNN can be used to predict long-term HRQoL after bariatric surgery based on the baseline features
of patients. The performance of the CNN was found to be better than the traditional multivariate
linear regression model; however, its overfitting on unseen data needs to be mitigated by using more
features of patients or greater use of training data in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/12/2149/s1,
Figure S1: Physical functioning (PF) scores before and after bariatric surgery of 6687 patients used in the study.
Figure S2: Structure of the conventional neural network (CNN) model used in the study. Figure S3: Process of
training, validation and evaluation
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Abstract: The antibiotic susceptibility test determines the most effective antibiotic treatment for bacterial
infection. Antimicrobial stewardship is advocated for the rational use of antibiotics to preserve their
efficacy in the long term and provide empirical therapy for disease management. Therefore, rapid
diagnostic tests can play a pivotal role in efficient and timely treatment. Here, we developed a novel,
rapid, affordable, and portable platform for detecting uropathogens and reporting antibiogram to
clinicians in just 4 h. This technology replicates the basic tenets of clinical microbiology including
bacterial growth in indigenously formulated medium, and measurement of inhibition of bacterial
growth in presence of antibiotic/s. Detection is based on chromogenic endpoints using optical sensors
and is analyzed by a lab-developed algorithm, which reports sensitivity to the antibiotic’s panel
tested. To assess its diagnostic accuracy, a prospective clinical validation study was conducted in
two tertiary-care Indian hospitals. Urine samples from 1986 participants were processed by both
novel/index test and conventional Kirby Bauer Disc Diffusion method. The sensitivity and specificity
of this assay was 92.5% and 82%, respectively (p < 0.0005). This novel technology will promote
evidence-based prescription of antibiotics and reduce the burden of increasing resistance by providing
rapid and precise diagnosis in shortest possible time.

Keywords: urinary tract infection; rapid culture; antibiotic susceptibility testing (AST), evidence-based
prescription; antibiotics; antimicrobial resistance (AMR), rapid diagnostics

1. Introduction

Healthcare challenges faced by developing countries are vastly different from those in developed
nations. With very limited budget for healthcare, developing countries have not been able to put
up any significant infrastructure to address their huge disease burden. In vitro diagnostic (IVD)
tests provide the basis for most medical decision-making and play crucial role in limiting healthcare
costs, since appropriate diagnostic tests performed in a timely manner i) improve patient care, ii)
contribute to protecting consumers’ health, iii) help to limit healthcare spending, iv) reduce the risk of
trial-and-error treatment and over-prescription, v) shorten the time before treatment begins, and vi)
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decrease the length of hospital stays. Appropriate diagnosis can improve the effectiveness of treatments
and avoid long-term complications for the infected patient. India harbors the world’s largest burden
of drug-resistant pathogens. Easy access, availability, and higher consumption of medicines have
led to a disproportionately higher incidence of inappropriate use of antibiotics and greater levels of
antimicrobial resistance (AMR) compared to developed countries [1]. It has been shown that the health
sector in India suffers from gross inadequacy of funds, which will further result in conditions favorable
for the development of drug resistance [2]. The high resistance of pathogens in the country, even
to newer antibiotics, has led to the emergence of superbugs like New Delhi Metallo-beta-lactamase
(NDM-1) [3]. By 2050, 2 million Indians are projected to die as a result of AMR [3]. Indians are the
largest consumers of antibiotics worldwide, despite a decline in communicable diseases [3], due to a
liberal policy for over-the-counter sale of antibiotics and irrational prescription of antibiotics. A study
by Ganguly et al. highlighted the importance of rationalizing antibiotic use to limit AMR in India [4].
Irrational prescription happens due to a lack of fast point-of-use tests for evidence-based prescription,
lack of infrastructure for bacterial culture and antibiotic susceptibility test (AST), and lack of awareness
worldwide. Selective pressure from inappropriate use of antibiotics can lead to resistance via the
emergence of mutant strains [5]. Unavailability of rapid point-of-use diagnostics to distinguish bacterial
infections and suggest appropriate therapy is a major reason for irrational prescriptions of antibiotic/s.

Urinary tract infections (UTIs) lead to 23% of all antibiotic prescriptions in primary healthcare.
Even in India, UTIs account for about 8.1 million prescriptions each year. Diagnosis of UTI is a multistep
process including determination of pathogen load, identification, and AST requiring culture of sample,
which takes around 48–72 h. Even if high-throughput automated systems like Vitek 2, Microscan
Walkaway, or Phoenix are used, the results are not available faster than 28 h [6,7]. Conventional
urine culture and AST method is not accessible to most clinicians practicing in low-resource settings.
Even with access to lab testing facilities, but in the absence of any rapid test, clinicians are forced to
prescribe antibiotics empirically. The empirical antibiotics used in the first 48–72 h prove to be ineffective
against infection in approximately 33% cases [8–10]. Unresolved, relapsed UTIs tend to be resistant to
previously used antibiotics [11]. Nearly 23% to 33% of the prescriptions for UTIs have been found to
have no clinical justification [8–10]. Moreover, UTIs are also caused by non-bacterial organisms such
as Candida (3% cases) [12], Trichomonas (17% cases) [13], Chlamydia (~16% cases) [14], and rarely
Mycobacterium, Schistosoma haematobium, Adenovirus, BK polyomavirus, and mycoplasma [15],
and cannot be treated by antibiotics that are empirically prescribed. Such unnecessary drug use is
often harmful, and results in multidrug-resistant infections and reduced options for antimicrobial
therapy [16]. An urgent need is perceived for developing suitable field operable test for prescribing
targeted antibiotics [17]. Addressing the menace of antimicrobial resistance needs a scalable rapid
diagnostic test, which gives detection, identification, quantification, and phenotypic antimicrobial
susceptibility of bacteria within a minimum turn-around time and has an integrated technology platform
for clinical adoption. This test should show high sensitivity and specificity, should be low cost for
adoption in low-resource settings, and should be easy to use with minimal training [18,19].

Assays used for upstream screening to improve diagnostic yield of positive samples, like gram
staining, dipstick with leukocyte esterase and nitrite, pus cell count [20], urine analysis and microscopy [21],
chlorhexidine [22], interleukin-8 [23], Griess test [24], microstix [25], serum procalcitonin level [26], and urine
catalase-based uriscreen test [27] have shown poor sensitivity and specificity. Novel antibody-based
lateral flow immunoassay (RapidBac) [28], chromogenic limulus amoebocyte lysate assay [29], and flow
cytometry-based systems (Accuri-6, UF 100, UF-1000i) [18,30,31] have shown high sensitivity and
specificity but they do not provide identification of bacteria and its antimicrobial susceptibility. Forward
light scattering systems like Uro-Quick (Alifax) and BacterioScan model 216 (BacterioScan Inc., St. Louis,
MO, USA) provide detection of bacteria with antimicrobial susceptibility but do not identify the causative
bacteria [32,33].

Molecular and proteomic technologies require overnight incubation on culture plates, and do not
provide antimicrobial susceptibility [18]. Matrix Assisted Laser Desorption Ionization-Time Of Flight
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(MALDI-TOF) is expensive to install [34], Fluorescence In Situ Hybridization (FISH) requires multiple
probes for all uropathogens [18], while multiplex Polymerase Chain Reaction (PCR) platforms like
GeneXpert Omni and Cepheid [18] do not provide quantification of significant bacteriuria and need
multiple probes for all uropathogens. Application of these test to direct urine testing needs extensive
sample preparation.

Genetic signature identification Confirming Active Pathogens Through Unamplified RNA
Expression (CAPTURE) assay [35] identifies bacteria but does not give antimicrobial susceptibility.
Time-lapse microscopy-based systems like oCelloScope (Phillips BioCell) [36] and Accelerate ID/AST
(Accelerate Diagnostics) [37] provide both identification and antimicrobial susceptibility, but phenotypic
measures for identification in direct urine are not precise and they are not easy to use in a clinical lab
setting. Integrated microfluidic-Biosensor assays based on ion mobility spectrometry or colorimetric
sensor arrays are cost effective and sensitive but their results get confounded by urine variability and in
presence of low bacterial count [18]. Most of the newer technologies mentioned above are neither easy
to use nor affordable in a resource-poor setting like public hospitals of India. In this study, we evaluated
a rapid, portable, easy-to-use, less resource-intensive, and affordable technology, which provides
bacterial identification and AST results within 4 h. This new technology integrates the basic tenets
of clinical microbiology including bacterial growth in a medium optimized for uropathogens and
measurement of inhibition of bacterial growth in presence of specific antibiotic, with detection of
bacteria based on chromogenic endpoint by enzymatic hydrolysis of specific media cocktails by
UTI causing bacteria. The optical sensor-based measurement of endpoint output is analyzed using
indigenous software, based on a lab-developed statistical algorithm, which reports both the sensitivity
of the pathogen to a customizable panel of antibiotics and bacterial load in the sample. This integrated
technology platform can be used for diagnosing UTIs caused by bacteria and for suggesting effective
antibiotics in all types of clinical settings as a preliminary triage test [38] to promote evidence-based
prescription and minimize irrational use of antibiotics. The low cost of the test obliviates the need
for upstream screening with poor sensitivity screening tests and promotes scalability for use in mass
population. The objective of the present study was to evaluate the diagnostic accuracy of the novel test
in UTI cases as compared to the gold standard urine culture method.

2. Materials and Methods

2.1. Study Design, Setting, and Population

The study was conducted over a 2-year period from January 2017 to December 2018, simultaneously
in Gandhi Medical College and Hospital, Secunderabad located in Southern India, and All India
Institute of Medical Sciences (AIIMS), Jodhpur located in Northern India. To ensure sufficient case load
for achieving required sample size and to ensure that good lab practices are followed, Laboratory of
Gandhi Hospital, which is the referral laboratory of State of Telangana, and AIIMS, which is a premiere
tertiary care hospital, were chosen for this study.

2.2. Ethical Approval

The study was reviewed and approved by Institutional Ethics Review Committee of both
institutions. Objectives of the study were explained to all participants in their native language and
they were enrolled after obtaining a written informed consent. The study was conducted according to
the principles expressed in the Declaration of Helsinki.

2.3. Study Oversight

This prospective clinical validation study was designed to evaluate diagnostic accuracy of the
novel/index test with the reference gold standard urine culture and AST method. Eligible participants
were referred by clinicians for urine culture and sensitivity test, based on a provisional diagnosis of
UTI. Patients who received antibiotics in the preceding two weeks or had indwelling or suprapubic
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catheter were excluded. Consenting participants were evaluated in microbiology laboratory by history
taking and review of medical records.

2.4. Test Methods for Bacterial Culture and Identification

Clean-catch mid-stream urine samples were collected from each enrolled participant in a sterile
container and divided into two parts under sterile conditions. One part was used for routine urine
culture and AST and the second for conducting the index test in the hospital premises itself. All samples
were processed within 2 h of collection to avoid contamination/bacterial growth.

The index test was the novel test designed for direct quantitative detection and antibiotic sensitivity
of bacteria found in human urine [39,40]. The test identifies common UTI-causing bacteria, namely
Escherichia coli, Klebsiella, Pseudomonas, Enterococcus, Proteus, and Staphylococcus sp. This rapid method
replicates the basic tenets of clinical microbiology, namely (1) growth of bacteria in a specialized medium,
and (2) measuring the inhibition of growth of bacteria in the presence of an antibiotic. Detection is
based on chromogenic endpoints. The output was analyzed using lab-developed algorithm-based
software, which reports the sensitivity of the pathogen to the panel of antibiotics tested. The urine
sample was collected in a sterile container. To harvest the bacteria, 10 mL urine was filtered through
a sterile syringe with the help of a micro-filter attached to it and filtrate was discarded. After that,
BITGEN, specially designed media for accelerated growth of uropathogens, was pushed through the
filter in the vial to recover bacteria from the filter, shaken well, and then closed with the dropper cap.
The bacteria were harvested in 3 mL of proprietary BITGEN medium. This was then set side at room
temperature for about 5 min. Subsequently, four drops (~110–120 μL) of proprietary BITGEN medium
containing harvested bacterial suspension was added into all the three strips—one pre-functionalized
strip for identification of bacteria and two different 8-well strips, pre-loaded with antibiotics. All the
strips were resealed and incubated at 37 ◦C for 4 h. A 4-h incubation period was found to be sufficient
for all commonly found uropathogens accounting for 98% cases of UTIs. The media was optimized for
nutrients and supports growth up to 8 h with a start bacterial number of 105 cells/mL [39]. BITGEN is
a proprietary media that has chromogens sensitive to bacterial growth even at low numbers of bacteria
and for rapid culture. The enzymatic hydrolysis of specific media cocktails used in this proprietary
media metabolizes the chromogens. For identification of bacteria, the 8 wells in the identification strip
had a cocktail of specific substrates, which were metabolized by specific bacterial types. Growth of
bacteria in the well led to end product formation during the 4-h incubation. The use of optical sensor
enables measuring of all color combinations and the lab-developed analytical software interprets the
identification of the bacteria based on specific chromogenic endpoints produced as a consequence of
specific metabolic activity of each bacterial type. For both identification and AST, the sample was
loaded at the same time and incubated for the same length of time.

To identify susceptibility of pathogen, the above-mentioned two pre-functionalized antibiotic
strips were used. Each of the antibiotic strips had 8 compartments and, except the first compartment (or
reference well) of each of the two antibiotic strips, all the remaining 14 compartments were subjected
to preloading by the chosen antibiotics. The preloaded antibiotics used were Amoxicillin, Gentamicin,
Amikacin, Cefepime, Ofloxacin, Ciprofloxacin, Ceftriaxone, Piperacillin-Tazobactum, Cefotaxime,
Cefuroxime, Tobramycin, Levofloxacin, Cefazolin, and Imipenem. The concentration and composition
of the antibiotics were chosen as per Clinical and Laboratory Standards Institute (CLSI) guidelines [41].

In the case that the urine sample had pathogens, it was reflected in the first well of the antibiotic
strips, referred to as the reference well of both the antibiotic strips as there is no inhibition of bacterial
growth in this well. As per phenotypic AST of bacteria present, the remaining 14 compartments
showed varied levels of bacterial growth depending on the bacterial susceptibility to the chosen
antibiotics. The bacterial growth within the preloaded antibiotic compartment was represented by
a change in color of the BITGEN, measured by chromogenic and nephelometric endpoints using an
array of 64 photodiodes in an electronic optical sensor. The intensity of the color is a measure of the
number of growing cells in the presence and absence of a particular antibiotic. The sensor output was
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analyzed using a proprietary lab-developed statistical algorithm, pre-installed on the reader, which
provides ready-to-use results for sensitivity of the pathogen to the antibiotics tested, both as a display
on liquid crystal display (LCD) screen and a printout for permanent records. The reader was also
enabled to transfer results to other storage devices using a wireless module and/or a universal serial
bus (USB) interface. In case of insufficient growth, the analytical software prompts for incubating for
one additional hour and then if no growth is detected, the software reports the sample to be negative
for presence of bacteria.

Further, for reference, standard universally accepted, conventional gold standard urine culture
and Kirby Bauer method for AST was chosen. First, 10 μL of each urine sample was streaked on a
chromogenic culture medium, chromID® CPS Elite Translucent using a calibrated ni-chrome wire loop
of 4 mm by semi-quantitative method using surface streaking. The inoculated plates were incubated
for 18–24 h at 37 ◦C. After incubation, in case growth of colonies was up to the tertiary streaking,
it was considered as significant bacteriuria with 105 Colony Forming Units (CFU)/mL. Positive cultures
were further processed for determining the AST by Kirby Bauer Disc Diffusion Method as per Clinical
and Laboratory Standards Institute guidelines [41]. A suspension of each isolate was prepared to a
McFarland standard and spread over Muller Hilton Agar using lawn culture method. Himedia discs
with defined concentrations of antibiotics were placed over the culture. After incubation for 18 to
24 h at 37 ◦C, zones of growth inhibition around each antibiotic disc were measured to the nearest
millimeter and a reference table was used to determine susceptibility. The American Type Culture
Collection (ATCC) bacterial strains, namely Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, and Staphylococcus aureus, were used for quality control in the entire process.

The cut-off for labelling both index as well as reference test as positive was pre-specified as 105

CFU/mL based on Infectious Diseases Society of America guidelines [42]. Neither the team performing
the index test nor the one conducting urine culture and sensitivity was provided any clinical information
about the participant/s. Both teams were also not informed about the results of the other test and, hence,
the index test was conducted in a completely blinded manner.

2.5. Data Analysis

Collected data and results from both tests for each participant were compiled and analyzed by
Statistical Package for the Social Sciences (SPSS) software (version 24). A contingency table was used
for determining diagnostic accuracy and kappa statistics was used for agreement analysis. Further, 95%
confidence interval (CI) was used to describe diagnostic accuracy, with p values of <0.05 considered
as significant. Sample size was calculated to be 600 for estimating the sensitivity of the index test,
based on a precision of 4% and confidence level of 95%, when the sensitivity of the new test was
expected to be at least 50%. “Best-case scenario method” was used for indeterminate results and mixed
growth. Samples with rare species, budding yeast cells, and contaminated samples were removed
from final analysis for a “complete case analysis”. No analysis of variability in diagnostic accuracy
was performed with respect to age group or department, as it was not pre-specified in the study.
The raw data generated from the study which was used to analyze these results has been made publicly
available as a safe harbor file in online repository “Harvard Dataverse” [43].

2.6. Reagents

Analytical-grade chemicals required for preparation of BITGEN, identification strips, and antibiotic
strips were procured from Sigma Chemicals, St Louis, MO, USA. Chromogenic culture media, Muller
Hilton media, and antibiotic discs were procured from Himedia, India; chromID® CPS Elite Translucent
from BioMérieux, France; 8-well strips and syringe filters from NUNC, Denmark; sterile syringes from
Dispovan, India. The scanner/reader machine for novel test was obtained from Micro Lab Instruments,
Ahmedabad, India. The bacterial strains Enterococcus faecalis (ATCC29212), Escherichia coli (ATCC25922),
Klebsiella pneumoniae (ATCC13883), Pseudomonas aeruginosa (ATCC27853), and Staphylococcus aureus
(ATCC25923) were purchased from Himedia, India.
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3. Results

3.1. Study Characteristics

Overall, 2001 eligible participants (1030 in AIIMS and 971 in Gandhi Hospital) were identified
and 1986 participants (1022 in AIIMS and 964 in Gandhi Hospital) were enrolled in the study. Data
of 1835 participants (982 in AIIMS and 853 in Gandhi Hospital) were included in the final analysis.
A total of 55 samples (20 from AIIMS and 35 from Gandhi Hospital) with low sample volume could
not be processed by the index test.

There were no indeterminate results reported by the index test in both the hospitals. One hundred
and eleven participants (97 in AIIMS and 14 in Gandhi Hospital) with indeterminate reference standard
urine culture results were reported as having no bacterial growth and were reclassified as true negatives
using best-case scenario. Samples with mixed growth in both index and reference standard tests were
considered positive for UTI. Fifty-five samples (5 from AIIMS and 50 from Gandhi Hospital) were
reported as contaminated and not considered for final analysis. Since the index test is designed for
identifying the most common bacteria only, 19 samples (6 from AIIMS and 13 from Gandhi Hospital)
with budding yeast cells and 22 samples (9 from AIIMS and 13 from Gandhi Hospital) with rare bacteria
(Citrobacter, Acinetobacter, Morganella, and Providencia) were also excluded from the final analysis. Thus,
a total of 96 cases were excluded from final analysis after performing both tests (Figure 1). Table 1
summarizes the mean age, gender distribution, and referring departments. The majority of participants
had cystitis, and more male patients were referred at AIIMS than Gandhi Hospital. Ninety-seven
cases (10%) cases in AIIMS cohort and nine cases (1%) in Gandhi Hospital cohort had progressed to
frank pyelonephritis.

Table 1. Characteristics of participants.

Characteristics AIIMS 1 (n = 982) Gandhi (n = 853)

Demographic characteristics

Age (in years)

Mean age 43.4 35.7
Minimum age <1 1
Maximum age 95 90
Gender

Male 631
(64.3%)

399
(46.8%)

Female 351
(35.7%)

454
(53.2%)

Referring Department

Medical Specialties 193 481
Surgical Specialties 632 94
Pediatrics 67 138
Obstetrics and Gynecology 87 140
Radio-diagnosis 3 0

Clinical Syndrome

Pyelonephritis 10% 1%
Cystitis 90% 99%

1 AIIMS = All India Institute of Medical Sciences.
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Figure 1. Flow of participants through the study—Standards for Reporting Diagnostic Accuracy
(STARD) diagram (G = Gandhi Hospital, A = AIIMS).

3.2. Test Performance

There was no time gap between processing of samples by both tests. No adverse event occurred
while performing index test or reference standard test since only urine sample collection was involved.
In AIIMS, 609 cases, while in Gandhi Hospital, 273 cases, were diagnosed with symptomatic UTI
based on positive culture results by conventional method. Furthermore, 953 participants (373 in AIIMS
and 580 in Gandhi Hospital) with symptoms of UTI, showed low colony count on culture plates.
Out of these, the index test reported 172 cases (72 in AIIMS and 100 in Gandhi Hospital) as positive,
which were otherwise reported as negative by conventional method, 48 h post incubation.

3.2.1. Diagnostic Accuracy

AIIMS cohort showed a higher sensitivity (92.9%) while Gandhi Hospital cohort showed a
marginally higher specificity (82.8%). The sensitivity and specificity in both the validation sites were
within 95% confidence interval of the other hospital (Table 2). The sensitivity and specificity obtained
by use of the novel test was well within the stipulated limits laid down in the recommendations issued
by the European Urinalysis Guidelines for rapid tests.
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Table 2. Comparison of test results obtained by novel test and urine culture method.

Contingency Tables

AIIMS (n = 982) Urine Culture Positive Urine Culture Negative Total

Index test Positive 566 (92.9%) 72 (19.3%) 638
Index test Negative 43 (7.1%) 301 (80.7%) 344
Total 609 373 982

Gandhi (n = 853) Urine Culture Positive Urine Culture Negative Total

Index test Positive 250 (91.6%) 100 (17.2%) 350
Index test Negative 23 (8.4%) 480 (82.8%) 503
Total 273 580 853

Combined (n = 1835) Urine Culture Positive Urine Culture Negative Total

Index test Positive 816 (92.5%) 172 (18.0%) 988
Index test Negative 66 (7.5%) 781 (82.0%) 847
Total 882 953 1835

Diagnostic Accuracy

Parameters AIIMS (n = 982) Gandhi (n = 853) Combined (n = 1835)

Sensitivity 92.9%
(95% CI: 90.6–94.8%)

91.6%
(95% CI: 87.6–94.6%)

92.5%
(95% CI: 90.6–94.2%)

Specificity 80.7%
(95% CI: 76.3–84.6%)

82.8%
(95% CI: 79.4–85.8%)

82.0%
(95% CI: 79.4–84.3%)

Agreement Analysis

Parameters AIIMS (n = 982) Gandhi (n = 853) Combined (n = 1835)

Kappa value 1 0.748 0.692 0.741
Standard error 1 0.022 0.025 0.016
p value <0.0005 <0.0005 <0.0005

1 Kappa value and its standard error measures agreement between results of two dichotomous variables (here two
diagnostic tests providing positive or negative results).

3.2.2. Agreement Analysis

Good agreement was observed at both validation sites, as seen by a Kappa = 0.741. The observed
agreement is statistically significant as reflected by a p value of <0.0005.

3.3. Identification of Bacteria

The index test correctly reported the causative bacteria as reported positive by urine culture in
82% cases in AIIMS cohort and 80% cases in Gandhi Hospital cohort (Table 3). In Gandhi Hospital,
four cases of Streptococcus were not reported by the index test as it is not designed to identify the same.
Out of 17 mixed growth in Gandhi cohort, the index test identified seven as individual bacteria, while
among 49 in AIIMS cohort, it identified 41 as individual bacteria.

Table 3. Identification of bacteria in the two cohorts.

Identification of Bacteria (Single Species Identification)

AIIMS E. coli Enterococcus Klebsiella Proteus Staphylococcus Pseudomonas Total

“n” (based on urine culture) 324 104 79 4 1 48 560
% correct identification by index test 93% 74% 68% 75% 100% 48% 82%

Gandhi E. coli Enterococcus Klebsiella Proteus Staphylococcus Pseudomonas Total

“n” (based on urine culture) 92 22 100 8 22 8 252
% correct identification by index test 85% 82% 83% 63% 50% 88% 80%

3.4. Antibiotic Susceptibility

The index test used the same set of 14 antibiotics for every sample, while AIIMS and Gandhi
Hospital laboratories used specific antibiotics based on identified bacteria. Hence, only a subset of
antibiotics overlapped for both tests. Further, as the conventional method relied on the choice of
antibiotics by the microbiologist in-charge, sets of antibiotics tested in both tests were also not used
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for all the samples tested. Antibiotics tested for at least 30 samples in both the tests were included
in analysis presented in Table 4. The rapid index test correctly reported sensitivity and resistance to
antibiotics in 91% and 96% cases, respectively, in AIIMS cohort, and these numbers were 87% in the
case of sensitivity to tested antibiotics and 92% in the case of resistance to antibiotics reported for the
Gandhi Hospital cohort.

Table 4. Comparison of antibiotic susceptibility report in the two cohorts using both tests.

AIIMS

AIIMS Result Total Tests Done Together Agreement in Results Disagreement in Results

Gentamycin R 149 141 (95%) a 8 (5%) b

S 259 237 (92%) a 22 (8%) c

I 7 0 7 d

Amikacin R 65 65 (100%) a 0 b

S 29 26 (90%) a 3 (10%) c

I 3 0 3 d

Ciprofloxacin R 49 43 (88%) a 6 (12%) b

S 1 1 (100%) a 0 c

I 0 0 0 d

Ceftriaxone R 269 263 (98%) a 6 (2%) b

S 99 85 (86%) a 14 (14%) c

I 4 0 4 d

Piperacillin-Tazobactum R 121 118 (98%) a 3 (2%) b

S 286 266 (93%) a 20 (7%) c

I 22 0 22 d

Cefazolin R 34 24 (71%) a 10 (29%) b

S 12 10 (83%) a 2 (17%) c

I 0 0 0 d

Imipenem R 56 56 (100%) a 0 b

S 21 19 (90%) a 2 (10%) c

I 3 0 3 d

Overall R 743 710 (96%) a 33 (4%) b

S 707 644 (91%) a 63 (9%) c

Gandhi

Gandhi Result Total Tests Done Together Agreement in Results Disagreement in Results

Gentamycin R 56 54 (96%) a 2 (4%) b

S 120 103 (86%) a 17 (14%) c

I 0 0 0 d

Amikacin R 12 12 (100%) a 0 b

S 27 23 (85%) a 4 (15%) c

I 0 0 0 d

Cefepime R 35 34 (97%) a 1 (3%) b

S 10 8 (80%) a 2 (20%) c

I 0 0 0 d

Piperacillin-Tazobactum R 13 12 (92%) a 1 (8%) b

S 21 20 (95%) a 1 (5%) c

I 0 0 0 d

Cefotaxime R 28 28 (100%) a 0 b

S 14 14 (100%) a 0 c

I 0 0 0 d

Levofloxacin R 23 15 (65%) a 8 (35%) b

S 8 6 (75%) a 2 (25%) c

I 0 0 0 d

Cefazolin R 56 50 (89%) a 6 (11%) b

S 20 18 (90%) a 2 (10%) c

I 0 0 0 d

Overall R 223 205 (92%) a 18 (8%) b

S 220 192 (87%) a 28 (13%) c

R = Resistant; S = Sensitive; and I= Intermediate; a—complete agreement, b—very major error, c—major error,
and d—minor error. (Same test results either susceptible or resistant by both tests, were classified as “complete
agreement” and result reported as resistant by culture and susceptible by novel test was labelled as “very major
error”; susceptible by culture but resistant by novel test was labelled as “major error”; intermediate by culture and
susceptible or resistant by novel test was labelled as “minor error”). Please note that no intermediate results were
reported by novel test and by Gandhi Hospital culture reports.
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4. Discussion

Treating patients, including UTIs caused by bacteria, is a challenging task, and development of
rapid AST is very important to provide better healthcare services. Use of microbiological culture method
and Kirby–Bauer disc diffusion tests are well established for diagnosis of UTIs in healthcare facilities
worldwide. However, this entire method needs trained microbiologists and its major limitations are
long turn-around time, resource intensiveness in the form of lab infrastructure, and requirement of cold
chain for supply and storage of reagents [44]. In resource-constrained settings with poor or limited
access to laboratory-based testing, performing urine culture and AST is not feasible. Therefore, initial
antibiotic therapy in infectious diseases such as UTIs which accounts for ~40% cases of all infections as
per World Health Organization (WHO), is mostly empirical. Hence, an alternative method, like the
index test described herein, for reporting antibiotic sensitivity in a short period of 4 h, with no ancillary
resource requirement, will not only be beneficial for patient care, but also curtail unnecessary antibiotic
prescriptions. Additionally, availability of results in 4 h saves the repeat visit of patients to collect lab
reports made available only after three days under best conditions and often even longer in remote
and hard-to-reach geographical locations.

The high-cost, resource-intensive, non-portable, most commonly used automated systems Vitek
2 and MicroScan Walkaway provide AST and identification results in more than 28 h [6,7]. Reports
evaluating the susceptibility of only Gram-negative bacilli to 11 antibacterial using these two systems
showed the results in 92.7% of isolates and overall concurrence with the standard test being 94% with a
3.4% major error rate [45]. With reference to preventing emergence of resistance to antibiotics, they still
pose a major limitation in terms of time taken to complete the identification and antibiogram profile
of UTI causing pathogen. Most of the newer technologies tried for UTI [18] are facing limitations
like the need for an overnight incubation, extensive initial sample preparation, need for an upstream
screening test, and lack of integrated technology platform for clinical adoption. These technologies are
expensive and not easy to use. Most of them do not give antimicrobial susceptibility. Previously tried
strip-based tests also showed less sensitivity [46]. Even automated urine analyzers have resulted in low
sensitivity [47]. In comparison, this index test is portable, can be used in all healthcare settings, costs
less than 0.4 million INR (~5000 USD), needs no ancillary equipment or dedicated space, and provides
ready-to-use antibiogram results and microbial identification within 4 h. The sensitivity and limitation
of other tests are summarized in Table 5. The higher sensitivity, >90%, and specificity, >80%, of the
index test, with kappa values indicating very good agreement with gold reference standard test,
show that it has good diagnostic accuracy as a rapid test [48] for its role as a preliminary triage test
and its intended use of diagnosing bacteriuria and preventing irrational prescription of antibiotics.
Although the gold standard for diagnosing UTI remains as urine culture, the high cost, laboratory
requirements, and long turnaround times (24–72 h) are its disadvantages. Further, in this type of testing,
recognition and classification of bacteria is associated with the experience of laboratory technicians.
The novel/index test developed is a simpler system and shows better agreement (Kappa = 0.741,
significant substantial agreement) with the gold standard and is therefore best suited for routine use in
clinical laboratories.

This novel test correctly identified sensitivity to multiple antibiotics in more than 75% instances
(and in several cases with 100% accuracy), which then becomes the basis for evidence-based, rational
use of antibiotics for specific therapy. The availability of results within 4 h will discourage unnecessary
prescription of antibiotics in case of absence of bacterial disease and help the physician to prescribe
antibiotics that are identified to be effective against the causative pathogen.
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The incidence of UTI from this hospital-based study may not be generalized over the entire
population as the present study was conducted in tertiary hospitals to enroll enough participants in
the shortest possible time and simultaneous comparison with reference gold standard test without
any loss of time in processing or transport of collected samples. Due to the conventional practice
in microbiology labs on the choice of antibiotics, which may also be governed by the availability of
antibiotics discs, antibiotics could be compared for sensitivity in a subgroup of samples tested. In spite
of this, the novel test reported resistance to antibiotics with an accuracy of 80% to 100%, except for two
antibiotics, cefazolin (71%) and levofloxacin (65%). This was primarily seen in samples with more than
one bacterial entity with a high probability of quorum sensing, impacting the sensitivity to the given
antibiotic/s.

Rapid assay described herein determines the efficacy of an antibiotic not only in the shortest
possible time, but also with literally no dependence on trained manpower and lab infrastructure.
Although this novel test is suitable for use in all healthcare settings, it can prove to be of immense and
unsurpassable value for healthcare facilities in low-resource settings due to features like portability,
point-of-use testing, and no additional requirements. A consensus using Delphi technique, obtained
from experts regarding criteria required for an acceptable point-of-care test for UTI detection, was
reported by Weir et al. [49]. This novel test fulfils 25 out of 26 accepted criteria, except for just one, i.e.,
use of small sample volume. The novel test also fulfils six out of seven of the WHO’s ASSURED criteria
for ideal characteristics for a point-of-care test in resource-limited settings, the sole unfulfilled one
being equipment free, and also matches all the revised criteria suggested by Paul et al. [50]. Effective
diagnosis is a prerequisite for successful therapy, and early and accurate diagnosis results in timely
and appropriate treatment.

5. Conclusions

In conclusion, it can be said that this novel test, with high sensitivity and specificity for detecting
bacterial UTI and reporting antibiogram, can be used as a triage test for diagnosing UTIs and suggesting
appropriate treatment for an evidence-based prescription for antibiotics in any kind of healthcare
settings. In the wake of growing AMR, the prevalent “lack of priority for diagnostics over treatment”
needs to be addressed urgently and this novel test enables physicians and labs to achieve this by adopting
this affordable and portable IVD test before prescribing antibiotics for treatment of infectious diseases.
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Abstract: A gradually increasing prevalence of mild cognitive impairment (MCI) is recognized in the
super-aging society that Japan faces, and early detection and intervention in community-dwellers
with MCI are critical issues to prevent dementia. Although many previous studies have revealed
MCI/non-MCI differences in older individuals, information on the prevalence and characteristics of
MCI in rural older adults is limited. The aim of this study was to investigate differential characteristics
between older adults with and without MCI. The investigation was conducted over one year from 2018
to 2019. Participants were recruited from Akita in northern Japan. Neuropsychological assessments
were applied to classify MCI, including the National Center for Geriatrics and Gerontology Functional
Assessment Tool (NCGG-FAT) and the Touch panel-type Dementia Assessment Scale (TDAS) based
on the Alzheimer’s disease assessment scale. Our samples consisted of 103 older adults divided
into 54 non-MCI and 49 MCI. The MCI group had lower scores of all cognitive items. Our results
showed that individuals with MCI had significantly slower walking speed (WS) and worse geriatric
depression scale (GDS) compared to non-MCI. In addition, WS was significantly associated with some
cognitive items in non-MCI, but not in MCI. Finally, we showed that predictive variables of MCI were
WS and GDS. Our study provides important information about MCI in rural community-dwellers.
We suggest that older adults living in a super-aging society should receive lower limb training, and
avoiding depression in older adults through interaction of community-dwellers may contribute to
preventing the onset of MCI.

Keywords: older adults living in super-aging society; mild cognitive impairment; walking
speed; depression

1. Introduction

Mild cognitive impairment (MCI) is a transitional state of cognition between normal ageing and
dementia that may progress to dementia. MCI is defined by subjective or objective evidence of cognitive
decline greater than expected for the individual’s age and education level but that does not interfere
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notably with activities of daily life, and the early detection and prevention of MCI are a challenge to
prevent dementia in older adults [1]. Within established processes for making a diagnosis of MCI [2],
some factors in its early detection remain unclear, as well as predictors of reversion from MCI to normal
cognition. Differences between individuals without MCI and those with MCI have been studied and
reported, which shows that many factors such as a lack of exercise [3], cerebrovascular factors [4],
and anxiety [5] affect cognitive function. Especially, it is appreciated that cognitive and physical
impairments in older adults are related through shared pathophysiological mechanisms [6]. Some
studies show that older adults with MCI compared to individuals without MCI perform more poorly
not just on neurocognitive performance, but also on complex motor and psychomotor domains [7–9],
and exhibit greater gait impairment [10–14]. Recently, it has become clear that MCI and physical
frailty are related. The physical phenotype of frailty is represented by low levels of lean body mass,
muscle strength, gait performance, physical activity, and exhaustion [15]. Gait performance of the
frailty is associated with cognitive decline and MCI conversion to AD as reported by [9,16]. Therefore,
investigating close associations between MCI and physical function has important implications for
improving diagnostic acuity of MCI and targeting interventions to prevent dementia and disability
among older adults.

To clarify the dementia risk associated with MCI or early stage dementia, a nationwide clinical
registry called the Organized Registration for the Assessment of dementia on Nationwide General
consortium toward Effective treatment (ORANGE) is ongoing in Japan [17]. The recruitment of many
registrants has been in progress in several regions of Japan from 2017, and we performed an extending
preclinical trial in a cohort in northern Japan up to 2019. As is well known, gradual growth of the older
population has been experienced in Japan. Especially, northern rural areas in Japan (Akita prefecture)
are the most super-aging society in the world (e.g., the number of individuals over aged 75 in Akita is
estimated to reach 205,000 people by 2025 [18]). Although there are few epidemiological data regarding
MCI in rural areas of Japan, several studies have reported MCI profiles in older adults [19,20]. Most
of them are focused on the prevalence of MCI or the conversion rate to dementia, and the detailed
cognitive profile (e.g., attention, executive function, information coding skill, etc.) of MCI is not
covered, as well as scarce epidemiological data regarding health-related variables such as physical
performance and mental status. Therefore, we analyzed the data of a prospective cohort in northern
Japan. In this study, we investigated which factors were related to MCI status according to the National
Center for Geriatrics and Gerontology Functional Assessment Tool (NCGG-FAT) [21,22] and the Touch
panel-type Dementia Assessment Scale (TDAS) [23,24] based on the Alzheimer’s disease assessment
scale (ADAS) [25]. To clarify the characteristics of rural older adults with MCI, we focused on three
points as follows. First, we mainly compared cognitive function, physical performance, and depressive
symptoms in MCI individuals with those in non-MCI individuals. Second, we examined correlations
between physical performance and cognitive and mental function in each group (i.e., non-MCI group
and MCI group). Finally, a binomial logistic regression model was estimated to determine predictive
factors for MCI in rural older adults in Japan.

2. Experimental Section

2.1. Participants and Study Design

The participants were recruited in a rural area in Akita with a small population (total 32,440)
with a super-aged rate of 38.7% according to public information, from 2018 to 2019. The inclusion
criteria were age 65 years and over, having walking ability without personal assistance, and living at
home. The exclusion criteria were dementia, major depression, severe hearing or visual impairment,
stroke, Parkinson’s disease, other neurological disease, intellectual disability, need for support or care
as certified by the Japanese public long-term care insurance system due to disability, and inability to
complete cognitive tests at the baseline assessment. The study was approved by the ethics committee
of the Faculty of Medicine, Akita University (approval No. 1649) and was performed in accordance
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with the Declaration of Helsinki II. Informed consent was obtained from all participants. According
to sample size calculations using G*Power for unpaired t test [26], we estimated a sample size of 64
participants per group to detect a clinically significant effect with α = 0.05, power = 80%, and effect
size = 0.50.

2.2. Assessment and Outcome

After obtaining informed consent from each participant, demographics (age, gender, and education)
and health variables (body mass index (BMI), medical history of hypertension and diabetes, frail
phenotype, medication and Geriatric Depression Scale-15 (GDS)) were collected according to the
ORANGE protocol. A questionnaire sent in advance by mail was self-described by each participant,
including age, gender, educational duration, presence of hypertension and diabetes (e.g., yes or no),
amount of medications, and GDS (e.g., score range from 0 to 15, as indexed more depressive symptoms
in higher scores). Height and weight to calculate BMI were measured by public health nurses. Five
components of the National Center for Geriatrics and Gerontology-Study of Geriatric Syndromes
(NCGG-SGS) [27] based on the Fried frailty index [15] were applied to assess frailty: (i) self-reported
unintentional weight loss (i.e., a decrease of 2–3 kg over six months [28]), (ii) self-reported exhaustion
(i.e., presence of fatigue for two weeks [28]), (iii) self-reported low physical activity (i.e., no exercise
habit for a week [29]), (iv) weakness (i.e., grip strength (GS) less than 26/18 kg for male/female [30]):
GS was measured using a Smedley-type handheld dynamometer (GRIP-D; Takei Ltd., Niigata, Japan),
and (v) slow walking speed (WS) (i.e., less than 1.0 m/s in 5 m walking test [29]): walking time was
measured over a 2.4-m distance in seconds using infrared sensors and participants’ WS (m/s) was
calculated. They were used to define robust (score of zero), pre-frail (score of 1 to 2), and frail (score of
3 to 5). The frail index of NCGG-SGS is almost equal to the original index of Fried’s study [15] except
the modified cut-off values for slowness and weakness are appropriate criteria for physical frailty
assessments in the Japanese older population [31,32]. The present study also applied NCGG-FAT and
TDAS based on ADAS to assess cognitive function in the participants and to divide the participants into
non-MCI and MCI groups. All the variables of five frail components, the NCGG-FAT and TDAS were
evaluated by trained public health nurses throughout a comprehensive health checkup in a local spot.

2.3. Components of NCGG-FAT

The computerized multidimensional neurocognitive test was performed on an iPad (Apple,
Cupertino, CA, USA) with a 9.7-inch touch display. The task instructions were presented with a letter
size of at least 1.0 × 1.0 cm2 on the display. For this study, a trained operator supported each participant
by setting up the tablet PC and running each test. Participants completed the NCGG-FAT subtests
as follows.

2.3.1. Tablet Version of Word Recognition (WR)

This test is comprised of two computerized tasks of immediate recognition and delayed recall.
In the first task of immediate recognition, participants were instructed to memorize 10 words, each of
which was displayed for 2 s on the tablet PC. After that, a total of 30 words including 10 target and
20 distracter words were shown to participants, and they were required to select the 10 target words
immediately. This task was repeated for three trials. The average number of correct answers was
recorded as a score ranging from 0 to 10. In another task, participants were asked to correctly recall the
10 target words after 20 min. The number of correctly recalled target words was scored ranging from 0
to 10. Finally, we calculated the sum score of the two tasks of immediate recognition and delayed recall.

2.3.2. Tablet Version of Trail Making Test Version A (TMT-A) and Version B (TMT-B)

In the Trail Making Test Version A (TMT-A) task, participants were instructed to touch the target
numbers in a sequence as rapidly as possible. Target numbers from 1 to 15 were randomly displayed on
the tablet panel. In addition, the Trail Making Test Version B (TMT-B) instructions required participants
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to touch target numbers (e.g., 1–15) and letters in turn. The required time (seconds) to complete each
task was recorded, within a maximum time of 90 s.

2.3.3. Tablet Version of Symbol Digit Substitution Task (SDST)

In the Symbol Digit Substitution Task (SDST), nine pairs of numbers and symbols were shown
in the upper part of the tablet display. A target symbol was shown in the center of the tablet panel,
and selectable numbers were displayed at the bottom. Participants were asked to touch the number
corresponding to the target symbol shown in the central part of the tablet display as rapidly as possible.
The number of correct numbers within 90 s was recorded.

2.4. Components of TDAS

The TDAS test was presented on a 14-inch touch panel display. The TDAS subtests consisted of
seven of the ADAS-cog test items (11 test items) and two other tasks. Participants were instructed
verbally or visually by the computer to complete the TDAS subtests as follows.

2.4.1. WR

The WR test was a computerized test based on the WR task of ADAS-cog. At the start of
instructions for this task, 12 target words were individually presented on the display for 3 s each
at 2 s intervals. After demonstrating the target words, the computer randomly displayed 24 words
consisting of 12 target words and 12 non-target words. Participants were then instructed to respond
by touching the displayed button of ‘yes’, ‘no’, or ‘unknown’ in response to the question regarding
whether the word had been shown previously. Participants completed the trial three times. The total
number of incorrect responses for three trials was recorded, with a maximum score of 72.

2.4.2. Following a Command

This task was modified from the command task of ADAS-cog. The computer presented 10
selectable icons labelled from 0 to 9 and then required participants to touch the number specified. The
number of incorrect responses in two trials was scored with a maximum score of 2.

2.4.3. Orientation

This task was based on the orientation task of ADAS-cog. The computer displayed four screens in
sequence. On each screen, participants were asked to touch selectable icons and answer what year,
month, day, and weekday it is. The number of incorrect responses was scored with a maximum score
of 4.

2.4.4. Visual-Spatial Perception

This task was modified from the constructional praxis task of ADAS-cog to evaluate visual-spatial
perception. ADAS-cog requires subjects to copy the geometric forms presented. The computer first
presented four screens displaying a target geometric form (i.e., a square, rhombus, cube, or triangular
prism) for 5 s each. Participants were then required to correctly select the target form in response to a
question task including the target form and four non-target forms. The number of incorrect responses
was scored with a maximum score of 4.

2.4.5. Naming Fingers

This test assessed whether participants can name the fingers correctly, using the protocol of
ADAS-cog. Participants were asked to correctly respond to a picture question of a hand marked with a
red circle, by touching an icon labelled with the five finger names. An incorrect response was scored as
one point, with a maximum score of 5.
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2.4.6. Object Recognition

This task was based on the naming objects task of ADAS-cog. Participants were instructed to
touch the correct usage icon (e.g., a pair of scissors, comb or broom) of five selectable icons labelled
with the purpose of usage. Three trials were completed, and an incorrect response was scored as one
point (maximum score = 3).

2.4.7. Accuracy of Order of a Process

This task was modified from the ideational praxis of ADAS-cog. The computer displayed seven
icons labelled randomly with seven actions. Participants were asked to correctly touch the icons in
order. The number of incorrect responses was recorded, with a maximum score of 5.

2.4.8. Money Calculation

This task assessed the money calculation ability of each participant. Participants needed to
combine coins equal to an amount of money from various denominations of coins displayed on the
screen. Three trials were completed, and an incorrect response was scored as one point (maximum
score = 3).

2.4.9. Clock Time Recognition

This task included three kinds of question regarding clock time recognition. Participants were
instructed to correctly state the time shown on a clock displayed on the screen. The number of incorrect
responses was recorded, with a maximum score of 3.

2.5. MCI Classification by NCGG-FAT and TDAS

According to Petersen’s report [2] in which individuals who showed cognitive impairment
but were independent in activities of daily living were defined as having MCI, we applied MCI
classification according to the cutoff point of NCGG-FAT or TDAS. For all cognitive subtests of
NCGG-FAT, the standardized threshold in each corresponding domain for defining impairment in
Japanese population-based cohorts consisting of older community-dwellers is a score more than 1.5
standard deviations (SD) below the age- and education-specific mean [21]. In TDAS, decreasing scores
indicate cognitive improvement (range of scores from 0 to 101), and total scores ranging from 7 to 13
were classified as MCI [23].

3. Analyses

According to results of the normalization test (Kolmogorov–Smirnov test), Age, Height, Weight,
and BMI were used by the unpaired t test. Gender (% female), Hypertension (% Yes), Diabetes (% Yes),
Weight loss (% Yes), Poor energy (% Yes), and Low physical activity level (% Yes) were analyzed
by chi-squared test for 2 × 2 contingency, except for Pearson’s chi-square test for Frail phenotype
(%, robust/pre-frail/frail) for 2 × 3 contingency. Mann–Whitney test was applied for GS (kg), WS
(m/s), Amount of medications (n), Education (years), GDS-15 (score), and cognitive measurements of
NCGG-FAT and TDAS (Table 1).
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Table 1. Characteristics of participants with and without mild cognitive impairment (MCI).

Variables

Non-MCI Group MCI Group

p Valuen = 54 n = 49

Mean SD Mean SD

Age (years) 74.1 6.1 74.4 5.7 0.84
Gender (% female) 53.7% 55.1% 0.89

Height (cm) 155.0 8.2 156.0 8.5 0.53
Weight (kg) 57.9 11.4 60.0 10.1 0.34

Body Mass Index (kg/m2) 24.0 3.7 24.6 3.5 0.41
% % p Value

Hypertension (% Yes) 63.0% 61.2% 0.86
Diabetes (% Yes) 20.4% 26.5% 0.46

Frail five components

Frail phenotype (%,
robust/pre-frail/frail) 50%/50%/0% 43%/47%/10% 0.054

(i) Weight loss (% Yes) 11.1% 14.3% 0.63
(ii) Poor energy (% Yes) 16.7% 26.5% 0.22

(iii) Low physical activity
level (% Yes) 13.0% 18.4% 0.45

Median IQR Median IQR p Value

(iv) Grip strength (kg) 25.2 12.0 22.9 9.0 0.25
(v) Walking speed (m/s) 1.3 0.4 1.2 0.3 0.03 *

Amount of medications (n) 3.0 3.0 4.0 4.0 0.17
Education (years) 12.0 3.0 12.0 3.0 0.18

GDS-15 total score (score) 2.0 2.0 3.0 4.0 0.046 *
NCGG-FAT

Word recognition (score) 11.7 3.8 8.0 4.2 0.000 ***
Tablet version of TMT-A (s) 19.0 6.0 27.0 11.0 0.000 ***
Tablet version of TMT-B (s) 33.5 18.0 46.0 44.5 0.000 ***

Tablet version of SDST (score) 42.0 12.0 33.0 12.5 0.000 ***
TDAS

TDAS total score (score) 2.0 3.0 7.0 9.0 0.000 ***

* p < 0.05, ** p < 0.01, *** p < 0.001, Mann–Whitney test was applied for Education (years), Amount of medications
(n), GDS-15 total score (score), Grip strength (kg), Walking speed (m/s), and cognitive measurements of NCGG-FAT
and TDAS. Age, height, weight, and BMI were analyzed by unpaired t test, and gender (% female), hypertension
(% Yes), diabetes (% Yes), weight loss (% Yes), poor energy (% Yes), and low physical activity level (% Yes) were
analyzed by chi-squared test, except for Pearson’s chi-square test for frail phenotype (%, robust/pre-frail/frail). SD,
standard deviation; IQR, interquartile range; Loss weight, Loss weight more than 3 kg in six months; TMT-A, Trail
Making Test A version; TMT-B, Trail Making Test B version; SDST, Symbol Digit Substitution Task; TDAS, Touch
Panel-type Dementia Assessment Scale; GDS-15, Geriatric Depression Scale.

As the variables of WS, GS, subtests of NCGG-FAT, TDAS, and GDS-15 total score were not
statistically normalized from the Kolmogorov–Smirnov test, Spearman correlation analysis for interval
scales was applied to analyze the relationship among Age, GS, WS, subtests of NCGG-FAT, TDAS, and
GDS total score for each group (Table 2).

The values of pin = 0.2 and pout = 0.25 were set up to select independent variables from Tables 1
and 2 for input into a binominal logistic regression model. The regression model was performed by a
method of likelihood ratio, and set up the MCI classification as the dependent variable and predictors
(i.e., independent variables) according to the following regression models; (i) 11 predictors of Model I
include Age, GS, WS, Amount of medications, Education, WR, TMT-A, B, and SDST of NCGG-FAT,
TDAS, and GDS-15 total score. (ii) Ten predictors of Model II except for TDAS score include Age, GS,
WS, Amount of medications, Education, WR, TMT-A, B, and SDST of NCGG-FAT, and GDS-15 total
score. Finally, (iii) six predictors of Model III except for all cognitive variables included Age, GS, WS,
Amount of medications, Education, and GDS-15 total score. The model adaptation was examined by
Hosmer–Lemeshow test (Table 3). SPSS Version 26.0 for Windows (SPSS Inc., Chicago. IL, USA) was
used for analysis, and the level of significance was set at p = 0.05.
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Table 3. Multiple comparison among binomial logistic regression models depending on MCI
classification with odds ratio.

Model Coefficient (β) Odds Ratio 95% CI p Value

Model I

Age (years) −0.27 0.77 0.66, 0.89 0.000
TMT-B (s) 0.08 1.09 1.04, 1.14 0.001

SDST (score) −0.12 0.88 0.80, 0.97 0.012
TDAS total score (score) 0.65 1.91 1.37, 2.68 0.000

Model II

Age (years) −0.26 0.77 0.67, 0.88 0.000
WR (score) −0.55 0.58 0.44, 0.76 0.000
TMT-A (s) 0.17 1.19 1.07, 1.33 0.001
TMT-B (s) 0.05 1.05 1.01, 1.10 0.025

GDS-15 total score (score) 0.32 1.37 1.07, 1.77 0.014

Model III

Walking speed (m/s) −2.29 0.10 0.02, 0.69 0.020
GDS-15 total score (score) 0.20 1.22 1.04, 1.43 0.015

Reference group for analysis was non-MCI group. Model I: Model χ2 test, p < 0.0001; The Hosmer–Lemeshow test,
p = 0.12; Percentage of correct classifications = 87.4%. Model II: Model χ2 test, p < 0.0001; The Hosmer–Lemeshow
test, p= 0.84; Percentage of correct classifications= 84.5%. Model III: Model χ2 test, p= 0.002; The Hosmer–Lemeshow
test, p = 0.02; Percentage of correct classifications = 59.2%. CI, confidence interval; WR, word recognition; TMT-A,
Trail Making Test A version; TMT-B, Trail Making Test B version; SDST, Symbol Digit Substitution Task; TDAS,
Touch Panel-type Dementia Assessment Scale; GDS, Geriatric Depression Scale-15.

4. Results

Our samples consisted of 103 older participants divided into 54 non-MCI people and 49 MCI people.
We confirmed that the MCI group had significantly lower scores or longer required times of all cognitive
items including WR test, TMT-A, B, SDST and TDAS scores than the non-MCI group (p < 0.0001)
(Table 1). Demographic and health data including Age, Gender, BMI, presence of Hypertension or
Diabetes, Frail phenotype, presence of Weight loss, Poor energy, Low physical activity level, Amount
of medications, and Education showed no significant difference between the non-MCI group and MCI
group. Of physical assessments, WS was significantly different between the groups (p = 0.03), whereas
GS was not different (p = 0.25). Moreover, the MCI group showed a worse score of GDS (p = 0.046 <
0.05). Next, we examined correlations between physical performance, cognitive and mental function in
each group (Table 2). According to the results of Spearman correlation analysis, WS was associated
with some items of cognitive subtests including WR, TMT-A, B, and SDST in the non-MCI group (|r| >
0.30, p < 0.01), but these were not significant in the MCI group except for correlations between cognitive
items and Age or Education. Finally, we performed an analysis to determine explanatory variables for
MCI with reference to non-MCI by binomial logistic regression analysis (Table 3). According to a result
of Phi coefficient of association, all the nominal scales including Gender (Phi coefficient = 0.01, p =
0.89), presence of Hypertension (Phi coefficient = 0.02, p = 0.86) and Diabetes (Phi coefficient = 0.07,
p = 0.46), Weight loss (Phi coefficient = 0.05, p = 0.63), Poor energy (Phi coefficient = 0.12, p = 0.22),
Low physical activity level (Phi coefficient = 0.08, p = 0.45) were not significantly associated with MCI
classification, and they were not included into predictors for the regression model. Three regression
models were estimated according to the predictors of Age, GS, WS, Amount of medications, Education,
WR, TMT-A, B, SDST, TDAS, and GDS-15 total score. Model I that included them demonstrated that
the classification of MCI had a significant association with Age, TMT-B, SDST, and TDAS. Next, Model
II except for T-DAS score from Model I was applied to estimate a specific cognitive profile in MCI.
Model II demonstrated that the classification of MCI had a significant association with Age, WR, TMT
A, B, and GDS-15 total score. Finally, considering the self-explanatory effect of cognitive items, Model
III except for all cognitive variables from Model II was applied to clarify the classification of MCI.
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As shown in Model III, WS and GDS-15 total score were extracted as explanatory variables of MCI
(Table S1). In the three estimated models, the results of Hosmer–Lameshow test showed adaptability
of 87.4% (p = 0.12) in Model I, 84.5% (p = 0.84) in Model II, and 59.2% (p = 0.02) in Model III.

5. Discussion

In this study, we found characteristics of MCI in northern Japanese community-dwellers of
super-aging society had slower WS and tendency to depression. Aging continues in the subjects of
our survey area, and the population ratio 65 years or older reached 38.7% (July, 2019). Actually, the
prevalence of MCI in this study was higher (47.6%) compared with other rural areas which were
previously reported to be about 10%–30% [29,33]. Additionally, some wealthy urban areas different
from our rural area showed that characteristics of MCI were greater with older age and less education
than non-MCI [34,35]. Although this high prevalence and multifactorial approach may be due to
different methods, it could also be because our community-dwellers living in an area of heavy snowfall
in northern Japan experience a more negative impact on gait performance [36] and a potentially high
incidence of depressive symptoms [37] because of fewer opportunities to go out and participate in
social activities. In fact, we showed an association between cognitive function and demographic and
health data including age, gender, BMI, medical history, medication, frailty phenotype, education,
physical performance, and GDS in older adults living in a super-aging society (Table 1). We found
that recognized risk factors for MCI including age, gender, BMI, presence of hypertension or diabetes,
frailty phenotype, education, and amount of medications were not different, but WS and GDS were
significantly different between the groups. We also found that WS was significantly associated with
some cognitive items including SDST and TMT in the non-MCI group, but not in the MCI group
(Table 2). The regression models demonstrated that MCI had a significant association with age,
executive function, information coping speed, and composite cognitive performance, indicating that
these are predictive variables for the presence of MCI. However, because of the effect of variables on
these cognitive scores (Model I), we applied Models II and III (Table 3). Model II excluding composite
cognitive performance, as indexed in the TDAS score, demonstrated that MCI had a significant
association with age, WR, attention, executive function, and GDS. Compatible with the results of
Reinvang et al. [38], attention and executive dysfunction in neuropsychological tests could be early
symptoms of MCI. Especially, the variables of SDST and TMT are recognized to reflect psychomotor
processing and executive function [39], and several studies have reported that they are rapidly altered
in MCI subjects [40,41]. Although they justify its use for the detection of cognitive impairment in older
adults, most of these tests have numerous limitations (the problem of novelty, lack of sensitivity and
specificity, patient cognitive reserve, etc.) [42,43]. This recent observation underscores the need to find
new detection indicators for cognitive impairment. With this in perspective, a new approach associates
WS of older adults with the presence of cognitive impairment.

Interestingly, in Model III excluding all cognitive domains, WS and GDS were selected as
explanatory variables although the percentage of correct classifications was not so good in the
Hosmer–Lameshow test. These findings indicate that the variables WS and GDS can potentially
distinguish the presence or absence of MCI; therefore, they provide suggestive information on the
presence of MCI. Recently, some studies have focused on both cognition and locomotor performance
as predictors of adverse outcomes in community-dwellers with MCI [44,45]. In particular, slow gait
speed at usual pace has been implicated in the onset of adverse outcomes, such as disability [46],
cognitive impairment [47], institutionalization, falls [48,49], and mortality [50]. As previously
reported, the association between slowing of walking and MCI is supported by shared neurological
findings that include a smaller right hippocampus [51]. This finding underscores walking–brain
behavior relationships and the value of WS as an early indicator of dementia risk. However, thus
far, there is insufficient information to state that WS can potentially predict adverse outcomes in
older community-dwellers, and more specific investigations need to be performed. Moreover, we
showed that GS was no different between the groups (p = 0.25), suggesting that reinforcement of
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lower, but not upper, limb muscular strength may be a critical target in rehabilitation. Likewise,
recent studies have indicated that lower extremity motor dysfunction may be a feature of MCI [52],
but little is known about the nature and biological mechanism such as myokines of lower extremity
motor dysfunction associated with MCI. Regarding WS and a cognitive function, the concept of
frailty has become a geriatric topic recently. Although we could not include frailty as global score
in the correlation analysis or binomial regression analysis because the distribution of a frail group
according to the frailty phenotype was greatly biased (e.g., % of robust/pre-frail/frail, 50%/50%/0%
in the non-MCI group, 43%/47%/10% in the MCI group) (Table 1), some studies have reported that
a physical frailty is associated with MCI and a reduction of WS in five items of the Fried index
mostly reflect the occurrence of MCI and disability [31,53]. MCI with concomitant physical frailty
may be considered to fulfil the criteria for cognitive frailty [54]. In this regard, we believe that the
cognitive frailty concept has potential advantages in better stratifying the risk profiles of older adults
with MCI. In a comparison between the groups, MCI also showed significantly higher depressive
scores as indexed in the GDS. Concerning geriatric depression in MCI, cross-sectional research has
shown that the association between depressive symptoms, as indexed in the Korean version of GDS,
and memory or executive function was significantly greater in individuals with MCI than in those
with AD [55]. Additionally, survival analysis followed for 6.28 years on average, indicating that the
presence of MCI is a poor predictive factor in individuals with depressive symptoms as indexed in the
GDS [56]. Thus, geriatric depressive symptoms in individuals with MCI need to be carefully screened
in rural community-dwellers.

The limitations of our research need to be considered in developing our future research. First, the
NCGG-FAT and TDAS used to classify individuals with MCI in this study were a tablet PC version
of cognitive measurement tools based on the MCI criteria reported by Petersen [2], and evaluation
of the accuracy of MCI’s classification is essential for worldwide research. Second, our cohort was
comprised of a localized group of individuals in one rural area of northern Japan, whose actual sample
size (n = 103) did not reach the calculated required sample size (n = 128) due to difficulty sampling
and recruiting in a depopulated, small rural area. Third, considering younger age was associated
with MCI, we could not take the association into consideration. Fourth, although focusing this study
on frailty concept was important, we guessed it was difficult to analyze frail status in detail due to
bias of frail samples between the groups (e.g., 0% of the non-MCI group, 10% of the MCI group).
Further examination concerning frailty is warranted in future research. Finally, we hypothesize that
cognitive domains, gait performance, and tendency to depression might be associated with MCI status.
For the three regression models in this study, WS and GDS were selected as explanatory variables in
Model III. However, further research with sufficient adaptability should be carried out with a large
sample size in multiple rural districts. These limitations need to be considered when interpreting this
study’s findings.

6. Conclusions

In conclusion, WS and GDS were shown to be potential predictive variables of MCI in our
study, and we consider they provide important information about characteristics of MCI in rural
community-dwellers. It is suggested that older individuals living in a super-aging society should work
on training lower limb muscular strength, and avoiding depression in older adults by interaction of
community-dwellers may contribute to prevention of the onset of MCI.
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Abstract: To better understand the risk factors and optimal therapeutic strategies of cerebral
white matter hyperintensity (WMH), we examined a large population of adults with and without
various vascular risk factors (VRFs) or vascular risk conditions (VRCs), such as hypertension (HT),
diabetes mellitus (DM), and dyslipidemia (DLP), including the comorbidities. We assessed two
participant groups having no medical history of stroke or dementia that underwent brain checkup
using magnetic resonance imaging (MRI): 5541 participants (2760 men, 2781 women) without VRCs
and 1969 participants (1169 men, 800 women) who had received drug treatments for VRCs and the
combination of comorbidities. For data analysis, we constructed WMH-brain healthcare quotient
(WMH-BHQ) based on the percentile rank of WMH volume. This metric has an inverse relation
to WMH. Multiple linear regression analysis of 5541 participants without VRCs revealed that age,
systolic blood pressure (SBP), Brinkman index (BI), and female sex were significant factors lowering
WMH-BHQ, whereas body mass index (BMI), male sex, fasting blood sugar, and triglyceride levels
were increasing factors. The Kruskal–Wallis test and Dunn tests showed that WMH-BHQs significantly
increased or decreased with BMI or SBP and with BI classification, respectively. Regarding the
impact of impaired fasting glucose and abnormal lipid metabolism, there were almost no significant
relationships. For 1969 participants who had HT, DM, and DLP, as well as their comorbidities,
we found that DLP played a substantial role in increasing WMH-BHQ for some comorbidities,
whereas the presence of HT and DM alone tended to decrease it. Cerebral WMH can be used as a
healthcare quotient for quantitatively evaluating VRFs and VRCs and their comorbidities.

Keywords: white matter hyperintensity; MRI; healthcare quotient; chronic

1. Introduction

Cerebral vessel diseases are classified as large vessels diseases (LVDs) or small vessels diseases
(SVDs) based on whether the diameters of the vessels involved are larger than a few millimeters or
smaller than several hundred micrometers, respectively [1,2]. Both categories can be noninvasively
diagnosed using magnetic resonance imaging (MRI) [3]. With regard to risk factors, many longitudinal
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studies have reported that LVD can be responsible for stroke, cognitive decline, and dementia [1–4].
Hypertension (HT), diabetes mellitus (DM), and dyslipidemia (DLP), three primary vascular risk
conditions (VRCs) in developed countries, are risk factors for LVD [5,6]. Although HT is an obvious
risk factor for SVD, the roles of DM and DLP remain disputable [7,8]. Compared with LVD, SVD has
not yet been sufficiently studied with regard to its onset and development. The pathological complexity
of SVD, such as arteriosclerosis, hyalinosis, blood–brain barrier disruption, and venous collagenosis,
have long complicated our ability to fully comprehend its many aspects [1,8]. For SVD studies using
MRI, it is difficult to include large numbers of participants who have various conditions ranging from
preclinical to chronic HT, DM, and DLP, partly because SVD is mostly asymptomatic and does not
have hospital follow-up like LVD. To clarify the whole range of cerebral vessel damages, a large scale
epidemiological study of SVD including preclinical or chronic HT, DM, and DLP is essential.

Brain MRIs show four major features of SVD: lacuna stroke, white matter hyperintensity
(WMH), cerebral microbleeds, and visible perivascular spaces [9]. In our study, we focused on
WMHs, also known as leukoaraiosis, which are commonly observed in the general population,
particularly among individuals with preclinical or chronic HT, DM, and DLP. WMHs are recognized
in >60% of people over 60 years old [10] and >30% of people with the age range from 40 to 50 years
in Japan, where MRI examination is incorporated as part of health checkups in connection with a
screening program called Brain Dock [11,12]. WMHs are regarded as disappearance of arterioles
and capillary arteries caused by aging, HT, and reduced cerebral blood flow [9,13]. WMHs are also
significantly associated with recurrent stroke, cognitive decline, and dementia [2,5].

Numerous efforts have been made to develop MRI-based measures of health status, such as the
concept of “brain age”, which reportedly reflects the mortality of an individual [14]. Our team earlier
proposed brain healthcare quotients (BHQs) based on gray matter volume or fractional anisotropy
and found significant associations between these proffered metrics and various physical factors,
such as obesity, high blood pressure (BP), and daily personal schedules, as well as social factors,
including subjective socioeconomic status, subjective well-being, and the adoption of a postmaterialism
view of life [15]. In this cross-sectional study, we proposed another BHQ based on WMH, which begins
to appear in early middle age and increases in frequency with age. Using an extensively large database
obtained from 8921 participants who were examined through MRI as part of the Brain Dock component
of a routine health checkups, we analyzed two groups of individuals with VRFs: those without VRCs
and those with VRCs receiving drug treatment for high BP, impaired fasting glucose (IFG), or abnormal
lipid metabolism (ALM), each of which chronically results in the onset of HT, DM, or ALM, respectively.
In the drug treatment group, the BHQs of WMH were compared according to the comorbidity of HT,
DM, or DLP because these VRCs commonly combine together. Nonetheless, the relationship between
WMH and comorbidity remains remarkably unclear [9,10,13]. To help make progress in this area,
we designed and executed a large scale, cross-sectional study covering healthy and non-healthy states
ranging from preclinical to chronic HT, DM, and DLP to examine whether WMH can be used as a
healthcare quotient to maintain a healthy state or prevent the onset and development of VRCs.

2. Materials and Methods

2.1. Participants

Data were collected between January 2013 and April 2017 from the brain dock center (BDC)
affiliated with Kochi University of Technology. From BDC, we enrolled 8921 healthy participants without
a history of cerebral stroke, who underwent the brain dock health checkups only once. Although we
were interested in the WMH of individuals with various medical backgrounds, participants who had
been clinically diagnosed with HT, DM, and DLP but had not been treated with drugs were excluded
(n = 1411). Thus, 5541 participants (2760 males, 2781 females; age, 20–89 years; mean age ± SD,
51.38 ± 9.80 years; median age, 51 years) with no medical history for HT, DM, and DLP were selected
for analysis (Table 1). Here, the term “medical history” refers to the drug treatment history before and
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at the time of enrollment in the study. In addition, the following participants were also enrolled for
analysis based on the examination results at BDC that compared WMH-BHQ of the participants with
no medical history with that of those with a medical history of HT, DM, and DLP or their comorbidities
(n = 1969).

Table 1. Number and age distribution of participants without and with hypertension (HT),
diabetes mellitus (DM), and/or dyslipidemia (DLP).

Total Male Female Mean Age ± SD (Years) Median Age (Years)

No medical
history 5541 2760 2781 51.4 ± 9.8 51

HT only 1074 622 422 59.5 ± 9.3 59
DM only 150 114 36 59.3 ± 9.8 59
DLP only 299 124 175 56.9 ± 8.7 57
HT + DLP 220 124 96 60.0 ± 9.0 59
HT + DM 124 97 27 60.8 ± 9.0 60

DM + DLP 35 19 16 57.0 ± 7.6 57
HT + DM + DLP 67 39 28 60.4 ± 7.6 59

All participants lived in Kochi Prefecture, visited BDC, and underwent brain MRI as part of their
routine health checkups. They also answered a questionnaire on their past and present medical history
and lifestyles, such as smoking. Health checkups included systolic blood pressure (SBP), body mass
index (BMI), Brinkman index (BI; multiplying the average number of cigarettes smoked per day by the
number of years the person has smoked), and various blood chemistry test items, including hemoglobin
A1c (HbA1c), fasting blood sugar (FBS), triglycerides (TG), and high- density lipoprotein (HDL) and
low-density lipoprotein (LDL) cholesterol. Based on these tests, BMI, BI, High BP, IFG, and ALM were
classified according to the criteria shown in Table 2.

Table 2. Classification of body mass index (BMI), Brinkman index (BI), high blood pressure (BP),
and criteria of impaired fasting glucose (IFG) and abnormal lipid metabolism (ALM).

Classification and Criteria

BMI Underweight, BMI < 18.5; normal, 18.5 ≤ BMI < 25, overweight, 25 ≤ BMI< 30; and obese, BMI ≥ 30

BI BI = 0, 0 < BI < 400, and BI ≥ 400

High BP Systolic blood pressure (SBP) < 139, 140 ≤ SBP < 160, SBP ≥ 160

IFG

A (fasting blood sugar (FBS) < 100 and HbA1c < 5.6%)
B (100 ≤ FBS < 100 or 5.6% ≤ HbA1c < 6.0%)
C (110 ≤ FBS < 126 or 6.0% ≤ HbA1c < 6.5%)

D (FBS ≥ 126 or HbA1c ≥ 6.5%)

ALM Triglycerides (TG); TG < 29, 30 ≤ TG< 140, 140 ≤ TG< 400, and TG ≥ 400
Ratios of LDL to HDL (LH ratio): LH ratio < 1, 1 ≤ LH ratio < 1.5, 1.5 ≤ LH ratio < 2, 2 ≤ LH ratio < 2.5, and LH ratio ≥ 2.5

2.2. Automated Measurement of WMH Volume

A 1.5 Tesla MRI system (ECHELON Vega; Hitachi Medical Corporation, Tokyo, Japan) was
used to perform MRI examinations for WMH diagnosis. The imaging protocol included T2-weighted
spin-echo (repetition time/echo time (TR/TE)= 5800/96 ms), T1-weighted spin-echo (TR/TE= 520/14 ms),
and fluid-attenuated inversion recovery (FLAIR; TR/TE = 8500/96 ms; inversion time = 2100 ms) images
as described previously [16]. Images were obtained as 27 transaxial slices per scan. The slice thickness
was 5 mm, with no interslice gap, as described previously [11,16]. Measurement of WMH volume
was needed to evaluate the severity, especially for levels more than the maximum of the Fazekas
scale. In our study, WMHs were automatically segmented and quantified for their volume using
the following procedure. First, the FLAIR images were segmented into gray and white matter and
cerebrospinal fluid space using SPM12, which also yielded the intensity inhomogeneity corrected
image (IICI) [17,18]. Then, IICI was anatomically normalized into the template space using advanced
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normalization tools. A region-of-interest delineating the middle cerebellar peduncle was applied to
the anatomically normalized IICI to estimate the intensity distribution of normal white matter of each
subject. IICI in native space was then normalized for its intensity in the brain region segmented by the
gray and white matter. The intensity normalized IICI was thresholded using a 3.5 SD cutoff to segment
WMH, with search regions limited to WMH mask. The WMH volume (WMHV) was calculated by
multiplying the voxel size by slice thickness. Finally, the measured WMH was automatically colored
red to be detected by the first author (K.P.) who were a neurosurgeon trained enough to confirm the
presence and location of WMH.

2.3. WMH-BHQ, a Novel Quotient Based on WMHV

Based on the WMHV of each participant, we constructed a new metric, the WMH-BHQ in that
higher values are better and the median value for a given set of subjects is 100. In other words, this new
metric was devised to convert WMHV to the standardized scale so that one can easily understand
whether the WMHV of a subject is more or less than the median. In the development of this metric,
we realized that the distribution of WMHV is skewed, and therefore, we used the percentile rank
to define WMH-BHQ, which is the percentage of scores in its frequency distribution that are equal
to or lower than it. For example, a test score that is greater than 75% of the scores of people taking
the test is said to be at the 75th percentile, where 75 is the percentile rank. From the raw WMHV we
obtained the percentile ranking for each subject (WMHV percentile), where zero means the lowest
WMHV and 100 percentile means that the participant has the highest WMHV in the group. From this
ranking method, a cumulative probability curve was estimated so that the percentile rank with newer
data could be calculated with this curve. This estimation was based on the nonparametric density
estimation and implemented by using the polspline function in the “polspline” package with R 3.4.3.
We then defined this new brain health metric, WMH-BHQ, to be:

WMH-BHQ = 100 + 15 × (50 −WMHV percentile)/24, (1)

With this formula, the median value, which was equivalent to the 50th percentile, generates
a WMH-BHQ equal to 100. Likewise, the 74th and 26th percentiles produce BHQ 85 and 115,
respectively. Originally, we considered directly using interquartile range (i.e., 75th and 25th percentiles).
However, if the newer data were beyond the range of original data, an error would be produced.
To avoid this prospect, we used the value 24 instead of 25 in the denominator. As a result, the WM-BHQ
of 95% of our subjects ranged from 70.31 to 130. A lower WMH-BHQ means a higher and more
problematic level of WMHV. A histogram of the WMH-BHQ values of our subjects with upward
sloping curve implies “well-being” of brain health and a downward slope shows “not well-being” in
terms of WMH.

2.4. Statistical Analysis

WMHV and WMH-BHQ data were not normally distributed. Thus, Mann–Whitney U and
Kruskal–Wallis tests were utilized to evaluate the associations between WMHs and VRCs or other
possible risk factors by comparing the differences between group distributions. The groups were
defined by the presence or absence of VRCs or by standard criteria and classifications of risk factors
described in the upper paragraphs. When the null hypotheses were rejected in the Kruskal–Wallis
tests, we used Dunn tests [18] for pairwise comparisons. The p values were then adjusted using the
Benjamini–Hochberg procedure [19], which controls the false discovery rate for multiple comparisons.
Multiple regression analyses were performed to examine complex associations among multiple
variables while controlling for the effect of potential confounding factors [20]. All statistical analyses
except for the Benjamini–Hochberg procedure were performed using the Statistical Package for the
Social Sciences software version 22 (IBM Corp., Armonk, NY, USA) [20]. Adjusted p values based on
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the Benjamini–Hochberg procedure were calculated using a Microsoft Excel (Microsoft Inc, Redmond,
WA, USA) spreadsheet [21].

2.5. Standard Protocol Approvals, Registrations, and Participant Consents

Written informed consent was received from all participants and this study was reviewed and
approved by the institutional review board of Kochi University of Technology.

2.6. Data Availability

Anonymized data might be shared by request.

3. Results

3.1. WMH-BHQ of Participants with no Medical History According to Age Decades

As shown in Figure 1a, the contour of the histogram for our metric WMH-BHQ changed remarkably
across the different ages of the participants in this study. For subjects in their 40s, it was up right,
while for those in their 50s, it was symmetric like a rainbow curve, and those in their 60s, 70s, and 80s
generated plots shifting up and to the left as the age decades increased. In terms of WMH-BHQ,
brain health obviously declined with age, as shown by the box plot in Figure 1b. The Kruskal–Wallis
test and Dunn tests showed that all pairwise comparisons were significant except for those between
70s and 80s (p = 0.076). The WMHV histogram was asymptotic with a peak volume of <5 mL;
therefore, WMH-BHQ was clearly superior to WMHV with regard to visualization and understanding
of changes occurring over the age decades.

Figure 1. Histograms (a) and box plots (b) of WMH-BHQ with no medical history according to age
decades of 40s, 50s, 60s, 70s, and 80s.

3.2. WMH-BHQ Histograms of Sex

There was a distinct difference in WMH-BHQ between males and females (Figure 2). The histogram
of males was a trapezoid with an upward slope, while that of females showed a plateau, suggesting
that females are more susceptive to WMH than males.

Compared with results across the various age decades, the Mann–Whitney U test showed a clear
sex difference for participants younger than their 50s but not for participants in their 60s and beyond
(Table 3).
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Figure 2. WMH-BHQ Histograms of females (a) and males (b).

Table 3. Mann-Whitney U test of white matter hyperintensity brain healthcare quotient (WMH-BHQ)
without medical history according to genders and age decades.

Mann-Whitney U (M-W U) Test

Male Female

Age Decade N Mean Rank N Mean Rank M-W U Z P

30s 351 276.7 239 323.1 35361 −3.24 0.001
40s 955 855.0 865 971.8 359991 −4.74 0.001
50s 920 971.9 1117 1057.8 470485.5 −3.28 0.001
60s 437 449.5 460 448.5 100299.5 −0.05 0.957
70s 89 88.0 82 83.9 3473 −0.54 0.586
80s 8 14.9 18 12.9 61 −0.61 0.541

3.3. Analysis of WMH-BHQ Risk Factors: No VRCs

Multiple linear regression analysis of participants without VRCs was performed using age, sex,
BMI, BI, SBP, HbA1c, FBS, TG, HDL, and LDL as independent variables and WMH-BHQ as a dependent
variable (Table 4). A stepwise model was adapted for variable selection procedure. Female or male sex
was a significant risk factor lowering or raising WMH-BHQ, respectively. The increases in age, SBP,
and BI were significantly associated with the decrease in WMH-BHQ, whereas the increases in BMI,
FBS, and TG were significantly associated with the increase in WMH-BHQ. HbA1c, HDL, and LDL
were excluded after the stepwise regressions.

Table 4. Multiple linear regression analysis for white matter hyperintensity brain healthcare quotients
(WMH-BHQ) risk factors.

Model

Unstandardized
Coefficients

Standardized
Coefficients t p 95% Confidence Interval for B

B Standard Error Beta Lower Bound Upper Bound

(Constant) 125.170 2.256 55.49 <0.001 120.750 129.595
Age −0.064 0.022 −0.377 −29.53 <0.001 −0.708 −0.620

Body mass index (BMI) 0.693 0.070 0.135 9.86 <0.001 0.556 0.831
Systolic blood pressure (SBP) −0.079 0.015 −0.074 −5.41 <0.001 −0.108 −0.051

Brinkman index (BI) −0.003 0.001 −0.049 −3.88 <0.001 −0.004 −0.001
Fasting blood glucose (FBG) 0.045 0.015 0.038 2.96 0.003 0.015 0.074

Triglycerides (TG) 0.008 0.003 0.036 2.75 0.006 0.002 0.013

3.4. WMH-BHQ without VRCs: the Effect of Three Classifications and Two Criteria

We explored in detail the impact of differing values for BMI, BI, high BP and the criteria of IFG
and ALM. Regarding BMI, the box plots in Figure 3a showed that WMH-BHQ significantly increased
as the classification of BMI became larger. The Kruskal–Wallis test and the following Dunn tests
showed all pairwise comparisons to be significantly different. BMI was also positively associated
with WMH-BHQ. The effect of cigarette smoking, as measured by the BI, was that lower levels were
associated with higher WMH-BHQ values. In particular, a BI value of 0 (Dunn test; p < 0.001) and
0–400 (p < 0.001) revealed significantly better bran brain health than levels above 400 (Figure 3b).
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Also, from Figure 4a, it is apparent that WMH-BHQ declined as SBP increased. Regarding high BP,
WMH-BHQs of ≥400 (p < 0.010) and 0–400 (p < 0.001) revealed significant decreases compared with
levels of ≥400 (Figure 4a). For IFG, a significant relationship existed only between (FBS < 100 and
HbA1c < 5.6%) and (FBS ≥ 100 and <110 or HbA1c ≥ 5.6% and < 6.0%) (p < 0.001), although the other
pair matches showed no significance (Figure 4b). TG showed a significant relationship only between
30 ≤ TG < 149 and 150 ≤ TG < 399 (p = 0.001), although the other pair matches showed no significance
(Figure 4c). The LH ratio showed significant differences between 1 ≤ LH ratio < 1.5 and 2.5 ≤ LH ratio
(p = 0.010) and between 1.5 ≤ LH ratio < 2.0 and 2.5 ≤ LH ratio (p = 0.018), although the other pair
matches showed no significance (Figure 4d).

Figure 3. Box plots of WMH-BHQ with no medical history according to (a) Body Mass Index (BMI)
and (b) Brinkman Index (BI).

Figure 4. Box plots of WMH-BHQ with no medical history according to (a) systolic BP (SBP),
(b) triglyceride (TG), (c) impaired fasting glucose (IFG) criteria, and d) the ratios of LDL to HDL (LH
ratio). (d) A: fasting blood sugar (FBS) < 100 and HbA1c < 5.6; B: 100 ≤ FBS < 110 or 5.6 ≤HbA1c < 6.0;
C: 110 ≤ FBS < 126 or 6.0 ≤ HbA1c < 6.5; D: FBS ≥ 126 or HbA1c ≥ 6.5. * p < 0.05; ** p < 0.001
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3.5. WMH-BHQ with VRCs and Their Comorbidities

WMH-BHQ histograms showed a downward slope for HT, while those of DM and DLP are almost
plateaued compared with HT (Figure 5a). We also analyzed WMH-BHQ patterns regarding various
multimorbidities, specifically, HT+DM, HT+DLP, DM+DLP, and HT+DM+DLP. Somewhat surprisingly,
DM+DLP and HT+DM+DLP showed no downward slopes. Box plots showed that “no medical history”
had the highest and HT+DM had the lowest median WMH-BHQs (Figure 5b). The Kruskal–Wallis test
and the following Dunn test showed that all but DLP+DM had a significant difference in mean rank
compared with no medical history (Table 5).

Figure 5. Histograms (a) and box plots (b) of WMH-BHQ according to no medical history,
single morbidity, and multiple comorbidities. HT: Hypertension, DM: Diabetes mellitus,
DLP: Dyslipidemia.

Table 5. Dunn test of WMH-BHQ among no medical history, hypertenstion (HT), diabetes mellitus
(DM), dyslipidemia (DLP), and the comorbidities.

Pairwise Comparison by Dunn Test

Comparison 1 Comparison 2 Test Statistic SD Z Unadjusted p-Value Adjusted p-Value

No medical history

HT 911.74 72.29 12.61 <0.001 <0.001
DLP 368.32 128.72 2.86 0.004 0.015
DM 793.29 179.40 4.42 <0.001 <0.001

HT + DLP 765.91 149.05 5.14 <0.001 <0.001
HT + DM 1307.35 196.87 6.64 <0.001 <0.001

DLP + DM 188.32 367.63 0.51 0.608 0.710
HT + DLP + DM 928.24 266.47 3.48 <0.001 0.002

HT

DLP −543.42 141.77 −3.83 <0.001 0.001
DM −118.45 188.98 −0.63 0.531 0.676

HT + DLP −145.83 160.45 −0.91 0.363 0.485
HT + DM 395.61 205.63 1.92 0.054 0.098

DLP + DM −723.42 372.40 −1.94 0.052 0.098
HT + DLP + DM 16.49 273.01 0.06 0.952 0.952

DLP

DM 424.97 216.93 1.96 0.050 0.098
HT + DLP 397.59 192.58 2.07 0.039 0.098
HT + DM 939.03 231.58 4.06 <0.001 <0.001

DLP + DM −180.00 387.33 −0.47 0.642 0.719
HT + DLP + DM 559.91 293.05 1.91 0056 0.098

DM

HT + DLP −27.38 229.57 −0.12 0.905 0.939
HT + DM 514.06 263.15 1.95 0.051 0.098

DLP + DM −604.97 406.99 −1.49 0.137 0.211
HT + DLP + DM 134.94 318.59 0.42 0.672 0.724

HT + DLP
HT + DM 541.44 243.46 2.22 0.026 0.073

DLP + DM −577.59 394.55 −1.46 0.143 0.211
HT + DLP + DM 162.32 302.53 0.54 0.592 0.710

HT+DM
DLP + DM −1119.08 414.99 −2.70 0.007 0.022

HT + DLP + DM −379.12 328.74 −1.15 0.249 0.348

DLP+DM HT + DLP + DM 739.91 452.18 1.64 0.102 0.168
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In addition, there was a statistically significant difference in the mean rank of WMH-BHQ between
DLP and HT (p = 0.001), and a marginally significant difference between DLP and DM (p = 0.098).
Furthermore, there were significant differences in the mean rank of WMH-BHQ between DLP and
HT+DM (p < 0.001) and between HT+DM and DM+DLP (p = 0.022). These results show that DLP may
positively affect WMH-BHQ, or at least, DLP appears unlikely to be a negative factor in this regard.

4. Discussion

Age was the strongest risk factor positively related to WMH on multiple regression analysis.
In addition to age, SBP and BI were positive factors for WMH, which is consistent with prior
reports [4,5]. Conversely, female sex, FBS, TG, and BMI were negative factors for WMH. The reason for
sex differences in WMH remains unclear although the risk factors for LVD include male sex [22,23].
Recently, a population-based cognitively unimpaired cohort study with participants aged >70 years
demonstrated that females had significantly greater WMHV than males [24]. Although our study
examined the percentile of WMHV, the female susceptibility to WMH was significantly observed in
participants aged <60 years but not in those aged >60 years (Table 3). The average menopausal age
in Japan is around 50 years, but the differences across individuals are also regarded as substantial.
Further study of the exact menopausal age is needed to elucidate the influence of sex hormones.
If anything, sex differences according to age may contribute to the development of sex-specific
preventive strategies against WMH progression linking to stroke and dementia.

Regarding fasting blood glucose and triglycerides, both β values were relatively low and
the Kruskal–Wallis test showed no significant relationships according to IGF and ALM criteria.
Fasting blood glucose and triglycerides may not be so heavily involved in WMH onset and development.
Conversely, BMI was a powerful negative factor that increased the strength according to BMI criteria.
BMI is an obesity index, whereas the others indicate waist circumstance (WC) and hip-waist ratio
(HWR) [25]. Obesity directly depends on the amount of adipose tissue that can increase without weight
gain. Obesity can be evaluated more accurately by WC or HWR than BMI, especially in the elderly [25].
Instead of BMI, WC was used for multiple regression analysis and yielded similar result as that with
BMI, a negative factor of WMH. That obesity appears to suppress WMH may be because some growth
factors for vessels are reportedly secreted from adipose tissue [26]. For example, angiopoietin-like
protein 4 (ANGPTL4) is a member of the angiopoietin family, which encodes a secretory glycoprotein
highly expressed in adipose tissue and liver and placenta [27]. ANGPTL4 and/or other vascular trophic
factors are delivered from adipose tissue to the brain small vessels and may prevent WMH onset and
progression. Further study will be needed to validate the hypothesis.

The existence and progression of WMH in the brain can be visually recognized through WMH-BHQ
before or after VRCs such as HT, DM, and DLP emerge, that is, at any progression of morbidity from
preclinical to chronic stages. The visible changes of WMH in the brain readily force patients to make
efforts to control VRCs, linking to the prevention of stroke or dementia, and can determine when
to start drug treatments or how to promote nondrug therapies, such as low calorie and salt diets
and/or physical exercise. For example, HT diagnosis based on BP values remains unreflective of organ
damages caused by a high BP. If WMH was accurately grasped by means of the new metric WMH-BHQ
and efficiently treated according to the change in this measure, the damages due to HT in the brain and
entire body could be minimized. Thus, WMH-BHQ may be regarded as an effective indicator that can
help us to visualize brain damages and estimate the health of the whole body in terms of cerebral small
vessel damages. Another advantage of WMH-BHQ is that it is based on percentile and ranking order,
which enables minimization of measurement bias compared with WMHV, which heavily depends on
scanning conditions and the abilities of MRI equipment.

Regarding comorbidity, HT+DM yielded lower WMH-BHQs than the other double morbidities
(HT+DLP and DM+DLP) as well as triple morbidities (HT+DM+DLP), although this may be due to the
possible ceiling effect of the WMH volume associated with the VRF. Multimorbidity is becoming a global
challenge to prevent stroke and extend lifespan [28,29]. A nationally representative cross-sectional
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study of more than 1.4 million persons in Scotland showed that a diagnosis of stroke significantly
became more common as the number of morbidities increased [30]. Additional comorbidities are
widely considered to decrease health with a destructive metabolic domino effect [29]. In our study,
however, DLP may have a suppressive or preventive effect on WMH in comorbidity, although the
Scotland study did not describe DLP at all. According to the ALM criteria, there were no significant
differences in WMH-BHQ. This evidence might imply some effect of statins, usual drugs for DLP,
rather than DLP pathology. Several meta-analyses of placebo-controlled randomized trials suggest
that statins may be beneficial in reducing the overall incidence of stroke [31,32]. It remains to be
determined whether statins prevent onset and development of stroke through suppression of WMH.
In our study, the numbers of DLP and DM patients were extremely smaller than those with HT.
Further validation needs a larger number of participants with DLP and DM for the next follow-up
study. In the near future, MRI parameters could be assessed through artificial intelligence pivoting
on data mining [33,34]. Such approach together with the identification of biomarkers based on novel
nanotechnology or biomedical engineering platforms would allow to propose new biosignatures for
risk stratification in neurovascular patients [35].

Limitations

The Brain Dock program utilizes an MRI-based approach to preventive medicine that was
uniquely developed in Japan, aiming at early detection of unruptured cerebral aneurysms. At Brain
Dock, health checks are conducted for a vast number of participants, and therefore, a large database
could be built for brain research. Our study covered approximately 9000 participants living in Kochi
Prefecture, Japan, and a single MRI machine was used throughout the study. Thus, the selection
and information bias in this study could be minimized. However, our study included a bias of
socioeconomic state involved, whereas one-fourth of the participants belonged to the white-collar class,
such as public officials with moderate yearly incomes. The socioeconomic impact of this proportion is
likely considered significant on WMH and the onset as well as the progression of VRCs to no small
extent. The usage of 1.5 T MRI yields lower measurement of WMH volume as compared with 3 T
MRI [36]. Nevertheless, the difference in magnetic power may be minimized in case of WMH-BHQ
using the percentile of WMH volume. Our study was designed as a cross-sectional approach and only
referred to the associations with WMHs at preclinical and chronic stages of VRCs. The next step will
involve a prospective cohort study to certify the causal validation of WMH-BHQ using participants
undergoing Brain Dock examinations more than twice.

5. Conclusions

In this study, we showed that cerebral white matter hyperintensities can be used as a healthcare
quotient for quantitatively evaluating vascular risk factors or vascular risk conditions. Because of
easiness of interpretation (Higher WMH-BHQ is better for brain in terms of cerebral vascular risk),
WMH-BHQ might be useful for both clinicians and patients/inidividuals to pay their attentions to
reduce cerebral vascular risks.
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Abstract: The main aim of this study was to determine the association of various clinical, functional
and pharmacological factors with the physical (PCS) and mental (MCS) summary components of the
health-related quality of life (HRQoL) of community-dwelling older adults. Design: Cross-sectional
study. Patients and setting: Sample of 573 persons aged over 65 years, recruited at 12 primary
healthcare centres in Málaga, Spain. Sociodemographic, clinical, functional, and comprehensive
drug therapy data were collected. The main outcome was HRQoL assessed on the basis of the SF-12
questionnaire. A multinomial logistic regression model was constructed to study the relationship
between independent variables and the HRQoL variable, divided into intervals. The average
self-perceived HRQoL score was 43.2 (± 11.02) for the PCS and 48.5 (± 11.04) for the MCS. The
factors associated with a poorer PCS were dependence for the instrumental activities of daily living
(IADL), higher body mass index (BMI), number of medications, and presence of osteoarticular
pathology. Female gender and the presence of a psychopathological disorder were associated with
worse scores for the MCS. The condition that was most strongly associated with a poorer HRQoL (in
both components, PCS and MCS) was that of frailty (odds ratio (OR) = 37.42, 95% confidence interval
(CI) = 8.96–156.22, and OR = 20.95, 95% CI = 7.55–58.17, respectively). It is important to identify the
determinant factors of a diminished HRQoL, especially if they are preventable or modifiable.

Keywords: health-related quality of life; older adults; frailty; medication; primary care

1. Introduction

The aging of the population is a global phenomenon that is producing dramatic sociodemographic
transformations. In this respect, a recent study modelled life expectancy, all-cause mortality and
cause of death forecasts for 250 causes of death from 2016 to 2040 in 195 countries and territories.
For 2040, Japan, Singapore, Spain and Switzerland were forecast to have an average life expectancy
exceeding 85 years for both genders, and another 59 countries, including China, were projected to
surpass a life expectancy of 80 years. According to these forecasts, Spain will then have the greatest life
expectancy in the world (85.8 years) [1]. This pattern of aging poses a major challenge to health and
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social assistance services, as older people present more chronic conditions and generate higher per
capita healthcare costs. Multimorbidity is strongly associated with adverse health outcomes, such as
disability, dependence, mortality, increased need for health and social services and polymedication,
and diminished health-related quality of life (HRQoL) [2].

Increased longevity should not be achieved at the expense of quality of life. A poor HRQoL
has been associated with reduced activities of daily living, a higher frequency of hospitalisation and
increased mortality [3,4]. Therefore, enhancing HRQoL should be a major consideration in the design
and implementation of health care for older persons [5]. In addition, assigning a greater importance to
the quality of life, in preference to disease-based outcomes, is consistent with the opinions expressed
by such persons themselves [6,7]. As a consequence of the interest being generated by this topic,
patient-perceived quality of life is now widely used as a measure of health care in clinical research and
in health economics assessments [8].

HRQoL has been defined as “the subjective perception influenced by the current health status of
the ability to perform activities important for the person” [9,10]. In response to heightened interest in
assessing HRQoL and in determining the effectiveness of health care interventions in older patients, a
range of instruments—both generic and specific—have been developed for these purposes.

Many factors can influence the HRQoL of older adults, including health status, social engagement
and cognitive function [11]. In this area, studies have been undertaken to analyse the association
between factors (such as female sex, age, functional impairment and comorbidities) and HRQoL, and
in recent years, the role of medication as a determinant of overall health outcomes has emerged as
an area of great interest. Various aspects of treatment regimens call for special attention, because
they may have a negative influence on the HRQoL of older persons, such as polymedication, and
potentially inappropriate or harmful medication [12–17]. It is important to recall that the benefits of
medication should always outweigh the potential harm, and therefore individual circumstances should
be taken into account. In recent studies, frailty, too, has been highlighted as a possible determinant of
worsened quality of life [18–22]. Frailty is defined as an abnormal health state characterised by the loss
of biological reserves, related to the aging process [23]. Therefore, in providing care for persons with
frailty, special emphasis should be placed on quality of life considerations.

Evaluation of HRQoL can help clinicians to determine the needs of older patients and thus
optimise their decision making. Therefore, we believe it is important to explore factors influencing
HRQoL in this population in order to identify suitable intervention strategies. In this respect, we note
that many previous studies have not addressed all the factors that might have a significant impact
on HRQoL, and in some cases the results presented are contradictory. For all of these reasons, we
consider it interesting to investigate HRQoL in older adults, resident in one of the countries where life
expectancy is highest, to assess clinical, functional and pharmacological aspects of the question. In this
study, we hypothesise that there are multiple predictive factors of a poor HRQoL and that they may
affect its physical and mental components in different ways and to different degrees. Accordingly, our
aim was to determine levels of HRQoL among community-dwelling older people and to analyse the
factors associated with a poor HRQoL.

2. Patients and Methods

2.1. Study Design, Setting and Participants

In this cross-sectional investigation, the study population was composed of 89,615
community-dwelling residents aged 65 years or more, living in Málaga, Spain. Assuming a standard
deviation for HRQoL of 11.0 [24], an absolute precision of δ = 0.9 and a level of confidence of 1−α =
0.95, we calculated that the minimum sample size needed to estimate the average physical and mental
HRQoL was 570. Finally, the total sample was composed of 573 persons. These patients were recruited
from twelve primary care centres, by stratified random sampling designed to obtain a representative
sample of the population, allocating the population in proportion to the size of each healthcare centre.
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Participants were selected randomly within each healthcare centre from a general list of healthcare
cards issued by the Spanish National Health Service. The inclusion criteria were people 65 years of
age or older, included in the database of healthcare cards, belonging to the outpatient setting (not
institutionalized), and giving their informed consent to participate in the study (people who did not
give consent were excluded).

2.2. Data Collection and Measures

To obtain the study data for analysis, patients were interviewed using a structured questionnaire.
Further data were obtained from medication packaging and digital medical records. The questionnaire
was used to obtain detailed information on the patients’ regular drug use, together with clinical,
functional and sociodemographic data. Clinical diagnoses were examined, and the number of chronic
conditions presented by each participant was determined. Patients’ independence in performing
instrumental activities of daily living (IADL) was assessed using the Lawton scale [25]. In addition,
the body mass index was determined for all patients, and frailty was assessed according to Fried’s
criteria (as robust, pre-frail or frail) [26].

Medication assessment. Data were obtained for the medication prescribed (indication, dosage
and duration of treatments during the last three months or more). The presence of polymedication
was considered, defining this as the regular use of five or more medications, as was that of potentially
inappropriate medication (PIM), according to the STOPP v2 criteria (Screening Tool of Older Person’s
Potentially Inappropriate Prescriptions, version 2) [27]. The latter variable was operationalised as the
percentage of patients receiving at least one PIM.

Quality of life assessment. The main study outcome was HRQoL assessed by the SF-12
questionnaire, a widely used generic instrument. The SF-12 is an abbreviated version of the Short
Form-36 Health Survey (SF-36), in which a subset of 12 items/questions are used to derive summary
scores for physical health (PCS score) and mental health (MCS score) [28]. The response options form
Likert-type scales that assess the intensity and/or frequency of people’s health status. The final score
obtained can be between 0 and 100, where lower scores indicate worse, and higher scores better HRQoL.
Using only one-third of the SF-36 items, the SF-12 reproduces the two summary scores originally
developed for the SF-36 with remarkable accuracy, but more quickly and requiring less effort from
the respondent [29]. The SF-12 has been validated for use in the USA, the UK, Spain and many other
European countries [24].

2.3. Statistical Analysis

Exploratory data analysis and frequency tables were used to describe the study variables. Using
the standardised scores of the SF-12 questionnaire for the Spanish population [24], the HRQoL score of
each participant was assigned to one of the following intervals, taking into account the population
reference group according to age and sex:

• Very low: QoL ≤ 20th percentile of the Spanish population corresponding to their age group
and sex;

• Low: QoL > 20th percentile and ≤50th percentile of the Spanish population corresponding to their
age group and sex;

• High: QoL > 50th percentile and ≤80th percentile of the Spanish population corresponding to
their age group and sex;

• Very high: QoL > 80th percentile of the Spanish population corresponding to their age group
and sex.

A multinomial logistic regression model was used to study the relationship between the
independent variables and the HRQoL variable, grouped into the corresponding intervals [30].
A 5% significance level was assumed to indicate statistical significance. Statistical data analysis was
performed using SPSS version 23.0 (IBM SPSS Statistics, Armonk, NY, USA).
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2.4. Ethical Considerations

This study was conducted in accordance with the provisions of the 1975 Declaration of Helsinki,
revised in 2013. The Málaga Clinical Research Ethics Committee approved the study (PI-0234-14), and
informed consent was obtained from all patients prior to their inclusion.

3. Results

3.1. Characteristics of the Study Population

The study sample was composed of 573 patients, with a mean age of 73.1 years (standard deviation
5.5, range 65–104) and of whom 57.2% were female. Most lived with their partner (62.4%) or family
(16.5%), but 21.1% lived alone. On average, each patient presented 7.8 chronic conditions (standard
deviation 3.3, range 0–20). The most prevalent diagnoses were bone and joint disorders (mainly
osteoarthritis of the knee, hip, hand and shoulder) (75.2%), hypertension (70.5%) and dyslipidaemia
(51.6%). Most of the patients presented with overweight (40.9%) or obesity (45.7%) and their mean
body mass index was 30.2 (standard deviation 5.1, range 17–54.5). Half were independently capable
of performing IADL, and the mean score on the Lawton scale was 6.6 (standard deviation 1.8, range
0–8). Frailty was present in 137 patients (23.9%; 95% confidence interval (CI) = 20.5–27.5), according to
Fried’s criteria. The main characteristics of the study population are detailed in Table 1.

The prevalence of polymedication was 68% (95% CI = 64.1–71.7), and on average each patient
consumed 6.8 drugs (standard deviation 4.0; range 0–23). The most widely prescribed drugs were
omeprazole and acetaminophen, followed by aspirin, simvastatin, metformin, metamizole, enalapril
and bromazepam. The use of potentially inappropriate medication, according to the STOPP v2 criteria,
was identified in 66.8% of patients (95% CI = 62.9–70.6). The number of PIMs per patient ranged from
0–10 (mean 2.1, standard deviation 2.2). The most frequent PIMs detected were benzodiazepines (61%
of all PIMs).

3.2. Assessment of HRQoL and Analysis of Related Factors

The patients’ perceptions of their HRQoL produced an average score of 43.2 (standard deviation
11.02, range 16.2–65.4) for the physical component summary (PCS) and a somewhat higher one, 48.5
(standard deviation 11.04, range 14.1–66.6), for the mental component (MCS). Males obtained higher
scores than females in both the PCS and the MCS, with average values of 45.91 vs. 41.27 and 51.95 vs.
45.91, respectively. Table 2 shows the distribution within the global sample among the categories of
perceived HRQoL (very low, low, high and very high). A notable feature of this distribution is that a
higher proportion of patients perceived their HRQoL as very high in the mental component than in the
physical one.

To further examine the impact of the independent variables on the HRQoL categories, a multinomial
logistic regression analysis was performed (Tables 3–5). The factors related to having high vs. very
high HRQoL (P50–P80 and ≥ P80, respectively) were the level of dependence for IADL in the PCS, and
BMI, respiratory disease and frailty in the MCS (Table 3). The presence of a low HRQoL (P20–P50) with
respect to a very high score for the PCS was associated with the level of dependence for IADL, with
accompanied living, with the presence of osteoarticular pathology and with frailty (Table 4). The odds
of these older persons having a low HRQoL decrease by 30% for each additional point of independence
on the Lawton scale (odds ratio (OR) = 0.70, 95% CI = 0.55–0.88). However, they double for those who
do not live alone (OR = 2.13, 95% CI = 1.07–4.27), are 2.5 times greater for those with osteoarticular
pathology compared to those without it (OR = 2.57, 95% CI = 1.35–4.85) and are seven times greater for
those who are frail (OR = 7.43, 95% CI = 2.13–25.82) compared to those who are robust. In the case of
the MCS, the presence of frailty was associated with a three times greater perception of low HRQoL
(OR = 3.2, 95% CI = 1.21–8.46).
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Table 1. Characteristics of study population (n = 573).

Quantitative Variables Mean Standard Deviation

Age (years) 73.1 5.5
Lawton (IADL) 6.6 1.8

BMI (Kg/m2) 30.2 5.1
Number of comorbidities 7.8 3.3

Number of drugs per patient 6.8 4.0
Number of PIMs per patient 2.1 2.2

Qualitative Variables Subjects Percentage

Gender

Male 245 42.8
Female 328 57.2

Living Arrangements

Living alone 121 21.1
Accompanied living 452 78.9

Frailty

Robust 124 21.6
Pre-frail 312 54.5

Frail 137 23.9
Most Frequent Comorbidities

Bone and joint disorders 431 75.2
Hypertension 404 70.5
Dyslipidaemia 292 51.0

Insomnia 254 44.3
Gastrointestinal disease 241 42.0

Peripheral vascular disease 227 39.6
Psychopathology 207 36.1
Diabetes mellitus 172 30.0

Heart disease 139 24.3
Respiratory Disease 123 21.5

Polymedication 390 68.0
PIM prevalence 383 66.8

IADL: Instrumental Activities of Daily Living; BMI: Body Mass Index; PIM: Potentially Inappropriate Medication
(according to STOPP v2 criteria).

Table 2. HRQoL assessment according to SF-12 questionnaire.

HRQoL Component HRQoL Categories, n (%)

Summary Score Very low (≤P20) Low (P20–P50) High (P50–P80) Very high (≥P80)

PCS 137 (23.9%) 170 (29.7%) 150 (26.2%) 116 (20.2%)
MCS 143 (25.0%) 117 (20.4%) 125 (21.8%) 188 (32.8%)

PCS: Physical Component Summary; MCS: Mental Component Summary; P: Percentile.

A very low perception of HRQoL (≤P20) in the PCS was also related to the level of dependence for
IADL (OR = 0.62, 95% CI = 0.48–0.79), with the presence of osteoarticular pathology (OR = 4.38, 95%
CI = 1.98–9.70) and with the states of prefrailty (OR = 4.19, 95% CI = 1.61–10.86) and frailty (OR =
37.42, 95% CI = 8.96–156.22). In addition, the odds of a very low HRQoL increase by 15% for each
additional drug in the treatment regimen (OR = 1.15, 95% CI = 1.02–1.30) and by 8% for each unit
increase in BMI (OR = 1.08, 95% CI = 1.01–1.15). However, age was inversely related to HRQoL. Thus,
all other variables being equal, for each additional year of life, the odds of the patient perceiving a very
low HRQoL decreased by 8% (Table 5). A similar pattern for the age effect was observed with respect
to the mental component of HRQoL; thus, each additional year of life decreased the odds of a very low
HRQoL by 7%. In the MCS, too, the states of prefrailty and frailty were associated with a very low
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HRQoL. In this mental component, and with all other variables being equal, the female patients were
88% more likely than the males to have a very low HRQoL. Finally, the presence of a psychopathology
(usually anxiety and/or depression) was related to a poorer HRQoL; the presence of any such disorder
quadrupled the odds of the patient perceiving a very low HRQoL (OR = 4.69, 95% CI = 2.60–8.47).

Table 3. Factors related to HRQoL. Multinomial logistic regression for High HRQoL (with respect to
Very High HRQoL) for physical and mental health components (PCS-MCS).

Independent Variable PCS OR (95% CI) MCS OR (95% CI)

Age 1.02 (0.96–1.07) 1.01 (0.95–1.05)
No. of comorbidities 1.06 (0.93–1.20) 1.02 (0.91–1.14)
BMI 0.99 (0.94–1.05) 0.94 (0.89–0.99) *
Independence (IADL) 0.74 (0.58–0.94) * 1.17 (0.98–1.39)
No. of medications 1.07 (0.96–1.19) 1.00 (0.91–1.10)
No. of PIMs 1.10 (0.85–1.43) 1.08 (0.87–1.34)
Female gender (ref. male) 0.72 (0.38–1.34) 1.45 (0.81–2.59)
Living accompanied (ref. alone) 1.26 (0.67–2.38) 1.14 (0.61–2.14)
Bone and joint disease 1.40 (0.79–2.49) 0.94 (0.53–1.66)
Heart disease 1.35 (0.62–2.92) 0.81 (0.42–1.54)
Respiratory disease 0.71 (0.33–1.53) 2.05 (1.10–3.84) *
Hypertension 1.20 (0.67–2.15) 1.20 (0.67–2.14)
Diabetes mellitus 1.22 (0.63–2.37) 0.76 (0.42–1.36)
Psychopathology 1.11 (0.58–2.12) 1.65 (0.91–2.98)
Insomnia 1.18 (0.64–2.16) 1.26 (0.73–2.16)
Pre–frail (ref. robust) 0.87 (0.48–1.57) 0.95 (0.53–1.69)
Frail (ref. robust) 0.46 (0.11–1.81) 3.39 (1.35–8.51) **

PIMs: Potentially Inappropriate Medications (according to STOPP v2 criteria). * p < 0.05; ** p < 0.01.

Table 4. Factors related to HRQoL. Multinomial Logistic Regression for Low HRQoL (with respect to
Very High HRQoL) for physical and mental health components (PCS-MCS).

Independent Variable PCS OR (95% CI) MCS OR (95% CI)

Age 0.97 (0.92–1.03) 0.98 (0.93–1.03)
No. of comorbidities 1.08 (0.95–1.23) 1.11 (0.98–1.24)
BMI 1.04 (0.98–1.10) 0.95 (0.90–0.99) *
Independence (IADL) 0.70 (0.55–0.88) ** 0.99 (0.84–1.18)
No. of medications 1.11 (0.99–1.24) 0.98 (0.89–1.08)
No. of PIMs 0.94 (0.72–1.22) 1.12 (0.89–1.39)
Female gender (ref. male) 1.01 (0.52–1.91) 1.67 (0.93–3.00)
Living accompanied (ref. alone) 2.13 (1.07–4.27) * 0.84 (0.45–1.57)
Bone and joint disease 2.57 (1.35–4.85) ** 0.96 (0.53–1.72)
Heart disease 1.19 (0.54–2.62) 0.85 (0.45–1.62)
Respiratory disease 1.32 (0.64–2.71) 1.54 (0.81–2.92)
Hypertension 1.75 (0.94–3.27) 0.73 (0.41–1.31)
Diabetes mellitus 0.96 (0.48–1.92) 0.75 (0.42–1.36)
Psychopathology 1.20 (0.62–2.30) 1.36 (0.74–2.50)
Insomnia 1.33 (0.71–2.47) 1.01 (0.58–1.74)
Pre–frail (ref. robust) 1.48 (0.77–2.87) 1.50 (0.81–2.78)
Frail (ref. robust) 7.43 (2.13–25.82) ** 3.20 (1.21–8.46) **

* p < 0.05; ** p < 0.01.
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Table 5. Factors related to HRQoL. Multinomial Logistic Regression for Very Low HRQoL (with respect
to Very High HRQoL) for physical and mental health components (PCS-MCS).

Independent Variable PCS OR (95% CI) MCS OR (95% CI)

Age 0.92 (0.86–0.98) * 0.93 (0.88–0.98) *
No. of comorbidities 1.11 (0.96–1.28) 0.98 (0.87–1.10)
BMI 1.08 (1.01–1.15) * 0.99 (0.95–1.05)
Independence (IADL) 0.62 (0.48–0.79) *** 0.94 (0.79–1.12)
No. of medications 1.15 (1.02–1.30) * 0.99 (0.90–1.10)
No. of PIMs 0.94 (0.70–1.24) 1.08 (0.87–1.35)
Female gender (ref. male) 1.58 (0.76–3.29) 1.88 (1.01–3.49) *
Living accompanied (ref. alone) 1.63 (0.76–3.50) 0.63 (0.33–1.17)
Bone and joint disease 4.38 (1.98–9.70) ** 1.14 (0.60–2.18)
Heart disease 0.87 (0.36–2.08) 0.74 (0.37–1.49)
Respiratory disease 1.01 (0.45–2.22) 0.94 (0.47–1.89)
Hypertension 1.50 (0.73–3.05) 0.93 (0.51–1.72)
Diabetes mellitus 1.11 (0.52–2.36) 0.88 (0.47–1.63)
Psychopathology 1.53 (0.75–3.11) 4.69 (2.60–8.47) ***
Insomnia 1.24 (0.62–2.46) 1.66 (0.94–2.91)
Pre-frail (ref. robust) 4.19 (1.61–10.86) ** 2.92 (1.36–6.26) **
Frail (ref. robust) 37.42 (8.96–156.22) *** 20.95 (7.55–58.17) ***

* p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion

Overall, our results for perceived HRQoL among community-dwelling older patients in Malaga
(southern Spain) are consistent with those reported in similar studies conducted in other regions of
Spain [31,32] and elsewhere in Europe [33]. With respect to the components of physical and mental
health, the average PCS score (43.2) is slightly higher than that obtained in previous research [31–34],
while the MCS (48.5) is somewhat lower than the average value for six European countries (54.3), also
obtained using the SF-12 [33]. This lower score in the MCS could be due to cultural differences, and/or
the non-negligible prevalence of psychopathological disorders (mainly anxiety and/or depression)
in our region (these pathologies affect 36% of the older population). Regarding the influence of age
on HRQoL, previous studies have produced conflicting results [32–35]. Our investigation revealed
an inverse relationship between advanced age and the odds of a very low HRQoL. Therefore, other
questions such as comorbidities, frailty, dependence and other possible confounders being equal, as the
patient ages there is a lower probability of him/her perceiving a very low HRQoL, and this is true for
both the physical and the mental components. These findings might be explained in terms of a better
psychological adaptation to aging and perhaps to the fact that with age comes not only wisdom, but
also the attribution of greater meaning or value to life. As concerns the influence of gender, previous
studies have reported a poorer HRQoL among women than among men [31–34,36,37], and our own
results corroborate this difference. Thus, women obtained poorer scores in both components of HRQoL,
although the association was only significant for the mental component of a very low quality of life. In
the physical component, female gender is probably not a determinant factor of a poorer HRQoL due to
the adjustment made for confounding variables such as frailty or osteoarticular pathology, both of
which are more prevalent among women.

One of the most consistent predictors of a poor quality of life is the level of dependence for
IADL. According to the multinomial logistic regression model, with a higher score on the Lawton
scale, i.e., with greater independence, the possibility of a poorer HRQoL decreased significantly (in
all the categories considered: high, low and very low, with respect to very high) always with respect
to the physical component. It seems logical that the higher the degree of independence among older
persons, in activities such as handling economic affairs, using the telephone or managing different
forms of transport, the better the quality of life they will perceive. According to a recent study,
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functional dependence, together with the presence of depressive symptoms, would be an important
factor mediating the well-known association between multimorbidity and a poor quality of life [38]. In
this line, too, it has been shown that disability is one of the most significant conditions worsening the
HRQoL [39]. Older adults who live in cohabitation are twice as likely to have a low physical HRQoL
than are those living alone. This finding may be related to the level of functional dependence presented,
but further study is needed to confirm this possibility.

Regarding medication, the number of drugs prescribed was positively associated with a very
low HRQoL in the PCS. This finding is consistent with previous research, in which polymedication
has been identified as a determinant factor of a poorer quality of life [12–14,40]. In our opinion, this
association may be related to the side effects produced by the joint presence of several drugs within
the patient. On the other hand, we found no evidence of any association between having at least one
PIM and the perception of a poorer HRQoL. We speculate that such a relationship might not have
been demonstrated because the STOPP v2 criteria contain a large number of items, of varying clinical
significance, and therefore the impact produced on HRQoL by a single PIM might be slight. In other
words, the sensitivity of this means of measuring the risk might be insufficient. Other authors, too,
have failed to observe any significant association between the presence of a PIM and HRQoL, whether
using the Beers [16] or the STOPP v2 criteria [41]. On the other hand, other previous studies do suggest
that the prescription of drugs with a high anticholinergic load may be associated with a diminished
quality of life [15–17,42].

Among this population, the most prevalent pathologies observed were osteoarthritis and
hypertension. This is a common profile and similar to that reported in previous research in this field [39].
Our assessment of the impact on HRQoL of different conditions shows that physical disorders mostly
affected the “physical” HRQoL while mental disorders mainly affected the “mental” aspect—as is
only logical. The presence of bone and joint disease was significantly associated with a low or very
low HRQoL, which corroborates previous findings in which this diagnosis was associated both with
disability and with a diminished HRQoL [39]. We believe this relationship may be explained by the
chronic pain which often accompanies these diseases, as well as a degree of physical limitation that
is usually provoked. This association contrasts with its absence for other diagnoses, perhaps with a
worse prognosis but of a more ‘silent’ nature, such as hypertension and diabetes mellitus. On the
other hand, the presence of a psychopathology in an older person raises the possibility of his/her
perceiving a very low HRQoL, in the mental component, by 400%, as has also been indicated in
previous studies [12,31,32,43,44]. It would seem that the distress generated by these diseases has a
negative impact on emotional regulation, motivation and other components of subjective perceptions
of health and well-being. According to other researchers, and taking into account the significant
impact on the patient’s quality of life, we believe more screening for depression and anxiety among
older populations should be performed, because these conditions tend to be under-diagnosed and also
because a more active approach to this question would promote healthy aging [31]. In our sample,
the BMI values observed presented two interesting aspects: on the one hand, at the mental level, a
higher BMI was associated with a better HRQoL, but for the physical component it was significantly
associated with a very low quality of life. It seems clear that overweight and obese patients perceive a
poorer physical health [40,45–47]. This is corroborated by the fact that interventions aimed at achieving
weight loss have been shown to improve the physical quality of life [48].

It is interesting to note that the factor most strongly associated with a diminished HRQoL was that
of frailty, which severely affected both the MCS and the PCS, but especially the latter. The odds of a
very low physical quality of life were 37 times greater among frail older persons than among those who
were robust, while the MCS reflected 20 times greater odds of their presenting a poor mental quality of
life. Previous studies, too, have reported this association [18–21,49], which was reinforced in a recent
systematic review and meta-analysis that described it as clear and often substantial [22]. Although
the growing numbers of frail older people pose a real challenge to health systems around the world,
this state of pre-discapacity can in fact be prevented and treated. Furthermore, in our study sample,
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the pre-frail persons also perceived a poorer quality of life than those who were relatively robust.
Accordingly, we believe it necessary to design and incorporate care programmes specifically adapted
to this emerging population of frail and pre-frail patients, to help them age with a better quality of life.

In our opinion, the type of study described in this paper is useful for identifying the characteristics
and clinical conditions that are associated with a poorer HRQoL, with particular attention to those
factors that may be preventable or treatable. As improving the quality of life and well-being of older
persons is a priority objective, it is of major importance to extend our knowledge of these questions.

The strengths of our study lie in the analysis made of a representative sample of healthcare centres,
the global approach taken, and the great variety of clinical, functional and treatment data compiled.
We acknowledge that selecting a sample population from a single region or country may result in a
certain lack of external validity. Nevertheless, the sample examined in this study may be representative
of the population of older adults in the ambulatory setting, which is where the largest number of such
patients are to be found. Another limitation to our study is its cross-sectional design, which does not
allow causal relationships to be established, although it can detect factors related to HRQoL.

With regard to the analysis performed, since HRQoL is a quantitative variable, a multivariate
linear regression model might, in principle, be considered appropriate to identify the factors related
to it. However, in the present case the linear model considered did not meet the conditions of
homoscedasticity and normality of the residuals necessary for the correct estimation of the study
parameters. Previous statistical research has reached similar conclusions, i.e., that HRQoL cannot
be analysed using linear regression models [50]. Neither nonlinear modelling, nor generalised least
squares nor other more complex statistical techniques overcame the problem of achieving an adequate
fit, and therefore we adopted the solution of treating QoL as a qualitative variable and using a
multinomial logistic regression model. This approach provided a good fit to the data considered.

5. Conclusions

In conclusion, many factors may be predictive of a poor HRQoL and they affect its physical and
mental components in different ways. For the PCS, the associated factors were dependence for IADL, a
higher BMI, the number of medications and the presence of osteoarticular pathology. The main factors
associated with a lower MCS score were female gender and the presence of a psychopathological
disorder. Some factors may be preventable or modifiable, and so recognising them and optimising the
response made are crucial to the priority objective of enhancing the quality of life among older people.
Clearly and consistently, the factor that was most strongly associated with a poorer overall HRQoL was
the state of frailty (and also, albeit to a lesser extent, that of pre-frailty). Frailty is a dynamic syndrome,
in which transitions are possible between the states of normality, pre-frailty and frailty. Accordingly,
detecting frailty and addressing it in a suitable way are questions of major importance.
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Abstract: Few studies have investigated the characteristics of stroke inpatients after post-acute care
(PAC) rehabilitation, and few studies have applied propensity score matching (PSM) in a natural
experimental design to examine the longitudinal impacts of a medical referral system on functional
status. This study coupled a natural experimental design with PSM to assess the impact of a medical
referral system in stroke patients and to examine the longitudinal effects of the system on functional
status. The intervention was a hospital-based, function oriented, 12-week to 1-year rehabilitative
PAC intervention for patients with cerebrovascular diseases. The average duration of PAC in the
intra-hospital transfer group (31.52 days) was significantly shorter than that in the inter-hospital
transfer group (37.1 days) (p < 0.001). The intra-hospital transfer group also had better functional
outcomes. The training effect was larger in patients with moderate disability (Modified Rankin Scale,
MRS = 3) and moderately severe disability (MRS = 4) compared to patients with slight disability (MRS
= 2). Intensive post-stroke rehabilitative care delivered by per-diem payment is effective in terms
of improving functional status. To construct a vertically integrated medical system, strengthening
the qualified local hospitals with PAC wards, accelerating the inter-hospital transfer, and offering
sufficient intensive rehabilitative PAC days are the most essential requirements.

Keywords: stroke; post-acute care; medical referral system; propensity score matching

1. Introduction

Acute stroke is a major cause of mortality and disability [1,2]. Stroke patients can incur considerable
costs for medical care, including nursing, rehabilitative, and long term care. Therefore, many countries
are attempting to establish comprehensive and integrated healthcare systems for stroke patients [3,4].
Post-acute care (PAC), which refers to medical care services that support the individual patient in
recovery from illness or management of chronic disability, is aimed at enhancing the functional status
of patients discharged from acute hospitalization [2–5]. Discharges to PAC facilities have increased
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nearly 50% during the past 15 years, and PAC is a major contributor to hospitalization costs in the
United States [5]. To control medical expenses, reform the medical referral system, and improve
continuity of care, the Taiwan National Health Insurance Administration (NHIA) focused on stroke for
its first national PAC project in 2014—post-acute care for cerebrovascular disease (PAC-CVD).

In Taiwan, beneficiaries are free to visit their preferred physicians and are not required to follow
strict referral rules [6]. An efficient PAC system for stroke patients is needed to reduce unnecessary
utilization of hospital resources and to ensure seamless care for these patients [7]. Stroke patients and
their families expect that local hospitals can deliver PAC at a lower cost and with greater efficiency,
effectiveness, and convenience. Our review of studies published in international journals, however,
shows that most studies of PAC have analyzed a limited number of patients in a single hospital [8,9].
Additionally, few studies have used longitudinal data exceeding 1 year, and few studies have applied
propensity score matching (PSM) in a natural experimental design to examine the longitudinal impacts
of a medical referral system on functional status. Therefore, this study coupled a natural experimental
design with PSM to assess the impact of the medical referral system in stroke patients and to examine
the longitudinal effects of the medical referral system on functional status.

2. Materials and Methods

2.1. The PAC Program

In Taiwan, the multidisciplinary PAC stroke team consisted of neurologists, physiatrists, physical
therapists, occupational therapists, speech therapists, and nurses. The PAC rehabilitation program was
prescribed by the physiatrist, and it consisted of a complex program of universal activities that were
performed at least three times per day. One hour of physical therapy, occupational therapy, or speech
and swallowing therapy was carried out at each time. Notably, the fiscal incentive for a medical center
to transfer a patient to a regional or a district hospital is mitigated by several factors, including the
PAC-CVD transfer policy, the willingness of the stroke patient (or family) to accept further post-acute
care in local hospitals, and whether the physician agrees to the transfer. These factors should cause
health providers to reconsider the manner in which patient stays are controlled and to be mindful that
the shortest lengths of stay (LOS) may not obtain the best outcome for the patient [10,11].

2.2. Study Design and Sample

The study population included all stroke patients admitted to PAC wards in four Taiwan hospitals
between March 2014 and March 2018 (defined as ICD-9-CM codes 433.x, 434.x, and 436.x for ischemic
stroke, and codes 430 and 431 for hemorrhagic stroke). The inclusion criteria were acute stroke and
admission to PAC ward within 40 days after day of stroke onset. Another inclusion criterion was
Modified Rankin Scale (MRS) level 2 to 4. Instead of focusing on patients who had received intensive
in-patient rehabilitation, this national PAC project focused on the prevention of complications (e.g.,
pressure sores) in stroke patients who were bed-ridden (MRS 5). Patients who did not have major
disability (MRS 0–1) were assumed to have undergone out-patient rehabilitation or were assumed to
have resumed their pre-morbidity activities of daily living.

In observational studies, non-comparability between the intervention group and the comparison
group can distort the estimation of the treatment effect [12,13]. The propensity score is a balancing
score that can be used to compare groups that do not systematically differ. This study used PSM at the
patient level to compare the baseline characteristics of the two groups, which increased the robustness
of the analysis. A generalized estimating equation (GEE) model was used to cluster stroke patients
treated by the same physician and to generate propensity scores for predicting the probability of the
medical referral system. The covariates included patient demographics (age and gender), clinical
attributes (stroke type, hypertension, hyperlipidemia, diabetes mellitus, atrial fibrillation, and previous
stroke), quality of medical care (acute care LOS and PAC LOS), and pre-rehabilitation functional status.
The caliper matching method (“greedy algorithm”) was used for 1:1 PSM between the inter-hospital
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transfer group and the intra-hospital transfer group. Thus, 483 patients in the inter-hospital transfer
group were compared with an “all participants matched set” of 483 patients in the intra-hospital
transfer group (Figure 1). These PAC stroke patients completed the pre-rehabilitation and the 12th
week and first year post-rehabilitation assessments.

Figure 1. Flow chart of recruitment and study procedure.

2.3. Functional Status Instruments

The MRS scores of 0, 1, 2, 3, 4, and 5 are interpreted as no symptoms, no significant disability, slight
disability, moderate disability, moderately severe disability, and severe disability, respectively [14].
The Barthel Index (BI) score was used to measure functional disability in daily life activities (e.g., eating,
grooming, bathing, dressing, walking, transferring, staring, and controlling bladder and bowel) [15].
The score is for the 10-item BI ranges from 0 (totally dependent) to 100 (independent). The Functional
Oral Intake Scale (FOIS) was used to assess functional oral intake in stroke patients with dysphagia [16].
The FOIS classifies swallowing function from level 1 (nothing by mouth) to level 7 (total oral diet with
no restrictions). The Lawton-Brody Instrumental Activities of Daily Living Scale (IADL) is used to
evaluate performance in daily life activities, including making telephone calls, shopping, preparing
food, housekeeping, laundering, taking medicine, using transportation, and performing financial
activities [17]. In the conventional use of the scale, women are scored in all eight domains, while
men are not scored in the domains of preparing food, housekeeping, and laundering. The rationale
for excluding these three domains in males is that performance of these tasks is subject to cultural
differences in gender roles, which could compromise comparisons of the incidence of disability between
men and women [18]. The EuroQoL five-dimensional (EQ-5D) measure is a self-assessment of mobility,
self-care, usual activities, pain or discomfort, and anxiety or depression as part of a total health
state [19]. The subject is required to score each item from 1 to 3 (no problem, some problem, or extreme
problem, respectively). The Berg Balance Scale (BBS) is a scale of functional balance, including static
and dynamic balance [20]. Each item on this 14-item scale is rated from 0 (poor balance) to 4 (good
balance). The maximum score is 56. The Mini-Mental State Examination (MMSE) is the best-known
short screening tool for cognitive impairment [21]. The MMSE tests orientation, attention, memory,
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language, and visual–spatial skills. The maximum score is 30 points. An MMSE score below an
education-adjusted cut-off score indicates cognitive impairment. The Taiwan version of these measures
has been validated as a reliable and valid tool for measuring functional status in both clinical practice
and research [22].

2.4. Statistical Analysis

The unit of analysis in this study was the individual stroke patient. Descriptive statistics were
tabulated to depict the stroke patient demographics. For clarification, the values predicted by the
regression models were used to illustrate the results, starting from before initiation of PAC until
completion of 12 weeks to 1 year of follow up in the two matched study groups. Thus, the GEE
models were used to estimate difference-in-differences models used to examine the effectiveness of the
medical referral system. For the predicted values, standard errors in differences and standard errors in
difference-in-differences were estimated using a bootstrap technique involving 1000 replications, with
sample sizes equivalent to that of the original sample [23].

Hierarchical linear regression models were used to examine the roles of the MRS after accounting
for demographic characteristics, clinical attributes, quality of care, and pre-rehabilitative function
status. Five-step hierarchical linear regression models were used to analyze differences between
explanatory factors. In Model 1, explanatory factors included age, gender, stroke type, hypertension,
hyperlipidemia, diabetes mellitus, atrial fibrillation, previous stroke, length of stay in acute care, length
of stay in post-acute care, and pre-rehabilitation functional status. Model 2 included Model 1 and MRS
= 2; Model 3 included Model 1 and MRS = 3; Model 4 included Model 1 and MRS = 4; Model 5 included
Model 1, MRS, and medical referral system. In each model, the adjusted R-square was estimated
while adjusting for covariates. For each model, the variance inflation factor (VIF) was used to assess
multicollinearity. No models showed multicollinearity.

Statistical analyses were performed using Stata Statistical Package, version 13.0 (Stata Corp,
College Station, TX, USA). All tests were two-sided, and p values less than 0.05 were considered
statistically significant.

3. Results

Table 1 compares the inter-hospital transfer group and the intra-hospital transfer group before
and after PSM. Before PSM, all assessed characteristics significantly differed between the two groups
(p < 0.05). After PSM, no variables significantly differed between the two groups.

All PAC stroke patients had significantly improved scores for functional measures at the 1-year
follow-up survey (p < 0.001) (Table 2). When the 12th week post-rehabilitation scores were used as
the baseline, functional status showed significant improvements at the first year post-rehabilitation (p
< 0.001). All subscale scores continued to improve throughout the follow-up period. Additionally,
in both groups, functional status scores at the first year post-rehabilitation were significantly higher
than the functional status scores at the 12th week post-rehabilitation and the functional status scores at
pre-rehabilitation (p < 0.001). Throughout the follow-up period, the intra-hospital transfer group also
had significantly higher scores for functional status measures compared to the inter-hospital transfer
group (p < 0.001).

Table 3 shows that Model 1 revealed a significant association between patient demographics
and scores for functional status measures at the first year post-rehabilitation during the study period
(p < 0.05). In Models 2–4, patients with MRS = 2 showed very little functional status improvement
after adjustment for patient demographics; however, patients with MRS = 3 and MRS = 4 showed
improvements. That is, rehabilitative PAC improved quality of life in patients with moderate disability
(MRS = 3) or moderately severe disability (MRS = 4) but not in patients with slight disability (MRS = 2).
After adjustment for all relevant influential factors, the intra-hospital transfer group had greater
improvements in functional status scores compared to the inter-hospital transfer group.
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4. Discussion

Our data for the percentage of stroke patients with vascular risk factors were consistent with
previous reports. After PSM, the percentages of stroke patients with hypertension, hyperlipidemia,
diabetes mellitus, atrial fibrillation in our study were 77%, 42%, 37%, and 10%, respectively. Previous
studies of stroke patients have reported hypertension in 63–80%, hyperlipidemia in 40–49%, diabetes
mellitus in 34–42%, and atrial fibrillation in 7.3–11% [24,25]. A review of studies performed in Asia found
that Taiwan has a higher prevalence of hypertension, diabetes mellitus, and hyperlipidemia compared
to Japan, Korea and Singapore [26]. A previous Taiwan study of stroke incidence and recurrence
during 2000–2011 also reported that, although the prevalence of diabetes mellitus, hyperlipidemia
and atrial fibrillation increased during this period, the rates of primary ischemic stroke and 1-year
recurrence of stroke decreased by 9% and 18% respectively [27]. Factors that can have important effects
on stroke incidence and recurrence include medication control, early detection of diseases, diet control,
body weight control, life style adjustment and exercise.

To achieve a vertically integrated medical system, post-stroke care should be patient-centered,
and inter-hospital transfer of stroke patients must be seamless. In Australia, stroke patients treated at
hospitals with stroke coordinators had lower LOS and higher quality of evidence-based care compared
to those treated at hospitals without stroke coordinators [28]. In the Taiwan national PAC project
reported here, the case manager assigned to each stroke patient ensured efficient transfer of the
patient to a local hospital. Therefore, the mean LOS for patients in acute stage was much lower in
the intra-hospital transfer group compared to the inter-hospital transfer group (13.01 and 24.45 days,
respectively). Since minimizing the time from admission to inter-hospital transfer decreases total LOS
and total cost, implementation of a case manager and an efficient inter-hospital transfer system are
essential for an integrated medical system. Other possible reasons in the inter-hospital transfer group
include geographical variations in the distribution of physicians and medical resources, and differences
in care quality and expertise among hospitals and individual providers. For stroke patients in acute
stage, those treated at teaching hospitals and certified primary stroke centers have a lower mortality
rate, greater availability of rehabilitative care, and lower ADL dependence status [29]. A possible
reason for the superior outcomes obtained by teaching hospitals and certified primary care centers
for stroke is that they tend to have a high volume of stroke patients, and clinicians who treat a high
volume of patients tend to achieve high skill levels.

Before PSM, compared to the intra-hospital transfer group, the inter-hospital transfer group in this
study had a lower functional status before PAC and more comorbidity (hypertension, hyperlipidemia,
atrial fibrillation). Most of the patients in inter-hospital transfer group had been treated at a medical
center. Compared to stroke patients treated at medical centers tend to have a higher severity of
disability, are more likely to require intubation (e.g., tracheostomy tube, nasogastric tube, and urinary
catheter tube), and tend to require more time to stabilize. These differences might explain why the
inter-hospital transfer group in our study had a longer mean LOS in acute stage compared to the
intra-hospital transfer group. However, further studies are needed to compare the service path and
treatment costs in patients with varying severity of stroke and in stroke patients treated at different
hospital levels.

After the acute stage, local low-volume rehabilitation facilities can usually provide adequate
care [30]. Several studies have reported that, compared to skilled nursing facilities, intensive inpatient
rehabilitation facilities achieve higher functional outcomes in PAC for stroke [30,31]. Additionally,
duration of hospital stay and in-hospital mortality are related to socioeconomic status [32]. Therefore,
increasing socioeconomic inequality over time has markedly increased inequality in stroke survival.
Direct non-healthcare costs (including informal care costs, paid care costs and transportation costs)
and rehabilitation costs are the largest post-stroke care costs [33,34]. Stroke patients who receive PAC
and rehabilitation at local hospitals can reduce the physical, mental and economic burdens on their
families. Our study analyzed data obtained from four local southern Taiwan hospitals that had the
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largest volumes of stroke inpatients in PAC. Therefore, the data obtained in this work are highly
representative of hospitals throughout Taiwan and have immediate applications.

In Japan, the rehabilitation is 3 hours, and the average LOS in rehabilitation facilities after discharge
from tertiary hospitals is approximately 74.7 days [35]. The Taiwan PAC-CVD program provides the
maximum of 12 weeks of services. Reimbursements are similar regardless of the hospital accreditation
level (regional or district) and the equipment costs of the hospital. The PAC-CVD project enables
stroke patients to access rehabilitation programs that are more intensive (in terms of frequency and
duration of treatment) compared to those available under current NHIA provisions. The PAC-CVD
project was expected to offer a continuous care model to restore function and reduce disability in stroke
patients [8,9]. Most PAC-CVD studies published thus far have been studies of a limited case number
in a single hospital [8,9]. In the post-acute stage, the mean LOS in the intra-hospital transfer group
and the inter-hospital transfer group was 31.52 and 37.1 days, respectively. Another study of a large
population of stroke patients reported a mean PAC stay of only 15.1 days [36]. Notably, the LOS of
stroke patients in different countries is related to differences in post-stroke policy. For example, the
average LOS for inpatient rehabilitation after stroke is approximately 1 month in Ireland, Switzerland,
and Thailand [37]. In contrast, the average LOS inpatient rehabilitation after stroke is only 15.8 days in
the United States, which is much shorter than that in western countries (e.g., 32.7 days in Germany,
35.3 days in Canada) [38–40]. The main reasons for the short LOS in the United States are the high
economic burden of inpatient care for stroke patients and the availability of various well-established
PAC rehabilitation facilities (e.g., inpatient rehabilitation hospitals, skilled nursing facilities, home
health agency services, long term care hospitals) [4]. According to our multi-center data, the LOS for
stroke patients who undergo PAC in Taiwan is similar to that in other countries. Notably, our data
indicated that the effectiveness of rehabilitation training during the 12th week to the first year is better
than in the first 12 weeks. These data confirm that a continuous rehabilitative PAC program is essential.

A study by Dewilde concluded that MRS level is a major determinant of medical resource use [41].
For this national PAC-CVD project, the MRS level was the main criterion for participation. Initially, only
patients with MRS levels of 2 to 4 were eligible for transfer to hospitals with PAC wards. However, some
people have proposed excluding patients in MRS level 2 or including patients in MRS level 5. In 2019,
the Taiwan NHIA excluded MRS level 2 patients from this national PAC-CVD project. This study
found that after adjusting for all relevant influential factors, the quality of life improvement was
smaller in patients at MRS level 2 compared to patients at other MRS levels. Therefore, these data
support the decision made by the Taiwan NHIA. In terms of maximizing efficiency in the use of limited
healthcare resources, the decision to limit inpatient rehabilitation to patients with MRS 3 to 4 was not
only justifiable, but necessary.

Although all research questions were adequately and satisfactorily addressed, two limitations
are noted. This study only collected data for acute stroke patients for 40 days after stroke onset.
Furthermore, this study only analyzed patients treated at four hospitals in south Taiwan. However,
the numbers of patients treated in the PAC-programs at these hospitals were among the four highest
of all district hospitals in south Taiwan. Further studies are needed to compare a PAC group and a
control group in other regions of Taiwan and under current NHI regulations. Additionally, the two
groups in this study were matched for demographic characteristics, clinical attributes, quality of care,
and pre-rehabilitative functional status. Future studies could consider the use of inverse probability
weighting rather than PSM.

5. Conclusions

In conclusion, this study showed that rehabilitative PAC improved outcomes of stroke
rehabilitation. To achieve a vertically integrated medical system for stroke rehabilitation, the key
requirements are improving the PAC ward qualifications of local hospitals, accelerating inter-hospital
transfer, and ensuring a sufficient duration of intensive rehabilitative PAC. Early rehabilitation is
important for successful restoration of health, confidence, and self-care ability in these patients.
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Abstract: Multimorbidity and suicide rates are rising simultaneously among Korean adults. To address
this issue, we assessed the association between multimorbidity and suicidal behavior among adults
aged ≥19 years in Korea. We analyzed the data from the 2017 Korea National Health and Nutrition
Examination Survey. Multimorbidity was defined as experiencing two or more chronic diseases.
We compared the presence of suicidal thoughts and plans according to multimorbidity using
chi-square test, and examined the associations between multimorbidity and suicidal thoughts and
plans using multiple binary logistic regression analyses. Multimorbidity was found in 30.8% of
total participants. As the number of chronic diseases increased, the percentage of thoughts and
plans tended to increase (p < 0.001 and p = 0.002). Among participants with multimorbidities, 8.5%
had suicidal thoughts, whereas only 3.4% without multimorbidity had such thoughts (p < 0.001).
Participants with multimorbidity had significantly higher odds of suicidal thoughts (OR = 2.14;
95% CI = 1.54–2.97) and suicidal plans (OR = 2.01; 95% CI = 1.08–3.73) compared to those without
multimorbidity after adjusting confounding variables. Conclusion: People with multimorbidity had
a higher prevalence of suicidal thoughts and plans. Early detection of and intervention for suicidal
thoughts and plans are critical for suicide prevention among people with multimorbidity.

Keywords: chronic disease; multimorbidity; suicidal thoughts; suicidal plans

1. Introduction

The National Commission on Chronic Illness in the United States defines chronic illness as
permanent illnesses accompanied by disability due to complication or injury, and those requiring special
training for rehabilitation, long-term protection, monitoring, and treatment [1]. These individuals
require continuous and comprehensive medical intervention, and communication and self-care is
necessary [2]. Multimorbidity refers to the state of having multiple chronic illnesses simultaneously,
potentially mixed with acute illnesses as well [3]. Unlike the concept of co-morbidity, which refers to how
the impact of indicator diseases are influenced by co-morbid illnesses, the concept of multimorbidity is
firmly centered on individuals with multimorbidity [4].

There has been an increase of chronic illnesses following the extension of longevity in society.
As expected, in South Korea the prevalence of chronic illnesses and multimorbidity has been shown to
increase with age. An analysis of older adults with one or more chronic illnesses revealed that 70.9% of
older adults with chronic illnesses have multimorbidity, reaching an average of 4.1 chronic illnesses [5].
Another study found that older patients with multimorbidity had an average of 5.1 chronic illnesses,
whereas patients without multimorbidity tended to have an average of 1.6 [5]. There have been several
studies on the definition of multimorbidity [3,6]. Because people with two or more chronic medical
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conditions are more common than those with three or more chronic medical conditions, former status
is more frequently accepted as the definition of multimorbidity [6]. Studies adopting this definition
reported that multimorbidity better reflected poor quality of life, impaired functioning, and increased
use of medical facilities such as emergency admissions, particularly with higher numbers of coexisting
conditions [7–11].

Suicide is one of the leading causes of death worldwide [12]. Among the countries in the
Organization for Economic Co-operation and Development (OECD) as of 2012, the suicide rate (per the
OECD standard population of 100,000 people) in South Korea was 29.1, which is the highest out of
all OECD countries (average is 12.5). The specific risk factors associated with suicide among adults
include depression and other mental disorders, illnesses, loss of function, the death of a partner,
and other traumatic incidents [13]. By comparison, according to a 2006 report by the World Health
Organization (WHO), the general risk factors of suicide include low socioeconomic status, education
level, loss of a job, social stress, mental disorders, illnesses, and chronic pain [14,15]. One study found
that 34% of people with suicidal thoughts have plans for suicide, 72% of people who plan for suicide
actually attempt suicide, and 26% of people who have suicidal thoughts attempt suicide impulsively
without having elaborated a prior plan to do so [16]. Therefore, suicidal thoughts and suicidal plans
are important when discussing suicide.

Multimorbidity is associated with suicide-related risk, and primary care and mental health clinics
need to evaluate for suicide ideation for patients with multimorbidity [17]. To address the impact of
these issues, we aimed to investigate the increase in suicide-related variables in multimorbidity among
Korean adults. Specifically, we examined the prevalence of suicidal thoughts and plans among adults
who participated in the Korea National Health and Nutrition Examination Survey (KNHANES) in
2017, depending on whether they had multimorbidity.

2. Methods

2.1. Participants and Data

Drawing on raw data from the second year of the 7th KNHANES of 2017, we initially selected a
total of 8127 individuals. Among them, we excluded people aged ≤18 years (n = 1938) and those who
had any missing variables (n = 395), because people under the age of 18 did not perform suicide-related
questionnaire in the 7th KNHANES of 2017. Finally, 5794 adults were considered in our analyses.

The KNHANES is a cross-sectional health surveillance system that assesses the status of and trends
in national health and nutrition of South Korea to identify vulnerable groups to be prioritized in health
policies, as well as evaluate whether existing health policies and projects are effective. It provides data
on smoking habits, drinking habits, physical activities, and obesity, as well as various other statistics
required by the WHO and OECD. The KNHANES comprises a health interview survey, a nutrition
survey, a health examination survey, and data on demographic characteristics, diet, and health collected
through personal interviews. Physical examinations along with blood and urine sampling were carried
out at a mobile examination center. A stratified, multistage probability sampling design was used to
select the household units that participated in the survey [18].

Our study adhered to the principles of the Declaration of Helsinki and was approved by the
Institutional Review Board of Ilsan Paik Hospital (No. ISPAIK IRB 12 February 2017). Requirement of
informed consent was waived because anonymous and de-identified information was used.

2.2. Research Variables

The chronic illnesses surveyed in the 7th KNHANES included hypertension, dyslipidemia, cerebral
infarction (stroke), myocardial infarction, angina, osteoarthritis, rheumatoid arthritis, osteoporosis,
tuberculosis, asthma, allergic rhinitis, depression, renal failure, atopic dermatitis, diabetes mellitus,
thyroid disease, stomach cancer, liver cancer, colon cancer, breast cancer, cervical cancer, lung cancer,
thyroid cancer, other cancers, hepatitis B, hepatitis C, and cirrhosis. Participants who self-reported
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not currently having a disease or a doctor’s diagnosis of a disease were regarded as not having it;
by contrast, participants who self-reported having a disease or a doctor’s diagnosis of one were
defined as having a chronic illness. Of these, stomach cancer, liver cancer, colon cancer, breast cancer,
cervical cancer, lung cancer, thyroid cancer, and other cancers were combined into an overarching
“cancer” category.

In the mental health section of surveys, participants were asked to answer the following questions
(employing answer options of yes, no, or I do not know/no answer): “Have you seriously considered
suicide in the last year?” and “Have you seriously planed suicide in the last year?”

People who had smoked at least 100 cigarettes in their lifetime and continued smoking at the time
of survey were defined as current smokers. People who consumed at least one alcoholic beverage per
month in a year prior to the survey were considered alcohol drinkers and those who did not were
considered non-drinkers. Education level was categorized into two groups depending on whether
participants had achieved a higher qualification than middle school graduation or not. Monthly
personal income level was divided into two groups: the lowest quartile group and the second-lowest
to highest quartile group.

2.3. Analysis Method

We combined the raw data from the 2017 KNHANES according to the KNHANES raw data
analysis guidelines. Based also on a complex sample design, we conducted all analyses by assigning a
dispersed stratification estimation, stratification variables, and weighted sample values. We divided
participants who had 2 or more of the above-stated chronic illnesses as multimorbidity based on the
definition used in the previous study [6]. Subsequently, a chi-square test was performed to evaluate
proportions of suicidal thoughts and plan according to the number of chronic illness or the presence of
multimorbidity. Then, to determine the association of suicidal thoughts and plans with multimorbidity,
we conducted a multiple binary logistic regression analysis and calculated the odd ratio (OR) and 95%
confidence intervals (CIs). Model 1 did not adjust. Model 2 adjusted for sex and age. Model 3 adjusted
for sex, age, education, personal income, smoking status, and alcohol consumption. Since there are
studies showing that income and education level are related the risk of suicide, we adjusted these
variables [14,15]. Stratified analyses according to sex and age were also performed. All analyses were
performed using SPSS Statistics 21.0 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Participants’ General Characteristics

Participants’ demographics are shown in Table 1. A total of 5794 adults were included. Of the entire
sample, 30.8% had multimorbidity. The proportion of patients with multimorbidity increased with age.
The proportion of women with multimorbidity was higher than that of men. In addition, the ratio of
people with multimorbidity was higher when education level or income was low. Regarding smoking,
the percentage of patients with multimorbidity was the highest among ex-smokers. The proportion of
patients with multimorbidity was higher in non-drinkers than in drinkers.

Table 1. General characteristics of participants. Data are presented as % (standard error (SE)).

Without Multimorbidity
(n = 4007)

Multimorbidity
(n = 1787) p-Value

n % (SE) n % (SE)

Age (years)
19–40 1531 91.7 (0.9) 135 8.3 (0.9)

<0.00141–64 1890 73.4 (1.0) 746 26.6 (1.0)
≥65 586 39.6 (1.5) 906 60.4 (1.5)
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Table 1. Cont.

Without Multimorbidity
(n = 4007)

Multimorbidity
(n = 1787) p-Value

n % (SE) n % (SE)

Sex
Male 1836 77.2 (1.0) 723 22.8 (1.0)

<0.001Female 2171 72.4 (1.1) 1064 27.6 (1.1)

Personal income
≤1st quartile 536 52.9 (1.7) 597 47.1 (1.7)

<0.001≥2nd quartile 3471 78.8 (0.8) 1190 21.2 (0.8)

Education (years) ≤9 843 49.7 (1.4) 973 50.3 (1.4)
<0.001≥10 3164 82.4 (0.8) 814 17.6 (0.8)

Smoking status

Never smoker 2491 74.0 (1.1) 1151 26.0 (1.1)

<0.001
Former
smoker 737 70.5 (1.6) 391 29.5 (1.6)

Current
smoker 779 81.1 (1.4) 245 18.9 (1.4)

Alcohol
consumption

Non-drinker 1605 67.4 (1.2) 1019 32.6 (1.2)
<0.001Alcohol

drinker 2402 79.9 (0.9) 768 20.1 (0.9)

3.2. Suicidal Thoughts and Plans According to the Number of Chronic Diseases

Regarding suicidal ideation, 5.0% of participants had suicidal thoughts and 1.3% had suicidal plans.
In the absence of chronic diseases, suicidal thoughts were present in 2.7% of the cases, and suicidal
plans were present in 0.6%. If the patients had one chronic disease, suicidal thoughts were present in
4.5% of the cases, and suicidal plans were present in 1.6%. Suicidal thoughts and plans were present in
9.7%, and 2.2% of participants who had more than 3 chronic diseases, respectively. As the number of
chronic diseases increased, the proportions of suicide thoughts and plans tended to increase (p < 0.001
and p = 0.002) (Table 2).

Table 2. Suicidal thoughts and plans according to the number of chronic diseases. Data are presented
as % (standard error (SE)). * Obtained by using chi-square test.

Number of Chronic Diseases

0 (n = 2348) 1 (n = 1659) 2 (n = 943) ≥3 (n = 844) p-Value *

Suicidal thoughts (−) n 2279 1589 877 761

<0.001
% (SE) 97.3 (0.4) 95.5 (0.7) 92.5 (1.3) 90.3 (1.3)

Suicidal thoughts (+) n 69 70 66 83
% (SE) 2.7 (0.4) 4.5 (0.7) 7.5 (1.3) 9.7 (1.3)

Suicidal plans (−) n 2332 1637 925 824

0.002
% (SE) 99.4 (0.2) 98.4 (0.4) 98.0 (0.5) 97.8 (0.5)

Suicidal plans (+) n 16 22 18 20
% (SE) 0.6 (0.2) 1.6 (0.4) 2.0 (0.5) 2.2 (0.5)

3.3. Suicidal Thoughts and Plans According to the Presence of Multimorbidity

Table 3 shows the relationship between multimorbidity and suicidal thoughts and plans.
While 3.4% of adults without multimorbidity were found to have suicidal thoughts, 8.5% of adults with
multimorbidity had such thoughts (p < 0.001). As for suicide plans, 2.1% of adults with multimorbidity
and 1.0% without multimorbidity were found to have them, respectively (p = 0.003).
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Table 3. Suicidal thoughts and plans among participants with and without multimorbidities. Values
are presented as weighted % (standard error (SE)). * Obtained by using chi-square test.

Without Multimorbidity
(n = 4007)

Multimorbidity
(n = 1787) p-Value *

n % (SE) n % (SE)

Suicidal thoughts (−) 3868 96.6 (0.4) 1638 91.5 (1.0)
<0.001Suicidal thoughts (+) 139 3.4 (0.4) 149 8.5 (1.0)

Suicidal plans (−) 3969 99.0 (0.2) 1749 97.9 (0.4)
0.003Suicidal plans (+) 38 1.0 (0.2) 38 2.1 (0.4)

3.4. Multivariable Logistic Regression Analysis Between Multimorbidity and Suicidal Thoughts and Plans

Table 4 presents multivariable logistic regression analysis results regarding the association of
multimorbidity with suicidal thoughts and plans. Compared to participants without multimorbidity,
participants with multimorbidity had significantly higher odds of suicidal thoughts in all adjusted
models (OR, 95% CI: 2.65, 1.95–3.60 in model 1; 2.49, 1.82–3.40 in model 2; 2.14, 1.54–2.97 in model 3).
Stratified analysis with sex and age showed similar findings. In men, the odds of suicide thoughts
increased by 3.1 times among people with multimorbidity compared to those without multimorbidity
after adjusting for all potential variables (OR, 95% CI: 3.09, 1.84–5.20 in model 3). The odds of suicide
thoughts increased by 3.2 times in younger people (19–40 years) with multimorbidity compared with
those without it (OR, 95% CI: 3.15, 1.43–6.97 in model 3). For suicidal plans, compared to participants
without multimorbidity, participants with it had higher chances of suicidal plans (OR, 95% CI: 2.14,
1.30–3.54 in model 1; 2.26, 1.22–4.20 in model 2; 2.01, 1.08–3.73 in model 3). Suicidal plans were
2.3 times more prevalent in women with multimorbidity than in those without multimorbidity (OR,
95% CI: 2.30, 1.07–4.97 in model 2); however, this association was attenuated after further adjustment
in model 3. Suicidal plans were 2.5 times more prevalent in middle aged people (41–64 years) with
multimorbidity than in those without multimorbidity (OR, 95% CI: 2.54, 1.12–5.77 in model 3). On the
other hand, there was no statistically significant association between multimorbidity and suicidal plans
among younger or older men.

Table 4. Associations of multimorbidity and suicidal thoughts and plans. OR, odds ratio; CI, confidence
interval. Model 1 was not adjusted. Model 2 was adjusted for sex and age. Model 3 was adjusted for
sex, age, education, personal income, smoking status, and alcohol consumption. Values were calculated
by multivariable logistic regression analysis.

Suicidal Thoughts Suicidal Plans

OR (95% CI) p OR (95% CI) p

Total
Model 1 2.65 (1.95–3.60) <0.001 2.14 (1.30–3.54) 0.003
Model 2 2.49 (1.82–3.40) <0.001 2.26 (1.22–4.20) 0.010
Model 3 2.14 (1.54–2.97) <0.001 2.01 (1.08–3.73) 0.028
Sex
Men
Model 1 3.30 (2.06–5.28) <0.001 2.33 (1.02–5.30) 0.044
Model 2 3.40 (2.05–5.65) <0.001 2.29 (0.85–6.20) 0.101
Model 3 3.09 (1.84–5.20) <0.001 2.00 (0.74–5.45) 0.172
Women
Model 1 2.18 (1.57–3.04) <0.001 1.97 (1.06–3.67) 0.032
Model 2 1.92 (1.33–2.76) 0.001 2.30 (1.07–4.97) 0.034
Model 3 1.63 (1.12–2.36) 0.011 2.01 (0.94–4.33) 0.073
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Table 4. Cont.

Suicidal Thoughts Suicidal Plans

OR (95% CI) p OR (95% CI) p

Age (years)
19–40
Model 1 3.15 (1.50–6.60) 0.003 2.30 (0.61–8.68) 0.220
Model 2 3.14 (1.50–6.58) 0.003 2.34 (0.62–8.77) 0.207
Model 3 3.15 (1.43–6.97) 0.005 2.04 (0.45–9.18) 0.350
41–64
Model 1 2.58 (1.65–4.04) <0.001 3.37 (1.48–7.68) 0.004
Model 2 2.55 (1.63–4.00) <0.001 3.34 (1.48–7.55) 0.004
Model 3 1.83 (1.17–2.85) 0.008 2.54 (1.12–5.77) 0.026
≥65
Model 1 1.87 (1.21–2.90) 0.005 1.16 (0.47–2.84) 0.750
Model 2 1.89 (1.21–2.96) 0.005 1.20 (0.48–2.97) 0.697
Model 3 1.89 (1.20–2.98) 0.006 1.20 (0.47–3.10) 0.700

4. Discussion

In this study, it was shown that 30.8% of the total population of the 7th KNHANES has
multimorbidity with more than two chronic diseases. As other studies have shown, the prevalence of
multimorbidity increases with age, [19] with 60.4% of people aged 65 and older having multimorbidity.
The proportion of women found with multimorbidity is overwhelmingly higher than that of men,
which is the same as in previous studies [20]. Further, this study found evidence that level of education
and smoking and drinking habits are related to multimorbidity.

We verified differences in suicidal thoughts and plans according to whether participants had
multimorbidity. A comparative analysis was performed on these two groups drawing on data from
the 2017 waves of the 7th KNHANES. Participants who had multimorbidity had a significantly greater
prevalence of suicidal thoughts compared to those without such group of diseases. It was also found
that the higher the number of chronic diseases, the higher the percentage of suicidal thoughts and
suicidal plans.

As life extension continues to increase in South Korea, it has become necessary to change the
perception of diseases among adults. This new understanding is essential for properly managing
patients with multimorbidity [3]. Multimorbidity is highly likely to occur from polypharmacy,
adverse drug side effects, or competing medical recommendations [21–23]. Moreover, if a person has
multimorbidity, their risk of suicide appears to increase. The concurrence of chronic illnesses can lead
to a decline in functional state and increase in mortality; therefore, more emphasis must be placed on
the comprehensive impact of multimorbidity on patients’ overall health and quality of life [24].

When a stratified analysis was conducted by age, younger people with multimorbidity were more
at risk of suicide than those without multimorbidity. In this study, the associations of multimorbidity
with suicidal thoughts in older adults aged over 65 were lower than in other age groups and did not
affect suicidal plans. However, the suicide rate among older adults is increasing as the population of
this group increases. According to South Korea’s statistics for 2014, the suicide rate is approximately
37.5 per 100,000 people aged in their 60s, 57.6 per 100,000 people aged in their 70s, and 78.6 per
100,000 people aged in their 80s, which are all much higher than the rates of 17.8 and 27.9 of people
in their 20s and 30s, respectively. These rates indicate that older adults have a higher risk of suicide
compared to other age groups [25]. It is also relevant to mention that suicide attempts among older
adults are more likely to lead to death compared to other age groups [25,26]. However, unlike suicide
in other age groups, suicide among older adults is generally not impulsive, and diverse realistic factors
tend to contribute to its occurrence [26,27].

When a stratified analysis was conducted by sex, there was a significant difference of suicidal
thoughts according to multimorbidity in men and women. In this study, the associations of
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multimorbidity with suicidal thoughts in men are higher than in women. This shows that there is a
difference in suicide between women and men, corroborating other studies [28–30]. However, suicidal
plans according to multimorbidity in men and women did not significantly differ.

Although this study provides reliable basic data on multimorbidity and suicidal thoughts and
plans in a representative sample of Koreans, it does not go without limitations. First, because of their
nature, cross-sectional studies cannot explain causal relationships between disease status and the
various suicide-related relevant variables among adults. Furthermore, we evaluated only the presence
of suicidal thoughts in the last year, without considering the frequency of these thoughts. Second,
because participants’ disease status was recorded based on self-reports, it is possible that biases affected
the data. Third, we could not perform a detailed survey of assessed suicidal thoughts and plans, as
we relied on previously written questions. In addition, while we might have considered some of the
factors that influence suicidal thoughts, we could not account for all confounding variables. Finally,
because older adults only accounted for a small proportion of all participants in the KNHANES, there
was a major difference in the number of participants between disease groups. Therefore, there is the
chance of false negatives and underestimation for some age-related results.

Previous studies have analyzed suicidal thoughts in relation to chronic illnesses; however, this
study is unique in verifying whether participants had suicidal thoughts and plans according to whether
they had multimorbidity. The presence of suicidal thoughts is a key risk factor for death by suicide.
Suicidal behavior often recur in people who have previously attempted suicide, and suicide attempts
often occur in people who frequently think about suicide [31,32]. Therefore, to prevent suicide,
people with suicidal thoughts must be categorized as a high-risk group for suicide attempts and be
cared for accordingly. By extension, it is necessary to consider multimorbidity in suicide prevention
measures, as these individuals appear at risk of suicide. Interventions by medical professionals should,
therefore, consider these thoughts as reflective of a person’s mental health status [33]. Four weeks
before suicide death, about 50% visited medical instructions such as outpatients, inpatients, and
emergency room visits, and 83% of them visited within one year [34]. Therefore, it is necessary to
screen suicidal risk for high-risk patients.

In conclusion, early detection and intervention regarding suicidal thoughts is essential in suicide
prevention strategies for older adults with multimorbidity. Further research is needed to determine
the suicide-related risk by chronic diseases and any clusters of chronic diseases.
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Abstract: Ultrasound-guided injection is a widely used technique, however, it takes substantial
amounts of time for novices to master the skill. The most critical issue to improve the accuracy
of the injection is to align the needle with the scan plane of the ultrasound beam and orient the
needle angle after piercing skin to aim at the targeted tissue. In the present study, we developed
a two-dimensional laser align device to assist physicians to accurately position the needle in the
scan plane and advance it at an angle correctly pointing to the target. The device is inexpensive,
light-weighted, and easy to fabricate and accommodate for any types of ultrasound probe. Statistical
analysis revealed that the assistance with our device significantly reduced the successful targeting
time and times of retargeting in comparison with the traditional freehand approach or only with
in-plane assistance for inexperience subjects. Our results indicate that the device exhibits great
potential in effectively reducing the learning time to master the skill and speeding up the procedure
for ultrasound-guided injection.

Keywords: ultrasound-guided injection; laser assisted; long-axis injection

1. Introduction

As point-of-care has gained increasing attention, ultrasound-guided injection becomes an
important and popular technique for physician. The real-time feature of ultrasonography allows
clinicians to target tissue for treatment more accurately and efficiently. However, it takes substantial
amounts of time for novices to master the skill. For example, the in-plane approach requires well-trained
coordination between hand and eyes to accurately position the needle in the scan plane and advance it
at an angle correctly pointing to the target. It is of great importance to develop tools that assist the
novices in accessing the target more easily and hence to improve their learning curve.

Several devices have been developed to assist clinicians in aiming the target more quickly and
precisely [1]. However, limitations still exist. For examples, the Infiniti PlusTM needle guidance system
(CIVCO Medical Solutions, Kalona, IA, USA) lacks the flexibility for direct adjustment of needle angle
once the needle is inserted into the tissue [2]; the electromagnetic tracking system [3], optical tracking
system [4,5], and robotic assistance system [6] are too large and expensive to be used in regular clinics.
In contrast, laser assisting approaches are relatively inexpensive and compact-sized. However, most of
the recently developed laser-based systems for needle guidance [7–9] only focus on the assistance in
positioning the needle in the scan plane, without aiding its insertion angle.

In this research, we developed a novel two-dimensional (2D) laser-align (LA) device to help
clinicians position the needle in the scan plane and at the right angle to precisely access the targeted
tissue in ultrasound-guided injection. The device is inexpensive, light-weighted, and easy to fabricate
and accommodate for any types of transducer. The device is switchable among three modes: 2DLA
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assisting, one-dimensional (1D) in-plane LA assisting without guidance for the inserting angle of the
needle, and no LA assisting, namely the traditional freehand approach. We further compared the
changes in the performance of ultrasound-guided targeting for novices and experienced physicians
when assisted by different modes.

2. Materials and Methods

2.1. Device Fabrication

The 2DLA device consisted of a 5 V power module containing two coin batteries, a laser module,
a clip, and a transparent film printed with slanting lines corresponding to various angles for needle
advancement. The laser module included two laser units and on-off and brightness were independently
controlled by two sets of switch and variable resistor, respectively. This design allowed users to switch
the device function among the 2D, 1D, or no LA assisting mode. The variable resistors let the user
change the brightness of lasers in an environment of various darkness.

The 2DLA assistance was accomplished by composing the laser module with two miniature laser
diodes and their associated lenses, such that a laser line and a laser point were projected along and on
a line aligned with the scan plane of the ultrasound beam, respectively. The pointing laser unit was
used to guide the needle angle when entering the tissue. This was done by matching the projected
laser point with a particular mark on the surface of the syringe body, while the marks corresponding to
various needle angle were determined using the method described below. The lining laser unit was
converted from a pointing laser unit with a half cylinder shaped lens, which refracted a point light
source into a line one. It emitted a sector plane which aligned with the scan plane of the ultrasound
beam. The sector plane projected a line on the skin surface next to the transducer and the point where
the line began indicated the point where the needle tip was expected to enter the skin.

The clip was custom-made by 3D printing to fit a 10 MHz ultrasonic probe (BenQ, Taipei, Taiwan).
It firmly mounted the laser units onto the probe at a specific angle, such that the pointing laser always
projected on the syringe surface whatever the needle angle was and provided sharp laser contrast for
needle and syringe positioning. The angle was determined as follows. Given a syringe of body length
L and its attached needle of length l, the syringe body should be confined within the region between
the interior and exterior of two concentric circles of radius L and l, respectively, as the needle angle to
the skin changes. It is assumed that the circles are centered at point p, where the needle tip was placed,
as shown in Figure 1a. To ensure that the spot emitted from the pointing laser unit always projects on
the syringe body as the needle angle changes, the unit could be positioned either at position a or b as
shown in Figure 1a, both of which are close to the two ends of the syringe body when the needle angle
was 90◦ to the skin, respectively, and the laser emitted from both positions is tangent to the inner circle.
These setups allowed the projection to cover the whole syringe body and hence provided better spatial
resolution for angle guidance.

Let the angle of the laser light with respect to the line vertical to the skin, and that of the needle to
the skin be ϕ and θ, respectively, and the distance from the needle tip to the point where the laser light
projected on the syringe body be x (Figure 1b), we have

ϕa = sin−1(l/pa) = sin−1(l/L), (1)

ϕb = cos−1(l/L), (2)

pb = L× cotϕ = l× L/
√
(L2 − l2), (3)

x = h(sinθ+ tan(ϕ− θ) cosθ) = h sinϕ sec(ϕ− θ), (4)

x′ ≡ dx/dθ = −h× sinϕ tan(ϕ− θ) sec(ϕ− θ), (5)
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where ϕa and ϕb represents the angle ϕwhen the unit was set at position a and b, respectively, h denotes
pa or pb in each condition, and x’ is the slope of x against various θ.

 
(a) 

 
(b) 

 
(d) 

 
(c) 

Figure 1. Geometric representation of the proposed positioning of the laser units. (a) Proposed setups
of the pointing laser unit. (b) Geometric characteristics of the setup. (c) Profiles of slope of x against
various needle angles. (d) Geometric layout of the lining laser unit.

Figure 1c depicts the change in x’ as the needle angle varied. Note that larger x’ offered finer
spatial resolution for the guided points projected on the syringe body. Thus, the laser emitted from
position a were projected on a wider range at larger needle angle, while that of position b was opposite.
Since the needle angle is usually smaller than 45◦ in regular clinical practice, we chose position b to
setup the pointing laser unit. The projected range of the pointing laser calculated using Equation (2)
and Equation (3) would be the widest as the needle angle varied from 0◦ to 30◦, if ϕ and pb were set
to be 61.5◦ and 5.42 cm, respectively. An array of marks corresponding to various θwas determined
using Equation (4) and labeled on the syringe. Thus, the needle was expected to enter the skin at a
specific angle if the emitted laser spot was aligned with the mark corresponding to the angle.

The lining laser unit was set close to the pointing one to save the device size. Figure 1d demonstrates
the geometric layout of the setup. The emitting angle of the laser sector plane is denoted by β, while
the plane was aligned with the scan plane of the ultrasound beam and projected as a line on the surface
of the skin or the syringe. The vertical distance between the unit and the skin surface is H, and d
represents the distance between the end of the probe and the beginning of the projected line, which
corresponds to point p in Figure 1a. Note that d is usually about 1 cm in clinical setting. Hence, the unit
had to be tilted and γ represents the angle between the vertical line through the emitting point of the
laser and the boundary of the sector plane, and we have

γ = tan−1(d/H). (6)

Note that the unit was tilted by an angle of γ + 0.5β. We set β and γ as 52.7◦ and 9.46◦, respectively,
and H = 6 cm, such that the two units were separated by 0.58 cm to reduce the device size.

A transparent film printed with slanting lines was attached to the ultrasound monitor. Each line
represented a particular angle for needle entering and had the corresponding mark labeled on the
syringe. The labels included marks for various angles and a line aligned with the long axis of the
syringe. One was expected to enter the needle in the scan plane at correct angle to the target; once the
syringe was aligned with the projected laser line and the pointing laser was pointed to the right mark
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that matching the angle determined by the slanting lines. Figure 2 illustrates the device prototype and
the typical procedure of needle entering with the 2DLA assistance was demonstrated in Figure 3.

 
(a) 

 
(b) 

 
(c) 

Figure 2. Schematic and photographs of the 2DLA device. (a) Diagram simulating the device in work.
(b) A device assembled with an ultrasound probe. (c) The transparent film printed with the slanting
lines for various needle entering angle and attached to an ultrasound screen.

(a) (b) (c) 

(d) (e) (f) 

Figure 3. Procedure of needle entering guided with the 2DLA mode. (a) Position the probe to clearly
visualize the target (highlighted by the yellow circle) on the screen. (b) Turn on the lasers and place
the needle tip right at the beginning point of the projected laser line (the end of the laser line close
to the probe). (c) Reorient the needle to match the projected laser line with the straight line attached
on the syringe surface, which indicates the long axis of the needle. (d) Determine the insertion angle
(highlighted by the yellow circle) using the slanting lines attached on the screen. (e) Adjust the entering
angle to match the laser spot projected by the pointing laser unit with the mark labeled on the syringe
surface corresponding to the insertion angle determined in (d). (f) Enter the needle into the phantom
with persistent needle orientation until the needle tip touches the target on the screen.

2.2. Device Performance

To evaluate the effectiveness of our device, twenty subjects were enrolled to perform ultrasound-guided
targeting in phantoms. Six of the subjects were physicians experienced in ultrasound-guided injection and
the other fourteen subjects had little experience in ultrasound imaging before this study.

The phantoms were mainly composed of liquid paraffin and thermoplastic styrene-butadiene
rubber which allowed the phantoms being formed and reshaped easily. The thermal-cured phantoms
were transparent, excellent for ultrasound transmission, and possessed elasticity similar to that of soft
tissues. The transparency of the phantoms allowed direct visualization of the needle advancement
during practice and the performance test. Blocks made of poly (dimethylsiloxane) and iron powders
with high echogenicity were embedded in the phantoms to simulate targets. There were two types
of phantoms used in this study (Figure 4a,b); one was for practicing and had targets embedded at
the same distance to the phantom surface; and the other was made for the performance test and the
distance of the simulated targets to the phantom surface varied from 1 to 2 cm.
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(a) 

 
(c) 

 
(b) 

Figure 4. Photographs of the two types of phantom and its use in the performance test. Phantoms
for (a) practicing, (b) performance test for ultrasound-guided targeting and (c) A subject performed
ultrasound-guided targeting with a masked phantom.

The performance test was conducted by asking all participants to needle three targets of different
depths and each needling was guided with one of the three assisting modes in randomized order.
The order of the target depths was randomized as well and the variation of target depth was to prevent
subjects from being familiar with the target depth from the preceding needling. In the 2DLA mode,
both the lining and pointing lasers were turned on; the subject was instructed to locate the target for
injection on the B-mode image, place the needle tip at the beginning end of the projected laser line,
align the needle and overlap the long-axis line labeled on the syringe body with the laser line, estimate
the needle angle to the target using the slanting lines on the transparent film, match the mark on the
syringe body corresponding to the angle with the laser point, and advance the needle until the tip
touched the target and complete the task. The procedure in the 1DLA condition was similar except
that the pointing laser was turned off and the subjects had to estimate the needle angle by themselves,
while the laser units were completely turned off in the no LA assisting, freehand (FH) condition.
Before the performance test, the participants had unlimited time to practice targeting in the three
modes. In the performance test, the phantom was masked on the side facing the subject to prevent
direct visualization of the needle advancement by the subject, while the opposite side of the phantom
remained transparent for video recording (Figure 4c). For each assigned target, the subject was allowed
to withdraw the needle unlimited times to adjust the needle angle until successful targeting, which
was considered as the needle tip penetrated the target with the presence of the entire inserted needle
on the screen. Performance was evaluated by the total duration spent from entering the needle to the
phantom to the moment when a successful targeting was achieved; the number of needle withdrawals
until successful targeting; and the last duration, defined as the time spent from the last withdrawal to
the successful targeting, which was equal to the total time if there was no needle withdrawal.

2.3. Statistics

Statistical analysis was performed using IBM SPSS Statistics 25. The differences of the three
performance variables grouped with respect to different subjects, task order, and target depths were
analyzed with Kruskal-Wallis one-way ANOVA test. The differences of the performance conducted in
the three modes were examined using Mann-Whitney U test. Significance was set as p < 0.05.

3. Results

We first asked whether the performance of individuals of the same experience level was significantly
different, and whether the performance was affected by the task order and the target depths. Table 1
summarized the statistical results of the performance data (Table A1) grouped against different subjects,
task order, and target depths, while the data were categorized based on the level of experience. Given
the subjects of the same experience level, it appears that there was no significant difference between the
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averaged total durations they spent to finish the three tasks, the number of needle withdrawals, and the
last durations to achieve successful targeting. Likewise, the performance was not significantly different
whether the task was the first or last conducted, or the target was positioned more superficially or
deeper. Detailed data were listed in the Appendix A.

Table 1. Significances of differences between the means of the performance data categorized with
respect to different subjects, task orders, and target depths. * p < 0.05.

Group Subjects Orders Target depths

Total Duration
Inexperienced 35.83 ± 22.18, p = 0.133 35.83 ± 10.90, p = 0.134 35.83 ± 3.71, p = 0.779
Experienced 25.56 ± 16.34, p = 0.471 25.56 ± 5.99, p = 0.535 25.56 ± 8.20, p = 0.385

Withdrawals
Inexperienced 3.31 ± 1.90, p = 0.281 3.31 ± 0.85, p = 0.234 3.31 ± 0.36, p = 0.975
Experienced 1.67 ± 0.43, p = 0.206 1.67 ± 0.36, p = 0.076 1.67 ± 0.24, p = 0.331

Last Duration
Inexperienced 9.43 ± 3.72, p = 0.120 9.43 ± 0.78, p = 0.582 9.43 ± 0.53, p = 0.883
Experienced 13.44 ± 4.75, p = 0.925 13.44 ± 2.12, p = 0.804 13.44 ± 5.69, p = 0.162

We next examined the performance differences in various assisting conditions. Figure 5 depicts
the performance of the inexperienced and experienced subjects and the data were detailed in Table 2.
As for the inexperienced subjects, they less frequently withdrew the needle for retargeting as more
assistance was provided, while the last duration for successful targeting followed an opposite trend.
As expected, they also spent significantly longer total duration in the FH condition than in the other two
conditions. In contrast, the experienced subjects spent the shortest total duration and last duration in
the FH condition than in the other two conditions. Detail p-values of comparisons between conditions
were summarized in Table 3. As one may expect, the inexperienced subjects took significantly longer
total duration and more frequent needle withdrawals than the experienced subjects in the FH condition.
However, their performances were not significantly different when the LA assistances were employed,
except that the experienced subjects spent significantly longer time in the last duration than the
inexperienced ones in the 2DLA condition. Detail data of the two subject groups and the p-values of
comparisons between them were summarized in Table 2.

Table 2. Means and standard deviations of inexperienced group and experienced group in FH, 1DLA,
and 2DLA conditions with significance level of relation between two groups. * p < 0.05.

Group FH 1DLA 2DLA

Total Duration
Inexperienced 56.21 ± 48.67 p = 0.012 * 29.36 ± 19.90 p = 0.968 21.93 ± 10.91 p = 0.207
Experienced 9.33 ± 6.60 29.50 ± 23.24 37.83 ± 25.90

Withdrawals
Inexperienced 5.79 ± 4.36 p = 0.026 * 2.64 ± 1.39 p = 0.274 1.50 ± 0.63 p = 0.718
Experienced 1.83 ± 0.69 1.83 ± 0.69 1.33 ± 0.47

Last Duration
Inexperienced 5.86 ± 3.60 p = 0.179 9.14 ± 4.73 p = 0.312 13.29 ± 5.23 p = 0.050 *
Experienced 3.33 ± 1.25 13.50 ± 7.46 23.50 ± 11.54

Table 3. Significance of difference in the performance of the inexperienced and experienced subjects
compared between various assistance conditions. * p < 0.05, ** p < 0.01.

Group FH–1DLA FH–2DLA 1DLA–2DLA

Total Duration
Inexperienced p = 0.210 p = 0.039 * p = 0.541
Experienced p = 0.026 * p = 0.015 * p = 0.485

Withdrawals
Inexperienced p = 0.019 * p = 0.001 ** p = 0.039 *
Experienced p = 1.000 p = 0.310 p = 0.310

Last Duration
Inexperienced p = 0.039 * p < 0.001 ** p = 0.044 *
Experienced p = 0.002 ** p = 0.002 ** p = 0.093
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(a) 

(b) 

(c) 

Figure 5. Comparisons of the performance of the subjects assisted by the three different modes. Data of
(a) total duration, (b) withdrawal number, and (c) last duration of the inexperienced and experienced
subjects performing in the freehand (FH), assisted with the lining laser (1DLA), and assisted with lining
plus pointing laser (2DLA) condition. * p < 0.05, ** p < 0.01.

4. Discussion

In the present work, we showed that for people new to ultrasound-guided injection, our novel
device did help their performance in reducing the spent time and number of needle withdrawals for
successful targeting. These results agree well with those reported previously [7–9], and we further
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demonstrated that our novel 2DLA design significantly helped the inexperienced operators to perform
better than in the traditional freehand condition or simply assisted by a lining laser. By following
the guidance provided by the pointing laser and the marks on the syringe, most of the inexperienced
participants could pierce the target in one shot. This is reasonable since the 2DLA mode provided a
vast amount of information for needle operation such that the subject’s expertise in ultrasound-guided
injection had a minor role. This may explain the fact that most of the performance of the inexperienced
and experienced subjects was not significantly distinguishable when assisted in the two LA modes.
Indeed, the experienced subjects even spent much longer time to achieve the successful targeting in the
two LA modes than that in the FH condition, since they already had good eye-hand coordination and
individual tempo for injection and may have been confused with the laser assistance. Furthermore,
it may be cumbersome to check many parameters before needle advancement in the 2DLA mode,
which may explain why it took longer time for the last successful targeting in both inexperienced and
experienced groups. However, we believe this drawback can be overcome as the operators become
familiar with the device. Nevertheless, this mode still improved the efficacy of the inexperienced
operators as the total time was less, owing to the much fewer withdrawals. The results shown in
Table 1 indicate that the randomly assigned targets of different depths were successful to prevent
the participants from predicting the needle angle using the experience learned in preceding tests.
Furthermore, these results suggest that the task difficulty perceived by the participants was not
dependent on the target depth, nor the task order. Collectively, our results indicate that the 2DLA
device has a high potential to speed up the learning curve of novices in ultrasound-guided injection.

With 5.5 × 5.0 × 2.8 cm in size, 32 g in weight, and a price of about $20, our 2DLA device was
compact, lightweight, inexpensive, easy to mount onto the probe, and provided immediate guidance if
the operators need to change the target suddenly. Unlike the device designed by Daehee et al. [10],
there is no direct contact between our device and patients’ skin or needle, which reduced the risk of
infection. These features render our device competitive in clinical use or medial training when compared
with commercially available products. For example, although the Infiniti PlusTM needle guidance
system provided by the CIVCO company has very affordable price (~$10 for each set), it prohibits
repeated adjustment of the needle orientation for injection of multiple targets, or immediate replacement
of syringe of various size in conditions such as the combined operation of ultrasound-guided aspiration
and injection [11]. The eTRAX needle tip tracking guidance system, which is also from the CIVCO,
embeds an electromagnetic sensor in the needle tip to provide needle tracking, but it costs more
than 2 thousand dollars and is roughly forty times larger than ours in volume [12]. The SCENERGY
system from the Clear Guide Medical attaches stereocameras to the ultrasound probe and integrates
the ultrasound image with the CT/MRI image to improve needle navigation, but the assistive device
is much larger than ours, and it requires attachment of labels on the subject’s skin for recognition,
which may increase the risk of infection [13].

However, there are limitations in the present study. Although nonparametric tests were applied
to make our results statistically stricter, the enrollment size was small. Furthermore, the marks labeled
on the syringe for guidance of injection angle were calculated based on a flat skin surface, which may
well approximate conditions when the radius of curvature of the skin is much larger than the probe
size, such as scanning along the long axis of an arm. However, the guidance will be erroneous when
entering the needle through skin surface with smaller radius of curvature, holding the ultrasound
probe askew or using a curvilinear array probe. Additional calculation is required to fix the scale
distortion arising in these conditions. For example, when our device is applied to a curvilinear probe,
the slanting lines printed on the transparent film should be curved to match the sector image generated
by the probe. Likewise, since the needle entering point is usually out of the image view when the
probe is applied on a curved surface with a large curvature, such as scanning along the transverse
plane of an arm, it is hard to predict the needle orientation unless the geometric condition between the
probe and the entering point is given.
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5. Conclusions

In summary, we developed a novel 2DLA device that provided guidance for needle orientation
both for the image plane and the angle for entering. Statistical analysis revealed that the 2DLA mode
significantly reduced the time for successful targeting and frequency of retargeting in comparison with
the FH and 1DLA mode. Injecting quickly and accurately is one of the most challenging tasks during
the training for ultrasound-guided injection. Our device exhibits great potential in effectively reducing
the learning time to master the skill and speeding up the procedure.
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Appendix A

Table A1. Data of each subject in inexperienced group and experienced group.

Subject Task Order
Target Depth

(cm)
Total

Duration (s)
Withdraw
Times (#)

Duration of
Last Insertion (s)

Inexperienced Group 1 FH I 1 64 4 7
1DLA II 1.5 15 1 15
2DLA III 2 10 1 10

2 FH I 2 61 7 11
1DLA II 1.5 58 5 13
2DLA III 1 42 2 14

3 FH III 2 31 3 9
1DLA II 1 8 1 8
2DLA I 1.5 26 2 11

4 FH III 1 44 7 2
1DLA I 2 36 3 5
2DLA II 1.5 23 2 6

5 FH II 2 17 5 3
1DLA I 1 19 3 4
2DLA III 1.5 11 1 11

6 FH I 1.5 35 6 3
1DLA III 1 18 3 5
2DLA II 2 7 1 7

7 FH II 1 46 4 6
1DLA III 1.5 5 1 5
2DLA I 2 10 1 10

8 FH II 1.5 3 1 3
1DLA I 2 11 1 11
2DLA III 1 19 1 19

9 FH III 1.5 4 1 4
1DLA II 2 37 3 7
2DLA I 1 15 1 15

10 FH II 1 11 1 11
1DLA III 2 8 1 8
2DLA I 1.5 40 2 20

11 FH III 1.5 133 13 5
1DLA I 1 64 5 21
2DLA II 2 24 1 24

12 FH I 2 141 17 2
1DLA III 1.5 30 4 4
2DLA II 1 36 3 7

13 FH I 2 153 7 13
1DLA II 1.5 61 3 12
2DLA III 1 18 1 18

14 FH III 1 44 5 3
1DLA I 1.5 41 3 10
2DLA II 2 26 2 14
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Table A1. Cont.

Subject Task Order
Target Depth

(cm)
Total

Duration (s)
Withdraw
Times (#)

Duration of
Last Insertion (s)

Experienced Group 1 FH III 1.5 11 2 3
1DLA II 2 80 3 20
2DLA I 1 90 2 30

2 FH I 1.5 15 2 5
1DLA II 1 24 2 10
2DLA III 2 12 1 12

3 FH II 2 20 3 5
1DLA III 1.5 16 2 7
2DLA I 1 45 1 45

4 FH I 1 3 1 3
1DLA II 1.5 20 2 7
2DLA III 2 38 2 12

5 FH II 2 2 1 2
1DLA I 1 10 1 10
2DLA III 1.5 18 1 18

6 FH III 1.5 5 2 2
1DLA II 1 27 1 27
2DLA I 2 24 1 24
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Abstract: The oncologic merits of the laparoscopic technique for colorectal cancer surgery remain
debatable. Eligible patients with non-metastatic colorectal cancer who were scheduled for an elective
resection by one surgeon in a medical institution were randomized to either laparoscopic or open
surgery. During this period, a total of 188 patients received laparoscopic surgery and the other 163
patients received the open approach. The primary endpoint was cancer-free five-year survival after
operative treatment, and the secondary endpoint was the tumor recurrence incidence. Besides, surgical
complications were also compared. There was no statistically significant difference between open
and laparoscopic groups regarding the average number of lymph nodes dissected, ileus, anastomosis
leakage, overall mortality rate, cancer recurrence rate, or cancer-free five-year survival. Even though
performing a laparoscopic approach used a significantly longer operation time, this technique was
more effective for colorectal cancer treatment in terms of shorter hospital stay and less blood loss.
Meanwhile, fewer patients receiving the laparoscopic approach developed postoperative urinary tract
infection, wound infection, or pneumonia, which reached statistical significance. For non-metastatic

J. Clin. Med. 2019, 8, 875; doi:10.3390/jcm8060875 www.mdpi.com/journal/jcm223



J. Clin. Med. 2019, 8, 875

colorectal cancer patients, laparoscopic surgery resulted in better short-term outcomes, whether
in several surgical complications and intra-operative blood loss. Though there was no significant
statistical difference in terms of cancer-free five-year survival and tumor recurrence, it is strongly
recommended that patients undergo laparoscopic surgery if not contraindicated.

Keywords: laparoscopic; open surgery; non-metastatic colorectal cancer; surgical complication;
oncologic outcome; single surgeon experience

1. Introduction

Since the first laparoscopic-assisted colon resection introduced in 1991 by Jacobs et al., it has
gradually become popular [1]. Increasingly more colorectal surgeons admit that the laparoscopic
technique leads to quicker functional recovery [2–5] and improved short-term results when compared
with the open approach [6–12]. However, the laparoscopic technique has not previously been proven
to gain significant benefits in colorectal surgeries [13–17]. Recently, oncologic outcomes of colorectal
cancer resection, in terms of lymph node harvest number and excision safety margin lengths, achieved
under laparoscopy could be comparable to those obtained using the conventional open technique.
However, the curability of colorectal cancer under the laparoscopic technique remains controversial
because of the uncertainty about the overall recurrence rate [18]. Besides, three principal, randomized
clinical trials have proven that the laparoscopic technique can lead to the same oncological outcomes
related to an open approach, but did not distinguish a survival benefit favoring laparoscopy [2,4,6].

It is believed that the role of the laparoscopic technique for advanced non-metastatic colorectal
cancer management will be clarified through this study. The aim of this research was a comparison
of surgical complications and five-year oncologic results of non-metastatic colorectal cancer patients
receiving laparoscopic resection (LR) or open resection (OR) by one surgeon in a medical institution.

2. Materials and Methods

2.1. Ethics Statement

The institutional Ethics of Research Committee of Chi Mei Medical Center, Taiwan permitted this
study. The protocol conformed to ethical standards according to the Declaration of Helsinki published
in 1964. Moreover, written or verbal consent from patients was acquired for this study.

2.2. Study Population

From January 2008 to December 2013, a total of 375 consecutive colorectal cancer patients
scheduled for resection by Dr. Chiu in a regional hospital with LR or OR were assessed (Figure 1).
The treatment protocol was based on the National Comprehensive Cancer Network (NCCN)
Guidelines®. The exclusion criteria included patients with cancer distant metastasis, synchronous
tumors, adjacent organ invasion, intestinal obstruction, combined operations for other disease, history
of trans-abdominal or trans-anal colorectal surgery, history of inflammatory bowel disease, polyposis,
past episode of ileus related to severe intra-abdominal adhesions, morbid obesity, severe medical
disease, pregnancy, emergent surgeries, patient unwilling to participate in the study, or conversion
to open approach. Conversion to open approach was defined as an abdominal incision larger than
necessary for specimen retrieval. Written informed consent was obtained from all patients in this
study. This study divided patients into several groups according to the tumor locations. Patients of
each tumor location group were randomly allocated to receive LR or OR using the random numbers
belonging to that location group in the envelopes, blindly selected by the surgeon before the operation.
In the LR group, all patients needed to pay for the extra fee of the harmonic scalpel and wound retractor.
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Data were collected in a prospectively maintained database that was supplemented by a retrospective
chart review.

Figure 1. The flowchart of the study design.

2.3. Pre-Operative Staging Work-Up

The evaluation included physical examination, colonoscopy with biopsy, abdominal, and pelvic
computed tomography (CT) scan. Pelvic magnetic resonance imaging was routinely performed
for rectal cancer patients. Serum level of carcinoembryonic antigen (CEA) was sampled before the
operation. The pre-operative clinical oncologic staging was classified by tumor node metastasis (TNM)
system of the American Joint Committee on Cancer (AJCC)/International Union Against Cancer (UICC).

2.4. Surgical Techniques

All LR and OR procedures proceeded with a standardized medial-to-lateral approach and
non-touch technique. During LR surgery, the surgeon and camera operator stood on the opposite side
of the colorectal lesion, while the first assistant positioned to the same side of the lesion. Briefly, the right
hemicolectomy including the range extended to the mid-transverse colon with lymphadenectomy
about the ileocolic, right colic, and middle colic vessel origin was selected for proximal lesions
(those sited proximal to the flexure of the spleen). The left hemicolectomy with lymphadenectomy
at the level of the left colic and the left branch of the middle colic vessel origins was selected for
lesions at the descending colon. The omentum was transected to allow entry into the omental bursa
and mobilization of the liver flexure (right hemicolectomy) or splenic flexure (left hemicolectomy).
As lesions of the sigmoid colon or rectosigmoid junction, the sigmoid colectomy with upper rectum
resection and lymphadenectomy extended to the inferior mesenteric vessel origin were selected. At least
5 cm safety surgical clearance margin was mandatory for all patients. As for rectal cancer, the technique
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was standardized as follows: (1) for upper third rectal lesions, a 5 cm mesorectal resection with
end-to-end colorectal anastomosis was done; (2) for mid and low rectal lesions, total mesorectal excision
with pouch supra-anal or anal anastomosis was performed; and (3) abdominoperineal excision was
indicated once the levator muscle was involved by tumor. According to the principle of the non-touch
technique, high ligation of the inferior mesenteric artery and mobilization of the splenic flexure were
first systematically performed, whether the procedures were performed in LR or OR group. Dissected
tissue was pulled out via a wound retractor at the extended umbilical wound for abdominal wall
protection. For proximal lesions, anastomosis was routinely performed extra-corporeally. We routinely
performed trans-anally intra-corporeal circular stapled anastomosis after the descending colon, sigmoid
colon, or rectum lesion resection, because the residual distal intestine stump after resection was hardly
managed extra-corporeally. In the OR group, the procedures were performed through a midline
laparotomy with the same rules, and the wound was protected by gauze covering. The harmonic
scalpel was generally used for soft tissue dissection in the LR group, but not in the OR group. Besides,
in cases with difficult tumor localization by vision or palpation, an intra-operative colonoscopy would
be routinely used to locate the actual tumor site instead of using other methods. However, no one
in the OR group needed an intra-operative colonoscopy, but only three patients in the other group
needed one.

2.5. Post-Operative Management

Post-operative treatment was the same for both groups. Patients were discharged when they had
sufficient oral intake, well-controlled complications, or no complications. Complications designated
as more severe than grade I according to the Clavien–Dindo classification system were categorized
as ileus, urinary tract infection, wound infection, pneumonia, anastomotic leakage, and so on.
Besides, most patients with stage III colorectal cancer would receive post-operative chemotherapy
(oral or intravenous form), except six patients of the LR group and three of the OR group owing to
general weakness or intolerance to chemotherapy.

2.6. Post-Operative Follow-Up

One specialized pathologist assessed all specimens. All patients were followed up with clinical
examination, serum CEA assay, chest X-ray exam every three months, and liver ultrasound every six
months for the first two years, and then annually. An abdominal CT exam was arranged annually.
A colonoscopy was performed at one year after the operation, then every three years.

2.7. Statistical Analysis

The main endpoint of this study was cancer-free five-year survival. The secondary endpoint
was the incidence of tumor recurrence. Predefined baseline variables are listed in Tables 1 and 2.
Variables for the univariate analysis were gender, age, American Society of Anesthesiologists (ASA)
class, tumor location, TNM stage, histopathology, pre-surgery serum CEA level, type of intervention,
postoperative complications, and tumor recurrence. Categorical variables were compared using
the χ2 test. Continuous variables (e.g., number of lymph nodes removed, hospitalization period,
intra-operative blood loss, and operation time) were compared using Student’s t-test. Survival period
was evaluated from the day of surgery to the last visit or death. For cancer-free survival, patients dying
from other causes were censored at the time of death. Probability curves were constructed according
to the Kaplan–Meier method and compared with the log-rank test (Table 3) (Figure 2). A p-value less
than 0.05 was regarded as statistically significant. All calculations were performed using the SPSS
software package version 20 (SPSS Inc., Chicago, IL, USA).
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Table 1. Comparison of baseline characteristics between laparoscopic resection (LR) versus open
resection (OR).

Items
LR

(n = 188)
OR

(n = 163)
p-Value

Gender 0.435

Male 102 87

Female 86 76

Age (mean ± SD) 68.6 ± 12.7 71.5 ± 12.1 0.23

ASA class 0.698

I 113 92

II 75 71

TNM stage (clinical/radiologic) 0.345

0 3 0

I 70 55

II 26 26

III 89 82

TNM stage (pathologic) 0.344

0 3 0
I 68 53

II 30 29

III 87 81

Histopathology 0.624

Well differentiated 92 79

Moderate differentiated 71 65

Poorly differentiated 25 19

Tumor location 0.431

Cecum 29 20

Ascending colon 41 36

Transverse colon 12 15

Descending colon 21 18

Sigmoid colon 52 45

Rectum 33 29

Intervention 0.720

Right hemicolectomy 65 56

Left hemicolectomy 24 21

Transverse colectomy 14 10

Sigmoid colectomy 50 44

Protectomy 32 27

Abdominal perineal resection 3 5

Protective diversional stoma 13 15

Pre-surgery 1.000

serum CEA level

<5 24 13

≥5 164 150

ASA—American Society of Anesthesiologists; TNM—tumor node metastasis; CEA—carcinoembryonic antigen.
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Table 2. Comparison of surgical outcomes between laparoscopic resection (LR) versus open
resection (OR).

Items
LR

(n = 188)
OR

(n = 163)
p-Value

Tumor recurrence 17 (9.0%) 22 (13.5%) 0.186

Lymph nodes removed 16.0 ± 9.2 19.2 ± 13.7 0.07

Hospitalization (days) 13.2 ± 4.2 18.8 ± 9 <0.001 **

Blood loss (mL) 23.5 ± 14.6 162.2 ± 63.4 <0.001 **

Operation time (min) 191.4 ± 71.1 150.8 ± 46.3 <0.001 **

Postoperative complications

Total 8 25

Ileus 3 5 0.273

Urinary tract infection 1 5 <0.001 **

Wound infection 2 7 <0.001 **
Pneumonia 2 6 0.048 *

Anastomosis leakage 0 2 0.140

* p ≤ 0.05 ** p ≤ 0.001. LR Tumor recurrence: liver metastasis ×13, lung metastasis ×5, carcinomatosis ×4, anastomotic
recurrence ×1, local recurrence ×3; OR Tumor recurrence: liver metastasis ×19, lung metastasis ×8, carcinomatosis
×6, anastomotic recurrence ×3, local recurrence ×2.

Table 3. Cancer-free survival rates between laparoscopic resection (LR) versus open resection (OR).

Stage Group n
Death

Survival

1st Year 2nd Year 3rd Year 4th Year 5th Year
p-Value

n % % (n) % (n) % (n) % (n) % (n)

0
LR 3 0 0 100 (3) 100 (3) 100 (3) 100 (3) 100 (3) -
OR 0 - - - - - - -

I
LR 68 0 0 100 (68) 100 (68) 100 (68) 100 (68) 100 (68)

0.206
OR 53 4 7.5 100 (53) 100 (53) 98.1 (52) 96.2 (51) 92.5 (49)

II
LR 30 3 10.0 100 (30) 100 (30) 100 (30) 93.3 (28) 90.0 (27)

0.713
OR 29 5 17.2 100 (29) 93.1 (27) 93.1 (27) 89.7 (26) 82.8 (24)

III
LR 87 18 20.7 100 (87) 97.7 (85) 88.5 (77) 86.2 (75) 79.3 (69)

0.426
OR 81 23 28.4 97.5 (79) 93.8 (76) 88.9 (72) 82.7 (67) 71.6 (58)

Total
LR 188 21 11.2 100 (188) 98.9

(186)
94.7
(178)

92.6
(174)

88.8
(167) 0.328

OR 163 32 19.6 98.8
(161)

95.7
(156)

92.6
(151)

88.3
(144)

80.3
(131)
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(D) 

Figure 2. (A) Kaplan–Meier curve of cancer-free five-year survival in stage I patients (p = 0.206);
(B) Kaplan–Meier curve of cancer-free five-year survival in stage II patients (p= 0.713); (C) Kaplan–Meier
curve of cancer-free five-year survival in stage III patients (p = 0.426); (D) Kaplan–Meier curve of
cancer-free five-year survival in all stage patients (p = 0.328).

3. Results

3.1. Baseline Characteristics of Patients

The basic profile of this study is shown in Figure 1. Initially, 375 colorectal cancer patients
under Dr. Chiu’s service were sorted. Of these, 11 were excluded from the study. A total of
364 patients receiving curative resection were assessed in this study; 195 received LR and 169 received
OR. Carcinomatosis was detected intra-operatively in seven patients of LR and six patients of OR,
which were excluded. The remaining patients were compliant with the follow-up protocol. The median
surveillance period was about 60 months.

In Table 1, both groups of patients were well matched in terms of demographic and
clinicopathologic parameters. During this study period, 188 patients of the LR group were compared
with the data obtained from the other 163 patients of the OR group. In the LR group, the mean age
was 68.6 ± 12.7 years, and 102 (54.3%) patients were male. According to the final pathology report,
three patients were classified in stage 0, 68 in stage I, 30 in stage II, and 87 in stage III. In the OR
group, the mean age was 71.5 ± 12.1 years, and 87 (53.4%) patients were male; none were affected by
tumors in stage 0, 53 in stage I, 29 in stage II, and 81 in stage III. There was a little disparity between
clinical/radiologic staging and pathological staging in this study. Other characteristics of tumors and
patients were summarized, and there was no statistical difference between these two groups.

3.2. Surgical Outcomes

In Table 2, the rate of tumor recurrence was 9.0% (17/188) in the LR group and 13.5% (22/163)
in the OR group. Although the difference was not statistically significant, tumor recurrence seemed
to be lower in the LR group (p = 0.186). The average number of lymph nodes removed in LR was
16.0 ± 9.2 and 19.2 ± 13.7 in OR (p = 0.07). Tumor margins were non-involved in patients of both
groups. However, this study demonstrated that LR was more effective for the treatment of colorectal
cancer in terms of hospital stay (p < 0.001) and blood loss (p < 0.001). Conversely, operation time was
significantly longer in LR than in OR (191.4 ± 71.1 min vs. 150.8 ± 46.3 min, p < 0.001). Compared
with the LR group, more patients in the OR group encountered postoperative urinary tract infection,
wound infection, and pneumonia, which reached statistical significance. Only two patients in the
OR group were found with mild anastomosis leakage from the drainage tube clinically. Abdominal
CT confirmed the diagnosis and that the degree was mild. These two patients received conservative
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treatment, including intravenous fluid supply and nil per os. However, further surgical intervention
was not necessary.

3.3. Cancer-Free Survival Rates and Tumor Recurrence Incidence

In Table 3, twenty-one patients (11.2%) of the LR group and 32 patients (19.6%) of the OR group
expired. There was a trend of higher overall mortality in the OR group, with 4 in stage I, 5 in stage II,
and 23 in stage III, but it was not statistically different. In stage 0, there were only three patients in
the LR group and none in the other. All three patients survived more than five years after surgery.
In stage I, all four deaths of the OR group were non-cancer related. All patients survived for at least
30 months after surgery. In stage II, two patients in the OR group died within the second year after
surgery, but they were non-cancer related. Others in both groups who died were all cancer-related.
In stage III patients, all eighteen deaths in the LR group and twenty-three deaths in the OR group were
cancer-related. In the OR group, two patients died fewer than six months after a second oncologic
surgery for cancer recurrence, about three years after previous surgery.

There was a phenomenon of a higher cancer-free five-year survival in stage I (p = 0.206, Figure 2A),
stage II (p = 0.713, Figure 2B), stage III (p = 0.426, Figure 2C), and all stages (p = 0.328, Figure 2D)
in the LR group when compared with those in the OR group, although the difference was not
statistically significant.

The median time for tumor recurrence was 57.0 months (range 25–68 months) in LR and 53.5 months
(range 25–63 months) in OR. Importantly, no difference was observed in the cumulative incidence of
recurrence between these two groups (p = 0.186) (Figure 3). Besides, there was no incidence of port-site
recurrence in the LR group or wound recurrence in the OR group.

 
Figure 3. Cumulative incidence curve of tumor recurrence in all stage patients (p = 0.186).

4. Discussion

Previously, randomized controlled studies demonstrated that LR had favorable operative outcomes
with less wound pain, earlier functional return of the gastrointestinal tract, a shorter hospital stay,
and better cosmetics when compared with OR [19–22]. Moreover, a meta-analysis [23] and two large
retrospective studies [24,25], which included a large number of patients, also showed a significant
reduction in the mortality rate and lowered the morbidity after LR.

However, survival is the most crucial concern for assessing success for malignant disease treatment.
This study included a 60-month follow-up and compared LR and OR for non-metastatic colorectal
cancer. The results of cancer-related survival and incidence of tumor recurrence favored the LR
group, despite that there was no statistically significant difference regarding the oncological results.
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The Clinical Outcome of Surgical Therapy study, which was the largest randomized controlled trial
conducted so far, also showed the same results as ours and even overall survival between the two
groups after a median four-year follow-up [2]. However, in a single institution randomized study,
Lacy et al. advocated that there was a cancer-related survival advantage after LR for stage III colon
cancer patients [26]. Capussotti et al. also demonstrated that LR was related to significantly better
disease-free and cancer-related survival stage III colon cancer patients [27]. Other studies have reported
better survival for patients undergoing LR, even for those with stage II colorectal cancer [28].

One of the assumptions about better survival might be the number difference in dissected lymph
nodes between the LR and OR groups. Laparoscopy provides better visualization of intra-abdominal
conditions [29], including a more comprehensive, more precise, and brighter image to allow surgeons
to perform a more radical and precise resection of the mesocolon and mesorectum, while facilitating
an accurate and complete lymphadenectomy [30,31]. Complete lymphadenectomy for colorectal cancer
is essential for the patient’s oncological prognosis because of a reduced risk of residual nodal disease,
as well as accurate nodal staging (achieving a better stratification of tumor staging) [19]. However,
there was no statistical difference in the lymph node retrieval number between these two groups.
Similarly, the retrieved and assessed lymph node number in many patients of both groups was higher
than the threshold of 12 lymph nodes recommended by the American Joint Committee on Cancer
(AJCC) in our study. Lymphadenectomy of colorectal cancer was a decisive factor for the prognostic
and therapeutic staging of the patient. Different variables could affect the retrieval number of lymph
nodes. Some, like the surgeon, the surgery, and the pathology exam, were without question modifiable;
however, other both patient- and disease-related variables were non-modifiable and posed the question
of whether the minimum number of examined lymph nodes must be individually assigned. However,
since 2010, the AJCC classification subdivided patients treated for colorectal cancer into prognostic
categories according to the number of metastatic lymph nodes [32]. The accuracy of the staging was
influenced by the number of retrieved lymph nodes as the relationship between positive nodes divided
by the total number of retrieved nodes. With regard to the prognosis prediction, this “lymph nodal
ratio” is also effective in cases of reduced lymph nodal sampling [33–36]. Besides, the sentinel lymph
nodes were thought to find valid application in this field in the future [37]. Of course, improvement of
these modifiable factors is the only aspect that our team could strive for at this moment, as well as the
opportunity to gain a better oncologic outcome of cancer remission or recurrence after reducing the
risk of residual nodal disease.

Other proven benefits in oncologic results about LR include its effect on cellular immunity,
intra-operative tumor manipulation, related stress response and subsequent cytokine release, surgical
complication rate, and blood transfusion amount [26]. Conclusively, one of the most essentially
beneficial theories of LR is regarded as the preservation of the patient’s immunological response
against cancer from the first postoperative days [38]. There has been significant evidence suggesting
that surgical stress interferes with immunity, and this phenomenon is more apparent in OR than
in LR [39]. The role of immunosuppression has been advocated because immunologic response
mediators (e.g., C-reactive protein, interleukin 1–6, and tumor necrosis factor alpha) are decreased after
LR in colorectal surgery compared with the OR approach. On the other hand, immunosuppression
deteriorates both sepsis and cancer cell proliferation [40]. Lacy et al. have also pointed out that the
post-LR stress response of colorectal cancer is less pronounced and finally leads to better preservation
of cellular immune function, and attenuates inflammatory mediator interference [41,42]. Correlation
of the stress response degree after the trauma of surgery with the host resistance to cancer has been
proven in an animal model [26]. Immunity is a critical barrier against tumor progression and metastatic
spread [39]. LR could, therefore, theoretically increase either overall or cancer-free survival. However,
we should routinely examine these immunologic response mediators after surgery to improve the
quality of our further study.

Tumor manipulation has been proven to contribute to cancer cell spread. There is some evidence
that tumor mobilization is related to cancer cells’ exfoliation into the peritoneal cavity and portal
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vein bloodstream migration, which might be alleviated by non-touch surgical techniques or the
avoidance of tumor manipulation. Preliminary reports have shown that cancer cell spread is not
worsened [43], and dissemination of cancer cells is reduced by LR [39]. However, this phenomenon
is difficult evaluated in this study based on the safety issue of blood sampling from portal vein
bloodstream. Under the laparoscopic vision, limited access inside the abdominal cavity leads to
minimal tumor handling and compliance of non-touch technique, both favoring the important oncology
principle to avoid tumor cell spread during surgery. In this study, all patients received non-touch
isolation techniques in both the LR and OR groups, which should cause no difference in prognosis.
In the future, we could also perform intra-operative abdominal cavity normal saline irrigation after
tumor resection to compare the difference of possible exfoliated cancer cells into the peritoneal cavity
by two surgical techniques.

There is an evident statistical difference in fewer complication rates and the amount of blood
loss in the LR group compared with the OR group. These factors theoretically contribute to better
prognosis of tumor recurrence and cancer-free survival in LR patients. Despite that the differences
regarding the oncological results did not reach the statistical significance of both groups, other better
short-term outcomes, including smaller incisions, less postoperative pain, quicker functional recovery,
shorter hospital stays, and earlier return to regular activity, suggested colorectal cancer patients should
receive LR if not contraindicated. Meanwhile, although the operation length was longer in our LR
group, the benefit of this minimally invasive technique on peri-operative care (quicker functional
recovery and shorter hospital stays) further overcame this disadvantage. Besides, this benefit in shorter
peri-operative care would significantly lower the total medical cost, especially in Western countries.
Meanwhile, it is believed that we could set up some standard protocols and guidelines for routine use
to decrease the operation time in the OR group in the future.

There are many debates about the effect of wound size. Several experienced colorectal surgeons
pointed out that most colectomies could be performed with an abdominal wound of less than 7 cm,
and thus opposed the wound benefits of LR [44]. However, the advantages of LR for colorectal
cancer not only include a comparatively smaller wound size, but also relate to the properties of
laparoscopy, especially the operation field magnification, more precise tumor resection, and its
minimal invasiveness [5]. One meta-analysis including 3863 patients even showed that single-incision
laparoscopic surgery (SILS) had comparable outcomes to LR in terms of operating time, conversion
rate, reoperations, postoperative complications, and mortality, but only shorter mean hospital stay.
There was no difference in the oncological results regarding average lymph node retrieval, adequate
resection margins, survival rates, and local recurrence [45].

Application of LR for colorectal cancer encountered much criticism in the early 1990s as a result
of several case reports about port site recurrence and suspicion of the adverse effect of oncologic
outcome [25]. However, many surgeons advocated that LR did not aggravate cancer cell spillage
intra-corporeally when surgeons strictly followed the oncologic principles [5]. However, the routine
practice of the laparoscopic technique in colorectal cancer treatment is only performed in a few
experienced centers in Taiwan. Localization of the tumors remains a major limiting factor of LR
popularity among most surgeons, despite that there are several techniques, including conventional
colonoscopy and colonoscopic tattooing, colonoscopic clip placement, radio-guided colorectal lesion
localization, and the application of magnetic colonoscopic imaging [46]. Besides, some specialists are
still quite hesitant about laparoscopy because of the lack of “direct” physical and visual contact of the
lesion. Particularly during the LR process, the intestinal color is more difficult to assess, and direct
palpation of blood vessels to the anastomosis is not possible [47]. The phenomenon of the slow
popularity of this minimally invasive technique further reflects its complexity, especially at the initial
stage of the learning curve; the lack of three-dimensional visualization, the absence of safe laparoscopic
instruments, and the paucity of tactile feedback are still usually the causes of barriers to popularity
and the causes of conversion during surgery [48].
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Moreover, practicing a new or pioneer surgical technique on patients with a malignant disease is
not permitted in the ethical aspect. However, inreasingly more improved new techniques of LR are
being explored [47]. For the majority of cases, pioneers feel confident to employ LR. If further efforts
are made to achieve standardization of these minimally invasive procedures and improvement of the
related educational system, LR will undoubtedly become the standard and mainstay therapy for many
bowel diseases, besides colorectal cancer. Furthermore, it is expected that other new techniques such
as reduced port surgery and robotic surgery will be confirmed efficient and safe in the future [49].

Many experts pointed out that the learning curve for laparoscopic colorectal surgery is about
greater than twenty cases [50]. In 2013, one meta-analysis by Comité de l’évolution des pratiques en
oncologie (CEPO) recommended that LR be considered an option for the curative treatment of colon
and rectal cancer in consideration of surgeon experience, tumor stage, potential contraindications,
and patient expectations. Instead, CEPO also suggested only competent experts with sufficient annual
surgeon volume should perform LR for rectal cancer patients [51]. However, safety control, quality
monitor, and technique standardization applied to the surgical aspects of the study would provide
a solution to the learning curve issues by the collaboration of interested experts to set up safe and
reproducible experiment steps even in the setting of new technology [52]. As for the surgeon on our
team, he had experience with LR of more than 100 cases before this study. Thus, the learning curve
effect of our study series was not discussed.

Compared with previously published randomized studies in the literature, there were some weak
points of this study that needed to be further addressed. Our hospital was an 800-bed regional hospital
with a total of around 120 colorectal cancer operations per year. Admittedly, the number of patients
included in this study was too small (only 351 patients) for comparison of the oncological outcomes;
we should increase the sample size to make a reliable comparison between these two groups and to
avoid the related bias in the future. Second, our surgeon excluded morbidly obese patients in this
study because our surgeon preferred them to receive LR to lower the incidence of possible abdominal
wound herniation in the future, which might cause a potential bias. However, only one morbidly obese
patient was encountered during the study period, and he was excluded because he encountered the
problem of severe intestinal adhesion and received conversion from LR to the OR approach. Third,
recently developed and popular trans-anal surgery for patients with rectal lesions was not discussed in
this study because we could not compare traditional OR and LR techniques. Fourth, some patients
might encounter the problem of their retrieved and assessed lymph node number being lower than
the threshold of twelve, which might cause inaccurate TNM staging and select inappropriate minor
treatment in their protocol.

In Table 2, the result of our anastomosis leakage rate (0.57%) compared favorably to those of the
published literature (0.9%–3.5%). Higher leak rates were typically reported for low pelvic anastomoses
or anastomoses to the anal canal [53]. There were three reasons for this comparatively “better” result
in our study. First, we largely selected surgical patients with good pre-operative nutrition status
(Subjective Global Assessment of Nutritional Status class A or B). Second, we preferred to perform
protective diversional stoma for patients with a higher risk of anastomosis leakage, especially those
having pre-operative concurrent chemoradiotherapy. We believed nearly all small contained leaks of
the anastomosis site would heal after fecal diversion for about six months. Third, the true incidence of
anastomosis leakage was underestimated. We only performed post-operative CT for patients when
turbid or stool-like discharge was noted from the drainage tube near the anastomosis site. Pickleman
et al. advocated that some colorectal surgical patients ultimately found to have an anastomosis leakage
developed a more insidious presentation, often with low-grade fever, prolonged ileus, or failure to
thrive [54]. In these patients, confirmation of the diagnosis might be much more difficult, as the
clinical course was often similar to other postoperative infectious complications. Radiologic imaging
was usually required; even then, the definitive diagnosis might be elusive or at least uncertain [53].
Although there have been many studies that specify a rate of anastomotic leakage, it is seldom possible
to know what constitutes a “leak”. Bruce et al. performed a systematic review of studies measuring
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the incidence of anastomotic leaks after gastrointestinal surgery; in the 97 studies reviewed, there was
a total of 56 separate definitions of the anastomotic leak [55]. A leak may be defined by the need for
reoperation, clinical findings, or radiologic criteria (CT scanning or contrast enema), making “accurate”
comparisons between these studies difficult or impossible [53].

Meanwhile, colorectal cancers at different sites were included for analysis of oncologic outcomes
and functional results in our study. This study design was debatable because the lymphatic drainage
route, range of dissection during tumor resection, operation techniques, and even the biologic behavior
were different in various colorectal locations [5]. However, all patients of the LR and OR groups
were treated by a single surgeon, and this could avoid the related bias when patients were treated
by multiple surgeons. Besides, if we could increase the patient number (sample size) in the future,
we could analyze and discuss the tumor located at one specific site to decrease this bias.

Patients with liver metastasis (a common metastasis area of colorectal cancer) were excluded in
our study because we thought these terminal patients (defined by current TNM staging system) should
receive systemic treatment if no evident clinical lumen obstruction. However, in China, the attitudes of
therapeutic approaches in these patients seem to vary among areas [56]. Specific guidelines regarding
liver metastasis were revised in 2018 in order to improve the diagnosis and treatment strategy, including
the overall clinical evaluation, personalized treatment goals, and comprehensive treatment protocol,
in order to prevent the occurrence of liver metastases, and improve the resection rate of liver metastases
and survival [57]. Although experts of different countries have investigated their treatment strategy
for colorectal cancer thoroughly for many years, the TNM staging system is still commonly regarded
as an essential tool to predict oncologic outcomes [58]. It has made an essential contribution to the
clinical management of cancer patients over the past 50 years [59], but are we sure it delivers what
is needed to provide adequate advice in the 21st century? Would patients face different oncologic
outcomes despite that they have been labeled with the same TNM stage clinically?

Nowadays, the degree of cancer infiltration, the number of lymph nodes involved, and distant
metastasis have generally been accepted as the most paramount items to predict outcomes [60].
Nevertheless, some patients in the same clinicopathological stage might exhibit unique variation
in outcomes with different rates of cancer recurrence and mortality when merely evaluated with
the current TNM staging system [60,61]. Specialists conducted intensive studies about the possible
causes of this discrepancy. Maguire et al. pointed out that the classification of peritoneal involvement
was different in TNM 5 and TNM 7. The Royal College of Pathologists in the United Kingdom still
recommended the use of the TNM 5 staging system, while TNM 7 had been adopted in many other
jurisdictions. In TNM 5, a tumor directly invading other organs was staged as pT4a, while a tumor
involving the visceral peritoneum was staged as pT4b [60]. However, the reported incidence of
peritoneal involvement ranged from 5% to 43% in studies of stage II colorectal cancer, which led to
a wide statistical variation and an unreliable result [62–69]. Besides, Puppa et al. also advocated that
identification and classification of morphologic features encountered in the pathologic examination of
colorectal cancer specimens might be difficult and a source of subjective variability. They suggested that
enhanced pathologic analysis, agreed-upon standard protocols, and standardization should improve
the completeness and accuracy of pathology reports. In other words, the optimal staging system
of colorectal cancer should encompass both anatomic and nonanatomic factors, the latter including
molecular and treatment factors [61]. Some oncologists also advocated that cancer development and
progression might depend partly on “changes” in several histological features, which might lead to
this discrepancy clinically. These previously unrecognized features were closely related to the way
cancerous cells interact with the surrounding stroma and obtain their potential for invasiveness [70].
These characteristics included tumor budding, poorly differentiated clusters, extramural vascular
(vein) invasion, perineural invasion, tumor deposits, and mucin pools [58]. This discrepancy in the
molecular signature of colorectal cancer has also revealed differences in phenotypic aggressiveness
and therapeutic response rates [58]. Thus, we should remind colorectal cancer patients of the potential
risk of having a disappointing result when choosing inappropriate minor post-operative treatment.
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The discrepancy in staging colorectal cancer has critical effects on management, outcomes, and survival
rates of the patients. Accurate predictions of the final pathological disease stage using high quality,
accurate pre-operative clinical-radiological staging techniques enables multidisciplinary teams to plan
prompt optimal management strategies for patients with colorectal neoplasms [71]. As cancer clinicians
strive to improve survival by increasingly smaller steps, the accuracy of TNM staging becomes even
more critical in the interpretation of reports of further clinical trials [59]. More importantly, it is essential
to introduce effective preventive measures to this increasing global disease [72].

5. Conclusions

Within the limitations of this study, the results showed better short-term outcomes in terms of
postoperative urinary tract infection, wound infection, pneumonia, and blood loss in LR versus OR for
non-metastatic colorectal cancer. Although the differences regarding cancer-free five-year survival and
tumor recurrence did not reach the statistical significance of both groups, it is strongly recommended
that patients undergo laparoscopic surgery if not contraindicated.
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Abstract: This study aims to assess the clinical efficacy and safety of eravacycline for treating
complicated intra-abdominal infection (cIAI) in adult patients. The PubMed, Web of Science, EBSCO,
Cochrane databases, Ovid Medline, Embase, and ClinicalTrials.gov were searched up to May 2019.
Only randomized controlled trials (RCTs) that evaluated eravacycline and other comparators for the
treatment of cIAI were included. The primary outcome was the clinical cure rate at the test-of-cure
visit based on modified intent-to-treat population, microbiological intent-to-treat population, clinically
evaluable population, and microbiological evaluable population, and the secondary outcomes were
clinical failure rate and the risk of adverse event. Three RCTs were included. Overall, eravacycline
had a clinical cure rate (88.7%, 559/630) at test-of-cure in modified intent-to-treat population similar
to comparators (90.1%, 492/546) in the treatment of cIAIs (risk ratio (RR), 0.99; 95% confidence
interval (CI), 0.95–1.03; I2 = 0%, Figure 3). In the microbiological intent-to-treat, clinically evaluable,
and microbiological evaluable populations, no difference was found between eravacycline and
comparators in terms of clinical cure rate at test-of-cure (microbiological intent-to-treat population,
RR, 0.99; 95% CI, 0.95–1.04; I2 = 0%, clinically evaluable population, RR, 1.00; 95% CI, 0.97–1.03; I2 = 0%,
microbiological evaluable population, RR, 0.98; 95% CI, 0.95–1.02; I2 = 0%). In addition, eravacycline
had clinical failure rate similar to comparators at test-of-cure in modified intent-to-treat population (RR,
1.01; 95% CI, 0.61–0.69; I2 = 0%), microbiological intent-to-treat population (RR, 1.34; 95% CI, 0.77–2.31;
I2 = 16%), clinically evaluable population (RR, 1.03; 95% CI, 0.61–1.76; I2 = 0%), and microbiological
evaluable population (RR, 1.32; 95% CI, 0.75–2.32; I2 = 10%). Although eravacycline was associated
with higher risk of treatment-emergent adverse event than comparators (RR, 1.34; 95% CI, 1.13–1.58;
I2 = 0%), no significant differences were found between eravacycline and comparators for the risk of
serious adverse event (RR, 1.04; 95% CI, 0.65–1.65; I2 = 0%), discontinuation of study drug because
of adverse event (RR, 0.68; 95% CI, 0.23–1.99; I2 = 13%), and all-cause mortality (RR, 1.09; 95%
CI, 0.41–2.9; I2 = 28%). In conclusion, the clinical efficacy of eravacycline is as high as that of the
comparator drugs in the treatment of cIAIs and this antibiotic is as well tolerated as the comparators.

Keywords: eravacycline; complicated intra-abdominal infection; efficacy; safety; mortality
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1. Introduction

In contrast to uncomplicated abdominal infections, complicated intra-abdominal infections (cIAIs)
can extend beyond the originally infected organ into peritoneal spaces, and can be associated with
local or diffuse peritonitis [1,2]. Enterobacteriaceae, especially Escherichia coli and Klebsiella pneumoniae,
are the most common pathogens causing cIAIs [3–5]. Emergence of multiple antibiotic resistances
has become the major concern in this clinical entity and further limits the choice of optimal antibiotic
treatment. E. coli, Proteus species, and K. pneumoniae are the most common pathogens; however, high
resistance to broad-spectrum antibiotics, including extended-spectrum β-lactams and fluoroquinolones,
among these pathogens, also emerges as a critical threat worldwide.

Eravacycline is a novel, synthetic fluorocycline antibacterial agent [6], and has excellent bactericidal
activity against most antibiotic-resistant pathogens according to several in vitro studies [7–10]. Recently,
the clinical efficacy of eravacycline in cIAI has been evaluated in several clinical studies [11–13].
However, an updated meta-analysis comparing the efficacy and safety of eravacycline and other
comparators for the treatment of cIAI is lacking. Therefore, we conducted this meta-analysis to provide
real-time evidence about the efficacy and safety of cIAI.

2. Methods

2.1. Study Search and Selection

All clinical studies were identified through a systematic review of the literature in PubMed,
Web of Science, EBSCO, Cochrane databases, Ovid Medline, Embase, and ClinicalTrials.gov until
May 2019 using the following search terms: “eravacycline”, “Xerava™”, “TP-434”, and “abdom*”
(Search strategy presented in Appendix A). Studies were considered eligible for inclusion if they
directly compared the clinical efficacy and safety of eravacycline with other antimicrobial agents in
the treatment of adult patients with cIAIs. Studies were excluded if they focused on in vitro activity,
animal studies, or pharmacokinetic–pharmacodynamic assessment. Two authors (S.-P.C. and S.-H.L.)
searched and examined publications independently. When they disagreed, the third author (C.-C.L.)
resolved the issue. The following data including year of publication, study design, type of infections,
patients’ demographic features, antimicrobial regimens, clinical and microbiological outcomes, and
adverse effects were extracted from every included study.

2.2. Outcome Measurement

The primary outcome of this meta-analysis was clinical response assessed at the test-of-cure visit,
end-of-treatment, and follow-up visit based on modified intent-to-treat population, microbiological
intent-to-treat population, clinically evaluable population, microbiological evaluable populations.
The intent-to-treat population included all randomized patients, and the modified intent-to-treat
population included all intent-to treat patients who received any amount of study drug.
The microbiological intent-to-treat population included all modified intent-to-treat patients who met
the minimal disease definition of cIAI and had a baseline pathogen identified. The clinically evaluable
population included all modified intent-to-treat patients who met the minimal disease definition
of cIAI and had a clinical response assessed at the test-of-cure visit. The microbiological evaluable
population included all clinically evaluable patients who had a baseline pathogen identified and a
microbiological response assessed. Clinical response was classified as cure, failure, or indeterminate
based on clinical outcomes. Clinical cure was defined as resolution of all or most pretherapy signs or
symptoms with no further requirement for antibiotics, radiological intervention, or surgery. The safety
population included all patients who received any intravenous study therapy. Treatment-emergent
adverse events were defined as adverse events that started during or after the first dose of study
drug administration or increased in severity or relationship to the study drugs during the study.
Serious adverse event is defined as an untoward medical occurrence or effect that at any dose results in
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death, is life-threatening, requires hospitalization or extension of existing hospitalization, or results in
persistent or significant disability.

2.3. Data Analysis

The quality of enrolled RCTs and the risk of bias were assessed using Cochrane Risk of Bias
Assessment tool [14]. Statistical analyses were conducted using the software Review Manager, version
5.3. The degree of heterogeneity was evaluated with the Q statistic generated from the χ2 test.
The proportion of statistical heterogeneity was assessed using the I2 measure. Heterogeneity was
considered significant when the p was less than 0.1 or I2 was greater than 50%. The random-effects
model was used when data were significantly heterogeneous and the fixed-effect model was used
when data were homogeneous. Pooled risk ratios (RRs) and 95% confidence intervals (CIs) were
calculated for outcome analyses.

3. Results

3.1. Study Selection and Characteristics

The search program yielded 147 references. After excluding 90 duplications, the remaining 57
abstracts were screened. Among them, we retrieved 11 articles for full-text review. Finally, three
studies [11–13] fulfilling the inclusion criteria were included in this meta-analysis (Figure 1). All enrolled
studies had the same principal investigator. All studies [11–13] were randomized, multicenter,
and multinational studies designed to compare the clinical efficacy and safety of eravacycline with
other comparators for adult patients with cIAI (Table 1). The inclusion criterion of these three studies
was that adult patients had to have clinical evidence of cIAI requiring urgent surgical or percutaneous
intervention within 48 hours of diagnosis. Two studies [11,13] compared eravacycline with ertapenem,
and one [12] compared with meropenem. The test-of-cure evaluation was conducted 25 to 31 calendar
days in two studies [11,12] and 10 to 14 days in one study [13] after the first dose of the study drug was
administered for the patients with cIAI. The follow-up visit was performed 38 to 50 calendar days in
one study [11] and 28 to 42 days in one study [13] after the first dose of study drug was administered.
All of the domains in each study were classified as having a low risk of bias (Table 2).

Figure 1. Study selection process flow.

243



J. Clin. Med. 2019, 8, 866

T
a

b
le

1
.

C
ha

ra
ct

er
is

ti
cs

of
in

cl
ud

ed
st

ud
ie

s.

S
tu

d
y,

P
u

b
li

sh
e

d
Y

e
a

r
S

tu
d

y
D

e
si

g
n

S
tu

d
y

S
it

e
S

tu
d

y
P

e
ri

o
d

N
o

.
o

f
P

a
ti

e
n

ts
(I

T
T

p
o

p
u

la
ti

o
n

)
D

o
se

R
e

g
im

e
n

E
ra

v
a

cy
cl

in
e

C
o

m
p

a
ra

to
r

E
ra

v
a

cy
cl

in
e

C
o

m
p

a
ra

to
r

So
lo

m
ki

n
et

al
,2

01
4

R
an

do
m

iz
ed

,
do

ub
le

-b
lin

d
tr

ia
l

19
si

te
s

in
6

co
un

tr
ie

s
20

11
–2

01
2

56
(1

.5
m

g/
kg

),
57

(1
.0

m
g/

kg
)

30
1.

5
m

g/
kg

or
1.

0
m

g/
kg

q2
4

h
Er

ta
pe

ne
m

1
g

q2
4

h

IG
N

IT
E1

,2
01

7
R

an
do

m
iz

ed
,

do
ub

le
-b

lin
d

tr
ia

l
66

si
te

s
in

11
co

un
tr

ie
s

20
13

–2
01

4
27

0
27

1
1.

0
m

g/
kg

q1
2

h
Er

ta
pe

ne
m

1
g

q2
4

h

IG
N

IT
E4

,2
01

8
R

an
do

m
iz

ed
,

do
ub

le
-b

lin
d

tr
ia

l
65

si
te

s
in

11
co

un
tr

ie
s

20
16

–2
01

7
25

0
25

0
1.

0
m

g/
kg

q1
2

h
M

er
op

en
em

1
g

q8
h

IT
T,

in
te

nt
io

n
to

tr
ea

t;
q,

ev
er

y;
h,

ho
ur

;m
g,

m
ill

ig
ra

m
;g

,g
ra

m
.

T
a

b
le

2
.

R
is

k
of

bi
as

pe
r

st
ud

y
an

d
do

m
ai

n.

R
is

k
o

f
B

ia
s

S
tu

d
y

IG
N

IT
E

1
,

2
0

1
7

IG
N

IT
E

4
,

2
0

1
8

S
o

lo
m

k
in

e
t

a
l,

2
0

1
4

R
an

do
m

se
qu

en
ce

ge
ne

ra
ti

on
lo

w
lo

w
lo

w
A

llo
ca

ti
on

co
nc

ea
lm

en
t

lo
w

lo
w

lo
w

Bl
in

di
ng

of
pa

rt
ic

ip
an

ts
an

d
pe

rs
on

ne
l

lo
w

lo
w

lo
w

Bl
in

di
ng

of
ou

tc
om

e
as

se
ss

m
en

t
lo

w
lo

w
lo

w
In

co
m

pl
et

e
ou

tc
om

e
da

ta
lo

w
lo

w
lo

w
Se

le
ct

iv
e

re
po

rt
in

g
lo

w
lo

w
lo

w

244



J. Clin. Med. 2019, 8, 866

3.2. Clinical Efficacy and Microbiologic Response

Overall, eravacycline had a clinical cure rate (88.7%, 559/630) at test-of-cure in modified
intent-to-treat population similar to comparators (90.1%, 492/546) in the treatment of cIAIs (risk ratio
(RR), 0.99; 95% CI, 0.95–1.03; I2 = 0%, Figure 2). In the microbiological intent-to-treat, clinically evaluable,
and microbiological evaluable populations, no difference was found between eravacycline and
comparators in terms of clinical cure rate at test-of-cure (Figure 2). In addition, no significant difference
was observed between eravacycline and comparator in terms of clinical failure rate at test-of-cure in
modified intent-to-treat population, microbiological intent-to-treat population, clinically evaluable
population, and microbiological evaluable population (Figure 3).

Figure 2. Overall clinical cure rates for eravacycline and comparators in the treatment of complicated
intra-abdominal infections.

Figure 3. Overall clinical failure rates for eravacycline and comparators in the treatment of complicated
intra-abdominal infections.
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Only two studies [12,13] reported the outcome at end-of-treatment, and the pooled analysis showed
no significant difference was observed between eravacycline and comparator in terms of clinical cure
rate at end-of-treatment in modified intent-to-treat population (RR, 0.99; 95% CI, 0.95–1.03; I2 = 1%),
microbiological intent-to-treat population (RR, 0.98; 95% CI, 0.94–1.03; I2 = 0%), clinically evaluable
population (RR, 0.99; 95% CI, 0.96–1.01; I2 = 0%), and microbiological evaluable population (RR, 0.98;
95% CI, 0.95–1.01; I2 = 0%). In addition, these two studies12,13 reported the outcome at follow-up,
and the pooled analysis showed no significant difference was observed between eravacycline and
comparator in terms of clinical cure rate at follow-up in modified intent-to-treat population (RR, 0.99;
95% CI, 0.93–1.04; I2 = 0%), microbiological intent-to-treat population (RR, 0.98; 95% CI, 0.92–1.06;
I2 = 0%), clinically evaluable population (RR, 1.01; 95% CI, 0.97–1.06; I2 = 0%), and microbiological
evaluable population (RR, 1.02; 95% CI, 0.97–1.07; I2 = 30%).

3.3. Adverse Events

In the pooled analysis of three studies reporting adverse events, we found that eravacycline
was associated with a higher risk of treatment-emergent adverse events than comparators (Figure 4).
However, no significant differences were found between eravacycline and comparators for the risk of
serious adverse events, discontinuation of study drug because of adverse event, and all-cause mortality
(Figure 4). The most common adverse event among the eravacycline group was nausea (6.5%, 41/629)
and vomiting (3.8%, 24/629). Although the risks of nausea and vomiting in the eravacycline group
were higher than those in the comparator group, these differences did not reach statistical significance
(for nausea, RR, 4.79; 95% CI, 0.84–27.14;7 I2 = 70%, for vomiting, RR, 1.46; 95% CI, 0.76–2.81;7 I2 = 0%).

Figure 4. Adverse event risks with eravacycline and comparators in the treatment of complicated
intra-abdominal infections.

4. Discussion

This first meta-analysis based on three RCTs [11–13] determined that the clinical efficacy of
eravacycline is similar to that of other comparators in the treatment of adult patients with cIAIs.
This significant finding is supported by the following analysis. First, the overall pooled clinical cure
rate at test-of-cure of eravacycline in treating cIAIs was comparable to carbapenems in modified
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intent-to-treat, microbiological intent-to-treat, clinically evaluable, and microbiological evaluable
populations. Second, pooled clinical failure rate at test-of-cure of eravacycline was as low as comparators
in modified intent-to-treat, microbiological intent-to-treat, clinically evaluable, and microbiological
evaluable populations. Third, this similarity in terms of clinical efficacy between eravacycline and
comparators did not change with the timing of the outcome measure at end-of-treatment and follow-up.
In summary, all of these findings indicated that eravacycline can be an effective therapeutic option in
the treatment of adult patients with cIAIs.

The effectiveness of ceftaroline in the treatment of cIAIs in adult patients can be supported by
in vitro studies [7,9,10,15,16]. In the surveillance of 2213 Gram-negative and 2423 Gram-positive
pathogens in 13 Canadian hospitals, the minimum inhibitory concentration90 (MIC90) ranged from
0.5 to 2μg/mL for 9 species of Enterobacteriaceae tested (n = 2067) and extended-spectrum β-lactamase
producing E. coli (n = 141) and K. pneumoniae (n = 21) did not affect the potency of eravacycline
in this study [10]. In another survey of more than 4000 Gram-negative pathogens in New York
hospitals [7], eravacycline demonstrated great in vitro activity against Enterobacteriaceae—E. coli, K.
pneumoniae, Enterobacter aerogenes, and Enterobacter cloacae with minimum inhibitory concentration50

(MIC50)/MIC90 of 0.12/0.5 μg/mL, 0.25/1 μg/mL, 0.25/1 μg/mL, and 0.5/1 μg/mL, respectively. Moreover,
the potent activity was retained against multidrug-resistant (MDR) isolates, including carbapenem
nonsusceptible strains [7,9]. In addition to aerobic bacteria, anerobic bacteria play important roles
in the cIAIs. Eravacycline showed good in vitro activity against Bacteroides spp., Parabacteroides spp.,
and Clostridioides difficile (formerly Clostridium difficile) and eravacycline remained potent against
the strains with tetracycline-specific resistance determinants and MDR anaerobic pathogens [15,16].
Overall, the potent in vitro activity of eravacycline against commonly encountered pathogens causing
cIAI largely explains the great in vivo clinical response in this meta-analysis.

In addition to clinical efficacy of eravacycline for the treatment of cIAIs, we should consider the
risk of adverse event while prescribing eravacycline. Nausea and vomiting were the most common
adverse events, and the overall incidence of these adverse events were higher than those of comparators.
Moreover, the pooled risk of treatment-emergent adverse events was higher in the eravacycline group
than in the control group. These findings are consistent with previous pooled analysis of IGNITE1 and
IGNITE4, in which eravacycline recipients had higher incidence of nausea (6.5 vs. 0.6%) and vomiting
(3.7 vs. 2.5%) [17]. In contrast, the incidence of serious adverse events, discontinuation of study drug
because of adverse event, and all-cause mortality was similar between eravacycline and comparators.
Therefore, the findings of this meta-analysis suggest that although eravacycline is associated with
higher risk of mild adverse events than comparator, overall, eravacycline remains as safe as other
comparators in the treatment of cIAI among adult patients.

This study has several limitations. First, only three RCTs were considered in this meta-analysis.
Second, the usefulness of eravacycline in treating cIAIs was not assessed according to the disease
severity. Third, we did not evaluate the correlation between in vitro activity and in vivo response of
eravacycline against each specific pathogen, particularly antibiotic-resistant organisms, in this study.

5. Conclusions

In conclusion, eravacycline is as good as comparators in terms of efficacy and tolerance in the
treatment of cIAI in adult patients.
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Appendix A. Search Strategy

PubMed Search Strategy—Last Searched on 26 May 2019 Results

1
Eravacycline [Title/Abstract] OR TP-434
[Title/Abstract] OR Xerava [Title/Abstract]

74

2 abdom* [Title/Abstract] 330,674
3 1 AND 2

4
Search (abdom* (Title/Abstract)) AND
(((Eravacycline (Title/Abstract)) OR TP-434
(Title/Abstract)) OR Xerava (Title/Abstract))

22

Web of Science Search Strategy—Last Searched on 26 May 2019 Results

1 (Eravacycline) OR (Xerava) OR (TP-434) 71
2 (abdom*) 269,250
3 1 AND 2
4 #1 AND #2 20

EBSCO Search Strategy—Last Searched on 26 May 2019 Results

1 AB Eravacycline OR AB Xerava OR AB TP-434 176
2 AB abdom* 495,125
3 1 AND 2
4 S1 AND S2 40

Cochrane Library Search Strategy—Last Searched on 26 May 2019 Results

1
(Eravacycline):ti,ab,kw OR (TP-434):ti,ab,kw OR
(Xerava):ti,ab,kw

12

2 (abdom*):ti,ab,kw 40,365
3 1 AND 2
4 #1 AND #2 5

Ovid Medline Search Strategy—Last Searched on 26 May 2019 Results

1 (Eravacycline or Xerava or TP-434).ab. 82
2 abdom*.ab 373,974
3 1 AND 2
4 1 and 2 24

Embase Search Strategy—Last Searched on 26 May 2019 Results

1
eravacycline:ti,ab,kw OR xerava:ti,ab,kw OR ‘tp
434’:ti,ab,kw

87

2 abdom*:ti,ab,kw 508,670
3 1 AND 2
4 #1 AND #2 27

ClinicalTrials.gov Search Strategy—Last Searched on May 26, 2019 Results

1 Eravacycline (completed studies) 9
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Abstract: This study aimed to compare the clinical efficacy and safety of ceftaroline with those of
ceftriaxone for treating community-acquired pneumonia (CAP). The PubMed, Cochrane Library,
Embase, and clinicalTrials.gov databases were searched until April 2019. This meta-analysis only
included randomized controlled trials (RCTs) that evaluated ceftaroline and ceftriaxone for the
treatment of CAP. The primary outcome was the clinical cure rate, and the secondary outcome was the
risk of adverse events (AEs). Five RCTs were included. Overall, at the test of cure (TOC), the clinical
cure rate of ceftaroline was superior to the rates of ceftriaxone for the treatment of CAP (modified
intent-to-treat population (MITT) population, odds ratio (OR) 1.61, 95% confidence interval (CI)
1.31–1.99, I2 = 0%; clinically evaluable (CE) population, OR 1.38, 95% CI 1.07–1.78, I2 = 14%). Similarly,
the clinical cure rate of ceftaroline was superior to that of ceftriaxone at the end of therapy (EOT)
(MITT population, OR 1.57, 95% CI 1.16–2.11, I2 = 0%; CE population, OR 1.64, 95% CI 1.15–2.33,
I2 = 0%). For adult patients, the clinical cure rate of ceftaroline remained superior to that of ceftriaxone
at TOC (MITT population, OR 1.66, 95% CI 1.34–2.06, I2 = 0%; CE population, OR 1.39, 95% CI
1.08–1.80, I2 = 30%) and at EOT (MITT population, OR 1.64, 95% CI 1.20–2.24, I2 = 0%; CE population,
OR 1.65, 95% CI 1.15–2.36, I2 = 0%). Ceftaroline and ceftriaxone did not differ significantly in the
risk of serious AEs, treatment-emergent AEs, and discontinuation of the study drug owing to an AE.
In conclusion, the clinical efficacy of ceftaroline is similar to that of ceftriaxone for the treatment of
CAP. Furthermore, this antibiotic is as tolerable as ceftriaxone.

Keywords: ceftaroline; ceftriaxone; community-acquired pneumonia; safety

1. Introduction

Community-acquired pneumonia (CAP) is a common acute bacterial infection among adults
and children and has become a significant global health problem [1–4]. Moreover, severe CAP is
associated with high morbidity and mortality, particularly when prompt and appropriate treatment
is not provided [5,6]. However, the emergence of antibiotic resistance in this era—with the increase
in resistant bacteria not treatable with existing antibiotics—and the lack of development of novel
antibiotics has complicated the use of antibiotics unlike before [3,7]. In addition to the most common
CAP pathogen—Streptococcus pneumoniae, less than 8% of CAP can be caused by the so-called PES
pathogens—Pseudomonas aeruginosa, extended-spectrum β-lactamase producing Enterobacteriaceae,
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and methicillin-resistant Staphylococcus aureus (MRSA), especially in intensive care unit (ICU) [8,9].
Among PES, MRSA is the most frequently reported, and it requires the use of specific antimicrobial
agents for the treatment of typical CAP [10]. Currently, the antibiotics recommended for treating CAP
when MRSA infection is suspected are vancomycin, teicoplanin, and linezolid [11–13].

Ceftaroline is a new cephalosporin with broad-spectrum activity against many commonly
encountered pathogens causing CAP, including S. pneumoniae, S. aureus, Moraxella catarrhalis,
Haemophilus influenzae, and Klebsiella pneumonia [14–16]. Moreover, several investigations have
demonstrated the substantial in vitro activity of ceftaroline against MRSA from various clinical
specimens, including skin/soft tissue and respiratory tract [15,17–19]. Global surveillance revealed
that compared to ceftriaxone, ceftaroline showed superior in vitro activity against common CAP
pathogens [17]. Subsequently, several randomized controlled trials (RCTs) [20–24] have investigated
the efficacy and safety of ceftaroline for the treatment of CAP. In the present study, we conducted a
comprehensive meta-analysis to provide high-quality evidence on the efficacy and safety of ceftaroline
compared to those of ceftriaxone for treating CAP.

2. Methods

2.1. Study Search and Selection

All clinical studies were identified through a systematic review of the literature in the PubMed,
Embase, ClinicalTrials.gov, and Cochrane databases until April 2019 using the following search terms:
“ceftaroline”, “Teflaro”, “Zinforo”, “pneumonia”, and “RCT”. Only RCTs that compared the clinical
efficacy and adverse effects of ceftaroline and ceftriaxone were included. Two reviewers (Lan and
Chang) searched and examined publications independently to avoid bias. When they disagreed,
a third author (Lai) resolved the issue. The following data were extracted from each study included in
the meta-analysis: year of publication, study design, duration, antibiotic regimens of ceftaroline and
ceftriaxone, outcomes, and adverse events (AEs).

2.2. Definitions and Outcomes

The primary outcome was the overall clinical cure with the resolution of clinical signs and
symptoms of pneumonia or improvement to the extent that no further antimicrobial therapy was
necessary at the end of therapy (EOT) and test of cure (TOC) in the modified intent-to-treat population
(MITT) and the clinically evaluable (CE) population. The EOT visit took place within 48 h after
the last dose of oral study drug or within 24 h after the last dose of the IV study drug. The TOC
visit was at 8–15 days after the last dose of the IV or oral study drug (whichever was given last).
Patients in the MITT population who met minimal disease criteria and had ≥1 bacterial pathogen
commonly associated with CAP identified at baseline were included in the microbiological modified
MITT (mMITT) population, and those who met criteria for both the CE and mMITT populations were
included in the microbiologically evaluable (ME) population. The secondary outcome was the risk of
AEs, including mild, moderate, and severe degree and discontinuation because of AEs, relapse rate,
and mortality.

2.3. Data Analysis

This study used the Cochrane risk-of-bias tool to assess the quality of enrolled RCTs and their
risk of bias [25]. The Review Manager software program, version 5.3, was used to conduct statistical
analyses. The degree of heterogeneity was evaluated using the Q statistic generated from the χ2 test.
The I2 measure assessed the proportion of statistical heterogeneity. Heterogeneity was considered
significant when the P value was less than 0.10 or the I2 value was more than 50%. The random-effects
model was used when data were significantly heterogeneous, and the fixed-effect model was used
when the data were homogeneous. Pooled odds ratios (ORs) and 95% confidence intervals (CI) were
calculated for outcome analyses.
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3. Results

The search results yielded a total of 133 studies from the online databases, and 76 studies were
excluded because of duplication. Additionally, 64 studies were found to be irrelevant after the title and
abstract were screened (article type and language), and 7 studies were found to be irrelevant after the
full text was screened. Eventually, five RCTs [20–24] were enrolled for the meta-analysis (Figure 1).

Figure 1. Flowchart of the study selection process.

3.1. Study Characteristics and Study Quality

All five RCTs [20–24] included were multinational and multicenter studies (Table 1).
Three studies [20–22] focused on adult patients with CAP with Pneumonia Outcomes Research
Term (PORT) [26] risk class III–IV, and two studies [23,24] enrolled pediatric patients only. Overall,
the experimental group treated with ceftaroline and the control group treated with ceftriaxone
comprised 1153 and 1050 patients, respectively. Almost all risks of basis in each study were low
(Figure 2).

 

Figure 2. Risk of bias per study and domain.
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3.2. Clinical Efficacy

Notably, ceftaroline had a superior clinical cure rate at TOC compared with ceftriaxone for the
treatment of CAP (MITT population, OR 1.61, 95% CI 1.31–1.99, I2 = 0%; CE population, OR 1.38,
95% CI 1.07–1.78, I2 = 14%; ME population, OR 1.98, 95% CI 1.20–3.25, I2 = 0%; Figure 3). Similarly,
at EOT, the clinical cure rate of ceftaroline was superior compared with that of ceftriaxone (MITT
population, OR 1.57, 95% CI 1.16–2.11, I2 = 0%; CE population, OR 1.64, 95% CI 1.15–2.33, I2 = 0%).

Figure 3. Overall clinical cure rates of ceftaroline and ceftriaxone for the treatment of community-
acquired pneumonia. MITT, modified intent-to-treat population; CE, clinically evaluable; ME,
microbiologically evaluable.

In the subgroup analysis of three studies [20–22] including adult patients, the clinical cure rate
of ceftaroline remained superior to that of ceftriaxone at TOC (MITT population, OR 1.66, 95% CI
1.34–2.06, I2 = 0%; CE population, OR 1.39, 95% CI 1.08–1.80, I2 =30%) and at EOT (MITT population,
OR 1.64, 95% CI 1.20–2.24, I2 = 0%; CE population, OR 1.65, 95% CI 1.15–2.36, I2 =0%). On the other
hand, the pooled analysis of two studies showed that the clinical cure rates at TOC and EOT were
similar between pediatric patients treated with ceftaroline or ceftriaxone (at TOC, OR 0.79, 95% CI
0.26–2.97, I2 = 0%; at EOT, OR 1.02, 95% CI 0.38–2.75, I2 = 0%)[23,24].

Figure 4 shows further analysis of the clinical cure rate (ceftaroline vs. ceftriaxone) at the TOC
visit in various patient subgroups. Ceftaroline showed a superior clinical cure rate than ceftriaxone for
patients with PORT risk III (OR 1.83, 95% CI 1.26–2.67, I2 = 14%) but not for patients with PORT risk
IV (OR 1.39, 95% CI 0.91–2.12, I2 = 0%). The efficacy of ceftaroline was superior compared to that of
ceftriaxone in patients who did not receive prior antibiotics (OR 1.90, 95% CI 1.22–2.95, I2 = 37%) but
not in those who received prior antibiotics (OR 1.18, 95% CI 0.75–1.87, I2 = 0%). No differences were
observed in the clinical cure rate between elderly patients (age ≥65 years) treated with ceftaroline or
ceftriaxone (OR 1.72, 95% CI 0.95–3.11, I2 = 58%) and between patients with bacteremia treated with
ceftaroline or ceftriaxone (OR 1.62, 95% CI 0.46–5.72, I2 = 0%).

We also assessed the clinical cure rate based on pathogens among the mMITT population, and we
found that ceftaroline was superior to ceftriaxone in the overall population (OR 1.94, 95% CI 1.25–3.01,
I2 = 0%, Figure 5). Ceftaroline was superior to ceftriaxone in patients with gram-positive coccal
(GPC) infection (OR 2.65, 95% CI 1.40–5.01, I2 = 0%) but not in those with gram-negative bacterial
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(GNB) infection (OR 1.26, 95% CI 0.65–2.42, I2 = 0%). No significant difference was noted between
the ceftaroline and ceftriaxone groups for each of the following pathogens: S. pneumoniae, S. aureus,
H. influenzae, H. parainfluenzae, Escherichia coli, and K. pneumoniae.

Figure 4. Overall clinical cure rates of ceftaroline and ceftriaxone for the treatment of community-
acquired pneumonia based on patient group.

3.3. Adverse Events

No significant differences were observed in the risk of overall treatment-emergent adverse
events (TEAEs) between the ceftaroline and ceftriaxone groups (OR 0.99, 95% CI 0.75–1.30, I2 = 43%),
and the similarity was not changed by the degree of severity (Figure 6). The risks of serious AEs
and discontinuation of the study drug were similar between the ceftaroline and ceftriaxone groups
(Figure 5). In addition, no relapse was noted among all enrolled patients. Finally, the mortality rate was
similar between the ceftaroline and ceftriaxone groups (OR 1.13, 95% CI 0.57–2.23, I2 = 0), and none of
the cases of mortality were related to the study drug.
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Figure 5. Overall clinical cure rates of ceftaroline and ceftriaxone for the treatment of community-
acquired pneumonia based on pathogens.
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Figure 6. Risk of adverse events between ceftaroline and ceftriaxone for the treatment of community-
acquired pneumonia.

4. Discussion

This meta-analysis of five RCTs determined that the clinical efficacy of ceftaroline was superior
to that of ceftriaxone for the treatment of patients with CAP. First, the overall clinical cure rate of
ceftaroline was superior to that of ceftriaxone for treating CAP in the pooled populations of the
five RCTs, including pediatric and adult patients [20–24]. The superiority of ceftaroline compared
to ceftriaxone remained significant at different times of outcome measurement, including EOT and
TOC, and in different populations, including MITT, CE, and ME populations. Second, we found
that ceftaroline had a higher clinical cure rate than ceftriaxone among adult patients in the subgroup
analysis of three studies [20–22] including adult patients, but the pooled analysis of two studies [23,24]
including pediatric patients showed similar clinical cure rates for ceftaroline and ceftriaxone. However,
the two studies [23,24] that focused on pediatric patients had a limited number of patients. Therefore,
more pediatric studies are warranted to clarify this issue. Third, the subgroup analysis of CAP in
various populations demonstrated that ceftaroline was at least similar to ceftriaxone in patients with
PORT risk IV, those who received previous antibiotics, those who were aged ≥65 years, and those
with bacteremia but superior to ceftriaxone in patients with PORT risk III and those who did not
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receive previous antibiotics. In summary, the overall clinical efficacy of ceftaroline is similar to that of
ceftriaxone for the treatment of CAP. For other populations, ceftaroline is at least similar to ceftriaxone
in terms of the clinical cure rate. However, the case numbers of several subgroup analyses, such as
bacteremia, PORT risk IV or different pathogens were limited, which may limit the significance of
differences between ceftaroline and ceftriaxone. Therefore, a further large-scale study is warranted to
prove our findings.

In the mMITT population, the present meta-analysis determined that the clinical cure rate of
ceftaroline was superior to that of ceftriaxone for CAP caused by GPC, but no significant difference
was found for CAP caused by GNB, S. pneumoniae, S. aureus, H. influenzae, H. parainfluenzae, E. coli,
and K. pneumoniae between the ceftaroline and ceftriaxone groups. The effectiveness of ceftaroline
for the treatment of CAP is supported by in vitro studies. In a surveillance study at a US medical
center, ceftaroline was noted to be more potent against S. pneumoniae (MIC50 ≤ 0.015 vs. ≤ 0.06 μg/mL;
MIC90 = 0.12 vs. 1 μg/mL) and even remained active against strains nonsusceptible to ceftriaxone
(MIC90 = 0.25 μg/mL) [18]. Similar findings were demonstrated in the analysis of bacterial isolates
in pediatric patients [15]. Upon global surveillance, ceftaroline was noted to be more potent than
ceftriaxone against MSSA and S. pneumoniae, and ceftaroline had similar efficacy to ceftriaxone against
H. influenzae [17]. Overall, the in vitro activity of ceftaroline that is greater or at least equal to ceftriaxone
against most commonly encountered pathogens causing CAP could largely explain the high in vivo
clinical response in this meta-analysis. However, we can only see the trend of better efficacy of
ceftaroline than the comparator in each subgroup; these differences do not reach statistical significance.
This may be due to the limited case number of each pathogen, so further large-scale study is warranted.

Although this study demonstrated the clinical efficacy of ceftaroline in the treatment of CAP,
antibiotics may have a limited effect on the outcome of CAP, particularly these severely affected cases.
This could be due to the fact that pneumonia is caused by a variety of pathogens, including respiratory
viruses, Mycoplasma pneumoniae, and bacteria. In addition, incidence of primary bacterial pneumonia
may be very low and be far less than that of nonbacterial pneumonia in developed countries as well as
in developing countries [27]. Incidences of each pathogen pneumonia may differ in children and adults
(older persons) across the populations, but severe pneumonia of viral or nonpathogen origin can induce
secondary bacterial infection caused by lung injuries from primary insults; hence, it is reasonable
that any pneumonia patients could be treated with antibiotics. However, antibiotics have a limited
effect on the natural course of infection-related extrapulmonary manifestations. Further, outcomes
of severe pneumonia may be affected by underlying comorbidities or the immune status of the host,
not only by antibiotic treatment. Moreover, the pattern of antimicrobial resistance may vary in different
sites; therefore, the guidelines for antibiotic treatment for CAP may differ and could be changed in
each country over time. In summary, although the appropriate use of antibiotics is essential for the
successful treatment of pneumonia, many factors, including disease severity, underlying comorbidity,
immune status, pathogens, and the timing of antibiotic use are also significantly associated with the
outcome of pneumonia.

The risk of AEs is another major concern when treating CAP with this antimicrobial agent.
The most common AEs are headache, diarrhea, and insomnia [28]. In this analysis, the pooled risks of
TEAEs of all degrees and even serious AEs were similar between the ceftaroline and ceftriaxone groups.
Additionally, ceftaroline is associated with the risk of discontinuation of the study drug that is similar
to that of ceftriaxone; this risk is because of the development of AEs. Although the overall mortality of
the ceftaroline group was only 1.81%—which was comparable to that of ceftriaxone group—none of
the cases of mortality were associated with the study drug. Therefore, all these findings revealed that
ceftaroline is as safe as ceftriaxone for the treatment of CAPs.

A major strength of this meta-analysis is that only RCTs were included, thereby reducing the risk
of bias and providing strong evidence. However, this meta-analysis also has several limitations. First,
the number of MRSA-associated pneumonia cases was limited in this study. Therefore, the anti-MRSA
effect of ceftaroline, which is not owned by ceftriaxone, cannot be elucidated in this meta-analysis.
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Second, this meta-analysis had a limited number of studies and patients in subgroup analyses, such as
different pathogens among different age groups. Therefore, some differences between the ceftaroline
and ceftriaxone groups did not reach statistical significance.

5. Conclusions

In conclusion, based on the findings of this meta-analysis of five RCTs, the clinical efficacy of
ceftaroline is similar to that of ceftriaxone for the treatment of CAP. Additionally, ceftaroline was
as tolerable as ceftriaxone. However, clinicians should cautiously use ceftaroline in the selected
population at high risk of MRSA to avoid the unnecessary coverage of MRSA by ceftaroline. Overall,
ceftaroline can be recommended as an appropriate antibiotic therapy for CAP.
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Abstract: Erythrodermic psoriasis (EP) is a dermatological emergency and its treatment with
secukinumab is still controversial. Furthermore, no data exist regarding the prognostic value of drug
abuse in such a condition. We performed a multi-center, international, retrospective study, enrolling
a sample of EP patients (body surface area > 90%) who were treated with secukinumab (300 mg)
during the study period from December 2015 to December 2018. Demographics and clinical data were
collected. Drug abuses were screened and, specifically, smoking status (packages/year), cannabis
use (application/week) and alcoholism—tested with the Alcohol Use Disorders Identification Test
(AUDIT)—were assessed. All patients were followed for up to 52 weeks. We enrolled 13 EP patients,
nine males, and four females, with a median age of 40 (28–52) years. Patients naïve to biologic therapy
were 3/13. Regarding drug use, seven patients had a medium-high risk of alcohol addiction, three
used cannabis weekly, and seven were smokers with a pack/year index of 295 (190–365). The response
rate to secukinumab was 10/13 patients with a median time to clearance of three weeks (1.5–3). No
recurrences were registered in the 52-week follow-up and a Psoriasis Area Severity Index (PASI)
score of 90 was achieved. The entire cohort of non-responders (n = 3) consumed at least two drugs of
abuse (alcohol, smoking or cannabis). Non-responders were switched to ustekinumab and obtained
a PASI 100 in 24 weeks. However, given our observed number of patients using various drugs in
combination with secukinumab in EP, further studies are needed to ascertain drug abuse prevalence
in a larger EP cohort. Secukinumab remains a valid, effective and safe therapeutic option for EP.
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1. Introduction

Erythroderma is an uncommon and severe dermatological manifestation of a variety of diseases.
The most common form of erythroderma is erythrodermic psoriasis (EP), which accounts for 1–2.25%
of all psoriatic patients, with a male predominance as demonstrated by a male to female ratio of 3:1 [1].
EP clinically manifests with diffuse erythema (body surface area (BSA) > 75%) involving also skin
folds with or without exfoliate dermatitis.

Several triggers have been described to elicit EP in predisposed subjects such as environmental
factors (sunburn, alcoholism, and infections), drugs (lithium, anti-malarial drugs), and the rebound
phenomenon following discontinuation of anti-psoriatic treatments (oral steroids or methotrexate) [1].
However, the pathogenesis of EP remains elusive, which can limit a physician’s capability to deliver
safe and effective therapy. In 2010, the National Psoriasis Foundation (NPF) published a guideline
describing the current evidence regarding EP treatment, stating that cyclosporine and infliximab
should be the first line treatment in acute and unstable patients, whilst methotrexate and acitretin are
recommended in more stable patients [2].

Despite this clear advice, prominent limitations included that few high-quality studies assessing
EP treatment were present in the literature [2]. In a clinical setting, EP treatment faces two other
prominent challenges, namely the difficulty in differential diagnosis and in implementing a biological
approach that rules out non-inflammatory conditions. Although histological confirmation is mandatory
in suspected EP cases, it is sometimes challenging due to the potential lack of histological parameters
resembling classical psoriasis, such as parakeratosis or acanthosis [1].

The exclusion of neoplastic causes (Sézary syndrome) is mandatory if biologics are the selected
approach. In fact, in the last 5 years, neoplasia has been a relative contraindication [3]. The NPF
guidelines did not include IL-17 inhibitors [2], such as secukinumab, and recently two case series
studies described the use of secukinumab in EP patients [4,5]. Current evidence seems to support
the use of secukinumab in EP patients, even though there is a dearth of data concerning potential
predictors of responsiveness in these patients.

Remarkably, among psoriatic patients, alcohol use/abuse and smoking are described and linked
to both psoriasis development and exacerbations but are not studied in EP [6–10]. Conversely, the
prevalence of cannabis users among psoriatic patients and the effect of cannabis use on psoriasis are
still missing. Furthermore, in vitro or murine studies explored keratinocyte changes only in response
to a single cannabis compound [11]. Thus, due to the increasing prevalence of cannabis users in the
general population and also its promoting role in medicine [11], reports focusing on the effect in
psoriasis are needed.

The current study aimed to evaluate (i) first the efficacy and safety of secukinumab in psoriatic
erythroderma and (ii) second to describe the prevalence of drug abuses, namely alcohol, tobacco, and
cannabis smoking, in EP patients.

2. Experimental Section

This multi-center, international, retrospective, pilot study enrolled a sample of EP patients
(BSA > 90%) treated with a loading dose of 300 mg subcutaneous secukinumab at weeks 0, 1, 2, 3 and
4, followed by 300 mg every 4 weeks, in the period from December 2015 to December 2018.

All erythrodermic patients were biopsied and malignancies were ruled out by complete blood
count, blood smear, transaminases, lactate dehydrogenase (LDH), gamma-glutamyl transferase (GGT),
anion gap, Sézary cell search, and total body computed tomography. Smoking history (pack/years),
cannabis use (smoking episodes/week) and alcohol use (Alcohol Use Disorders Identification Test
(AUDIT)) status were assessed.

AUDIT is a 10-question screening tool (0–40 points) developed by the World Health Organization
(WHO) in order to evaluate alcohol consumption, drinking behavior, and alcohol-related complications.
According to AUDIT, patients are stratified as follows: 0–7 points indicate a low risk, 8–15 points a
medium risk, 16–19 points a high risk, and 20–40 points a probable addiction.
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All EP patients underwent a 52-week follow-up to evaluate recurrent erythrodermic episodes.
Demographics and clinical charts were recorded, including: age; gender; previous Psoriasis Area

Severity Index (PASI) score before erythroderma, if any; previous anti-psoriatic therapy; biologic
therapy exposure; secukinumab response; side effects; drug use history; PASI and Dermatologic life
quality index (DLQI) at weeks 8, 12, 16, 24, and 52. We stratified erythroderma clearance (BSA < 75%)
based on PASI 75, PASI 90, PASI 100.

3. Results

3.1. Study Population

In the current study, 13 EP patients (female/male ratio equal to 9/4), with a median age of 40 (28–52),
and body mass index of 24 (22–27) kg/m2 were included. Family history of psoriasis was positive in
9/13 patients.

3.2. Drug History

In Table 1 we assessed drug history. Only 3/13 patients were naïve to biologic therapy. Among
patients treated with biologics, eight had switched more than two biologics. Furthermore, 8/13 had a
previous episode of erythroderma and six patients had more than two episodes. Drug history indicated
that some of the EP patients had previously received therapeutic agents that could potentially trigger
psoriasis, namely four underwent beta blockers, three received angiotensin II blockers (ARBs), two
patients received angiotensin-converting enzyme (ACE) inhibitors, and one patient was previously
treated with thiazide diuretics.

Table 1. Pharmacological history in our cohort.

Variables EP (n = 13)

Last anti-psoriatic therapy (N (%))

Methotrexate 1 (7.7)

Phototherapy 1 (7.7)

Adalimumab 4 (30.8)

Etanercept 2 (15.4)

Ustekinumab 2 (15.4)

Apremilast 1 (7.7)

Combination therapy (MTX + Etanercept) 3 (23.1)

Biologics naïve (N (%)) 3 (23.1)

Biologics switching (N (%)) 10 (76.9)

1 2 (20.0)

2 5 (50.0)

3 1 (10.0)

>3 2 (20.0)

Other drugs capable to aggravate psoriasis (N (%))

Beta-blockers 4 (30.8)

ACE inhibitors 2 (15.4)

ARBs 3 (23.1)

Thiazides diuretics 1 (7.7)

ACE: Angiotensin-converting enzyme, ARBs: Angiotensin II receptor blockers, EP: erythrodermic psoriasis,
MTX: Methotrexate.
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3.3. Drug Abuses and Comorbidities

Drug abuse screening revealed that seven patients had a medium-high risk of alcohol abuse, three
patients used cannabis on a weekly basis, and seven patients were smokers with a pack/year index
of 295 (190–365). The comorbidities represented in our cohort included: dyslipidemia (five patients),
hypertension (three patients), osteoporosis (two patients), atrial fibrillation (one patient) and pulmonary
tuberculosis (one patient), respectively (Table 2).

Table 2. Prevalence of drug abuses in our cohort.

Addictions EP (n = 13)

Smokers (N (%)) 7 (53.8)

Pack/year (median (IQR)) 295 (190–365)

AUDIT test (median ± SD) 9 (4–14)

Zone I (0–7 points) (N (%)) 6 (46.2)

Zone II (8–15 points) (N (%)) 6 (46.2)

Zone III (16–19 points) (N (%)) 1 (7.7)

Zone IV (20–40 points) (N (%)) 0 (0.0)

Cannabis use (N (%)) 3 (23.1)

AUDIT: Alcohol Use Disorders Identification Test, EP: erythrodermic psoriasis, IQR: Interquartile range,
SD: standard deviation.

3.4. Clinical Response to Secukinumab

Clinical and therapeutic data are summarized in Table 3. The median value of the last recorded
PASI was 10 (7–15). Responders to secukinumab were 10/13 (Figure 1a,b) and the median clearing time
was three (1.5–3) weeks.

Table 3. Clinical and therapeutic records in our cohort.

Variables EP (n = 13)

Last control PASI (median (IQR)) 10 (7–15)

Secukinumab responders (N (%)) 10 (76.9)

Secukinumab non-responders (N (%)) 3 (23.1)

Previous erythroderma episodes (N (%)) 8 (61.5)

1 2 (25.0)

2 3 (37.5)

3 1 (12.5)

>3 2 (25.0)

Erythroderma clearing time (median (IQR), weeks) 3 (1–5.3)

PASI (median (IQR))

Week 8 15 (13–17)

PASI 75 (N (%)) 4 (30.8)

PASI 90 (N (%)) 0 (0.0)

PASI 100 (N (%)) 0 (0.0)

Week 12 4.5 (0–10)

PASI 75 (N (%)) 5 (38.5)

PASI 90 (N (%)) 3 (23.1)

PASI 100 (N (%)) 4 (30.8)
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Table 3. Cont.

Variables EP (n = 13)

Week 16 2 (0–5)

PASI 75 (N (%)) 1 (7.7)

PASI 90 (N (%)) 5 (38.5)

PASI 100 (N (%)) 4 (30.8)

Week 24 2 (0–2.75)

PASI 75 (N (%)) 1 (7.7)

PASI 90 (N (%)) 5 (38.5)

PASI 100 (N (%)) 4 (30.8)

DLQI (median (IQR))

Week 8 17 (13–22)

Week 12 12 (9–17)

Week 16 11 (7–16)

Week 24 8 (6–12)

Week 52 8 (5–12)

Side effects (N (%)) 5 (38.5)

Recurrent oral candidiasis 1 (20.0)

Urticaria 1 (20.0)

Injection-site pain 3 (60.0)

DLQI: Dermatologic Life Quality Index, EP: erythrodermic psoriasis, IQR: Interquartile range, MTX: Methotrexate,
PASI: Psoriasis Area Severity Index.

 

(a) 

 

(b) 

Figure 1. A 34-year-old patient with erythrodermic psoriasis that underwent secukinumab therapy.
(a) Erythrodermic patient before treatment, (b) Patient after three weeks of secukinumab treatment.

Side effects were reported in 5/13 patients and remarkably were the only cause of treatment
interruption, in contrast to other previously reported cases series [4,5]. All patients were on
continuous secukinumab treatment and no recurrences were registered in the 52 weeks of follow
up. After recovering from erythroderma at week eight, four patients achieved PASI 75, while none
achieved PASI 90 or PASI 100. At week 52, five patients achieved PASI 90 and five achieved PASI 100.
Interestingly, looking at the PASI trends of this cohort (Figure 2), all three non-responders used two out
of three of the aforementioned drugs (alcohol, cannabis, and smoking) and no recorded comorbidities.
Non-responders were switched to ustekinumab (90 mg) and obtained a PASI 100 in 24 weeks.
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Figure 2. PASI trends in erythrodermic patients from week eight to week 52. * Patients that displayed
more than one type of drug use (tobacco, cannabis, alcohol).

4. Discussion

Our study further supports that secukinumab is an effective therapy in EP and suggests that the
use of recreational and accepted drugs (alcohol, cannabis, and tobacco) is prevalent in EP patients.

Furthermore, in the literature, EP patients treated with secukinumab had 16 [4] or 24 [5] months
of follow up, lacking an assessment of long-term DLQI. Thus we assessed DLQI at 8, 12, 16, 24, and
52 weeks and found that secukinumab contributed to the improvement, not only in skin disease, but also
in the long-term quality of life of EP patients. In our cohort, EP patients that responded to secukinumab
did not exhibit recurrences and maintained long-term responsiveness to the drug. This study further
supports the results described in a retrospective 52-week, observational, multicenter study, evaluated
by Galluzzo et al., which suggested long-term efficacy of secukinumab in plaque psoriasis [12].

Focusing on EP patients, we assessed for the first time in detail the timing related to clearance of
erythroderma, and after that, how secukinumab managed to clear the residual plaque psoriasis during
the 52-week follow-up period. These two parameters together, are of pivotal importance in the clinical
setting to guide therapeutic decisions made by dermatologists. In addition, the 52-week follow-up
data highlighted that the EP responders to secukinumab achieved at least PASI 90 after clearing EP.

Among the three patients who did not respond to secukinumab therapy, one patient developed
generalized urticaria at week three, the second patient experienced recurrent oral candidiasis and
stopped the drug at week 12, and the third patient lost response at week 16. Remarkably, the
second non-responder also smoked cannabis. Non-responders have not previously been treated with
ustekinumab, and in accord with the recent real-life data on secukinumab non-responders, they were
switched to ustekinumab and achieved a complete remission [13]. Ustekinumab is an IL-12/IL-23
blocker that targets the p40 subunit shared by these two cytokines. Furthermore, IL-12 plays a pivotal
role in T helper cell type 1 (Th-1) polarization, as does IL-23 in Th-17 polarization [14]. We interpret
the non-responsiveness of our patients as potentially due to the development of anti-secukinumab
antibodies or up-regulation of Th-1-related pro-inflammatory cytokines, as previously demonstrated
by Zaba et al. [15].

Evaluation of clinical characteristics in secukinumab non-responders indicated that all three had a
familial history of EP and had used more than one drug, including smoking, alcohol, and cannabis.
However, none of them were treated with any drug known to trigger psoriasis.
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In the literature, the prevalence of drug abuse in the rare subset of EP is not reported, conversely, in
plaque psoriasis patients several authors addressed the problem of drug abuse prevalence (alcohol and
tobacco smoking) and its impact on anti-psoriatic therapies [7,8,16,17].

Alcohol intake and, consequently, also the abuse, may favor psoriasis-related systemic
inflammation by promoting lipopolysaccharide (LPS) translocation from intestine to blood flow,
increasing the pro-inflammatory activation of several immune cells, including lymphocytes
(producing TNF-α and IFN-γ) and monocytes/macrophages (producing TNF-α), and directly by
triggering keratinocytes pro-inflammatory activation via keratinocyte growth factor receptor (KGFR) [9].
These observations are further supported by Brenaut and colleagues, who conducted a meta-analysis
on the epidemiological link between psoriasis and alcohol intake, and found that alcohol is a risk factor
in developing psoriasis [17]. Furthermore, Qureshi et al. described a correlation between heavy beer
intake and psoriasis severity during exacerbation [8]. This concept is translatable to EP patients, where
erythroderma is an acute and very severe exacerbation of pre-existent psoriasis. Thus, alcohol abuse
seems to increase TNF-α levels and may theoretically explain a possible lack or loss of response to
IL-17 blockers, as with secukinumab in our EP patients.

Tobacco smoking and its link with psoriasis was assessed by Armstrong and colleagues
in a large meta-analysis, involving 28 studies. They found an odds-ratio (OR) of 1.78
(95% confidence interval = 1.52–2.06) and a higher PASI in psoriatic smokers compared to
non-smokers [16]. Remarkably, psoriasis severity gradually increases with the number of cigarettes
smoked per day [17], but may benefit from a stop in smoking [18,19]. The nicotine contained in cigarettes
activates nicotinic acetylcholine receptors (nAChRs) on the surface of dendritic cells, macrophages,
endotheliocytes and keratinocytes, leading to an increased Th-1/Th-17 polarization of naïve T cells
and to an increased production of pro-inflammatory cytokines, such as TNF-α, IL-12, IL-17, IL-23,
IL-1β and IFN-γ [20]. These are all capable of decreasing the therapeutic effects of both TNF-α [7] and
IL-17 blockers.

Conversely, fragmentary data exist regarding the effects of cannabis on the immune system and
skin [21,22], but no data have been published about cannabis smoking in psoriatic patients or in
murine models of psoriasis. However, some purified extracts derived from cannabis may inhibit
in vitro keratinocyte proliferation [21] and Th-17 cell-related cytokine production in a dose-dependent
manner [22]. Cannabinoids mainly interact with two receptors, cannabinoid-1 receptor (CB1R) and
(CB2R), and both inhibit adenylate cyclase and activate mitogen-activated protein kinase (MAPK) [11].
This theoretically contrasts the anti-psoriatic function of apremilast, with regard to the intracellular
cyclic adenosine monophosphate (AMPc) increase due to phosphodiesterase-4 inhibition. CB1R is
prevalently present in keratinocytes, whilst CB2R is prevalent in immune cells, such as T cells and
monocytes/macrophages [11]. Upon stimulation in the presence of purified cannabis extracts, namely
cannabidiol (CBD) and tetrahydrocannabinol (THC), Th-17 cells massively decrease both transcription
and release of IL-17A [22], which may theoretically act synergistically with IL-17 blockers. This aspect
may be also confirmed by reports that list candidiasis as a side effect of both IL-17 blockers and chronic
cannabis use [23]. Consequently, patients under IL-17 blockers that use cannabis may be exposed to a
higher risk of candidiasis. Remarkably, Russo and colleagues pointed out that, in order to evaluate
the global effect of cannabis, it is necessary to take into consideration the synergism existing among
different cannabis compounds that altogether determine the final so-called entourage effect, capable
of enhancing or even obscuring the properties of single compound [24]. Furthermore, no studies
evaluated how smoking cannabis can modify these compounds and their biological effect. Thus, this
is the first report to evaluate this relevant use of such drugs in a cohort of patients affected by EP,
a chronic systemic inflammatory disease.

Moreover, both smoking and alcohol consumption were found to increase IL-17 and TNF-α
production [9,12,16], corroborating our hypothesis that drug use may promote systemic inflammation,
contributing to less favorable results from anti-psoriatic therapies.
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The main limitation of the present study remains the small sample of enrolled patients, which was
due to EP rarity and due to the fact secukinumab is still off-label in treating EP. Therefore, we cannot
conclude that drug use in the non-responding patient group was causal. Other plausible reasons for
the failed response in the small number of patients with addiction problems in the present cohort might
well be insufficient compliance, even though all of our patients regularly attended dermatological
appointments and reported to have auto-injected secukinumab.

5. Conclusions

Although not conclusive, our preliminary results in EP patients treated with secukinumab
enlighten two presently unmet needs: (i) the need of therapy-specific biomarkers/prognostic factors
and (ii) the prevalence of drug use in EP.

In conclusion, secukinumab may be a safe and effective treatment in EP, however, larger studies
are needed to validate our results.
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Abstract: Information about the epidemiology of diabetic foot ulcer (DFU) with peripheral arterial
disease (PAD) is likely to be crucial for predicting future disease progression and establishing a health
care budget. We investigated the incidence and prevalence of DFU and PAD in Korea. In addition,
we examined costs of treatments for DFU and PAD. This study was conducted using data from Health
Insurance Review and Assessment Service from 1 January 2011 to 31 December 2016. The incidence
of DFU with PAD was 0.58% in 2012 and 0.49% in 2016. The prevalence of DFU with PAD was 1.7%
in 2011 to 1.8% in 2016. The annual amputation rate of DFU with PAD was 0.95% in 2012 and 1.10%
in 2016. Major amputation was decreased, while minor amputation was increased. The direct cost of
each group was increased, especially the limb saving group. which was increased from 296 million
dollars in 2011 to 441 million dollars in 2016. The overall incidence of DFU with PAD was about 0.5%
of total population in Korea, from 2012 to 2016. Furthermore, costs for treatments of diabetic foot
ulcer are increasing, especially those for the limb saving group.

Keywords: diabetic foot ulcer; peripheral arterial disease; incidence; prevalence; cost; National
Health Insurance Service data

1. Introduction

The prevalence of diabetes mellitus is expected to increase and the number of diabetic patients
worldwide is on the rise. The global prevalence of diabetic foot varies from 3% in Oceania to 13% in
North America, with a global average of 6.4% [1]. The annual incidence of diabetic foot ulcer (DFU) or
necrosis in diabetic patients is known to be about 2% to 5% and the lifetime risk ranges from 15% to
20% [2–4]. Peripheral arterial disease (PAD), like cardiovascular disease, is a major arterial disease
caused by atherosclerosis [5]. Diabetes is one of the high risk factors of PAD [5], and Olinic et al. [6]
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reported that the prevalence of PAD in Europe is increasing, parallel with increasing age and other risk
factors for cardiovascular disease. PAD is associated with a 20-fold higher prevalence in patients with
diabetes. It is known to be a risk factor for the highest severity of single factors in diabetic patients [7–9].
In addition, the probability of amputation within one year after the first ulcer or gangrene is 34.1% and
the mortality rate has been reported to be 5.5% [8]. Information about the epidemiology of peripheral
arterial disease associated with DFU is likely to be crucial for predicting future disease progression
and establishing a health care budget.

About 20% to 33% of costs related to diabetes mellitus are used for treatments of diabetic foot [3,10].
The incidence of diabetes represented by chronic diseases is increasing. The cost of medical care for
diabetic foot is increasing. Korea has recently entered an aging society. The increase in the number of
diabetic patients has become an important issue in the decision of the health and welfare budget in
Korea. In addition, the increase in complications due to diabetes is a burden, not only for patients,
but also for the nation. Furthermore, such information is important for public health policy makers to
advocate for implementation of prevention and treatment recommendations. However, there are no
recent studies on the incidence, prevalence, or costs of treatments of DFU and PAD in Korea.

Thus, the primary objective of this study was to investigate the incidence and prevalence of
DFU and PAD in Korea. The secondary objective was to analyze the costs of treatments for DFU and
PAD using National Health Insurance Service data provided by the Health Insurance Review and
Assessment Service (HIRA).

2. Materials and Methods

This study was approved by the Institutional Review Board of Soonchunhyang University Hospital
Seoul (Institutional Review Board number: SCHUH 2018-01-007). The use of codes directly signifying
DFU began on 1 January 2011, when the sixth edition of the Korean statistical classification of disease
and related health problems-6 system (KCD-6) was applied. Until the year 2010, the disease code
indicating the gangrene and ulcer was used separately from the diabetes code. If the disease code of the
foot wound was not actively recorded, even if there was a DFU, DFU patients were inevitably missing.
Therefore, we judged that it was not accurate to investigate data before 2010. Finally, data after 2011
were examined in this study. This study was conducted using data from HIRA from 1 January 2011 to
31 December 2016.

The annual incidence and prevalence of diabetes foot ulcer and PAD among the total population of
Korea (estimated population) reported by the National Statistical Office were calculated. We considered
the wash-out period as one year to determine the annual incidence of DFU and PAD. Therefore,
the annual incidence of newly diagnosed DFU and PAD patients was calculated from 2012.

The amputation rates in diabetic foot ulcer and PAD patients were also calculated according to
amputation level (minor vs. major (above ankle)). Diabetic foot ulcer and PAD codes and behavior
codes (such as amputation, debridement, etc.) included in this study are summarized in Table 1.

Table 1. Diabetic foot ulcer (DFU) and peripheral arterial disease (PAD) codes and behavior codes
included in this study.

Diabetic Foot

E105: E1050, E1051, E1058
E107: E1070, E1071, E1072, E1078

E115: E1150, E1151, E1158
E117: E1170, E1171, E1172, E1178

E125: E1250, E1251, E1258
E127: E1270, E1271, E1272, E1278

E135: E1350, E1351, E1358
E137: E1370, E1371, E1372, E1378
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Table 1. Cont.

E145: E1450, E1451, E1458
E147: E1470, E1471, E1472, E1478

Peripheral Arterial Disease

I7022, I7023, I7024, I7025, I7029

Behavior

SC021, SC022, SC023, SC024, SC025, SC026, SC027
M0111, M0115, M0121, M0122, M0123, M0125, M0135, M0137

N0571, N0572, N0573, N0574, N0575, N0579

The direct cost for each amputation was calculated. We also analyzed the direct costs of DFU
and PAD care in three groups. Group I was a limb-saving group. Group II was for those who had
one amputation. Group III was for patients who had repeated amputation. The cost was based on
the direct cost of patient contributions plus insurance claims. The direct cost was adjusted by taking
into account the medical price index presented by the Korean Statistical Information Service (KOSIS,
Daejeon, Korea). The data of this study were analyzed using SAS Enterprise Guide, ver. 6.1 M1 (SAS
Institute Inc., Cary, NC, USA).

3. Results

Regarding the overall annual incidence of DFU from 2012 to 2016, 0.43% of total populations were
diagnosed with DFU in 2012 whereas 0.34% were diagnosed in 2016, showing a remarkable incidence
plateau with a mild decrease over five years. The annual incidence of PAD was 0.19% in 2012 and
0.20% in 2016, showing an incidence plateau with a mild increase over five years. The annual incidence
of DFU with PAD was 0.58% in 2012 and 0.49% in 2016 (Figure 1). The overall prevalence of DFU in
the study period was 1.4% in 2011 and 1.3% in 2016. The prevalence of PAD was 0.4% in 2011 and 0.5%
in 2016. The prevalence of DFU with PAD showed a mild increase from 1.7% in 2011 to 1.8% in 2016
(Figure 1).

Figure 1. Annual the incidence and prevalence of diabetic foot ulcer with PAD.
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The annual amputation rate of DFU with PAD was increased from 0.95% in 2012 to 1.10% in 2016.
Of these, the major amputation rate was decreased from 0.28% in 2012 to 0.27% in 2016, while the
minor amputation rate was increased from 0.66% in 2012 to 0.82% in 2016 (Figure 2).

Figure 2. Annual amputation rate of diabetic foot ulcer with PAD.

The direct cost of amputation was increased from 17 million dollars in 2011 to 25 million dollars in
2016. Especially, the sum of direct costs of minor amputation increased from 11 million dollars in 2011
to 17 million dollars in 2016 (Figure 3). The average cost of amputation per person was also increased
from 6100 dollars in 2011 to 7300 dollars in 2016 (Figure 4). The direct cost of each group was increased
from 2011 to 2016. Direct costs for group 1 increased from 296 million dollars in 2011 to 441 million
dollars in 2016. These costs for group 2 increased from 7.1 million dollars in 2011 to 9.3 million dollars
in 2016, while those for group 3 increased from 10 million dollars in 2011 to 15 million dollars in 2016
(Figure 5).

Figure 3. The direct cost of amputation of diabetic foot ulcer with PAD.
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Figure 4. The average cost of amputation, per person, of diabetic foot ulcer with PAD.

Figure 5. The direct cost of each group for diabetic foot ulcer with PAD.

4. Discussion

Overall incidence and prevalence of DFU with PAD in Korea from 2012 to 2016 were about 0.5%
and 1.7% of the total population, respectively. The amputation rate was increased, especially the minor
amputation rate, which increased from 0.66% in 2011 to 0.82% in 2016. Furthermore, direct costs for
diabetes treatment were increased, especially the expense for the limb saving group.

We investigated the annual incidence and prevalence of DFU and PAD among the total population
in Korea. The incidence and prevalence of DFU are also important for determining the number
of diabetic patients. We requested HIRA to provide the total data for diabetic patients. However,
the organization explained to us that these data were too large to release. Therefore, we could
not obtain information for the total number of diabetic patients during the study period. Thus,
we calculated the incidence and prevalence of DFU patients in the total population. However,

277



J. Clin. Med. 2019, 8, 748

the Korean diabetic association reported that the prevalence of diabetes increased from 12.4% in 2012
to 14.4% in 2016 through a diabetic fact sheet in 2018. Thus, we could investigate the prevalence
of diabetic foot ulcer among the diabetic patients indirectly, showing 10% in 2012 and 9% in 2016.
Recently, Zhang et al. [1] reported that the global prevalence of diabetic foot ulceration is 6.3% and
the prevalence is 13.0% in North America and 5.5% in Asia. However, in their systematic review and
meta-analysis study, the definitions for diabetic foot and diabetic foot ulceration were ambiguous.
Furthermore, two epidemiologic studies using only Korean data focused on the epidemiology of
diabetic peripheral neuropathy [11,12]. However, our study investigated not only DFU, but also PAD.
Thus, we believe that our study has a more accurate prevalence of DFU in Korea.

Concerning amputation, our results showed that annual amputation rate of DFU with PAD
increased from 0.95% in 2012 to 1.10% in 2016. Of these, the major amputation rate decreased from
0.28% in 2012 to 0.27% in 2016, while the minor amputation rate was increased from 0.66% in 2012 to
0.82% in 2016. The overall amputation rate was increased. This might be due to the increased minor
amputation rate, rather than the decrease of the major amputation rate. Goodney et al. reported
that lower extremity amputation decreased by 45% from 1996 to 2011 (above the knee amputation
decreased by 48% and below the knee amputation decreased by 39%) [13]. Although, in our study,
we did not show a clear causal relationship about the reason for this situation, two reasons might be
important. The first one is the increased awareness of the risk of diabetic foot in diabetic patients.
Previous studies have reported that education about foot care to diabetic patients is important because
it is associated with a significant reduction in lower extremity amputation. In addition, monthly
foot checks are associated with the reduction of major lower limb amputations in diabetic incident
hemodialysis patients [14,15]. Future studies are needed to examine awareness of risk of DFU in
diabetic patients. The second reason is the improvement of vascular conditions due to increase of
revascularization. This is also important for the reduction of major amputation. Peripheral vascular
disease is known to be the most significant risk factor for diabetic foot amputation [8]. A previous
study also reported that it is evident that the increasing use of vascular and preventive care, especially
among patients with diabetes, is temporally associated with lower rates of major amputation [16].
Future studies focusing on understanding this relationship are needed.

The increase in the cost of medical care, due to the increased number of diabetic patients, has
been reported all over the world. It is a useful indicator for planning and enforcing health care policies
and budgets [17–19]. To the best of our knowledge, our research is the first to investigate the cost of
medical care for diabetic foot ulcer in Korea. Our study showed that, although the cost of amputation
was increased a lot, the expense for the limb saving group increased exponentially. Such a cost increase
might be due to the development of medications and dressing materials. This could increase the
burden on the patient. Understanding the cost of DFU should support future decisions on investment
in diabetic foot care.

Some limitations of the study need to be addressed. First, DFU and PAD codes are diverse, unclear,
and sometimes missing. There was no defined disease code for DFU until 2010. Thus, data on DFU
from 2007 to 2010 could not be used. This is considered the limit for using National Health Insurance
Service data provided by HIRA. It is necessary to agree on codes of diabetic foot and PAD more clearly
and uniformly in the future. Second, diabetic neuropathy was not included in this study, because the
disease code and operational definition for diabetic neuropathy were not established in the Big Data.
Furthermore, extracted data using the provided diabetic neuropathy code revealed that too many
patients were included, so the extracted data could not be trusted. Therefore, in this study, diabetic
neuropathy was excluded in order to improve the quality of the study, but it is thought that studies to
include neuropathy in the diabetic foot should be done through the operational definition defined
later. Third, when calculating the incidence of chronic diseases, such as diabetes and PAD, a wash-out
period of at least 2 years should be used. However, we used wash-out period of one year to calculate
incidence of DFU and PAD. This was an inevitable choice due to too much missing data. If data for
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a longer period of time can be used, the wash-out period of 2 years can be used. Such study is needed
in the future.

5. Conclusions

In conclusion, over 5 years, we found that the overall incidence and prevalence of DFU with PAD
in Korea were about 0.5% and 1.7% of the total population, respectively. The amputation rate was
increased, especially the minor amputation rate. Furthermore, the direct costs for DFU treatment were
increased, especially the expense for the limb saving group. Our results suggest that we should pay
attention to effective implementation of the budget when we make future health policies for diabetic
foot. Further studies warrant the importance of productive and cost-effective methods for saving limbs
in the healthcare system.
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Abstract: Elevated serum urate (sUA) concentrations have been associated with an increased risk of
hypertension. We aimed to examine the association of sUA concentration on the risk of hypertension in
pre- and post-menopausal women and investigated the association between the polymorphism of the
xanthine dehydrogenase gene and the risk of hypertension. Among 7294 women, 1415 premenopausal
and 5879 postmenopausal women were recruited. Anthropometric parameters as risk factors of
hypertension were identify by logistic regression models. In addition, we investigated an association
between xanthine dehydrogenase gene and sUA and their combined associations on the risk of
hypertension. Body mass index (BMI) and waist circumference (WC) were significantly increased
in accordance to the increase of sUA levels (p < 0.001). Multivariate logistic regression analysis
showed postmenopausal women with a high sUA and high BMI were 3.18 times more likely to have
hypertension than in those with normal and lower sUA (Odds ratio: 3.18, 95% confidence interval:
2.54–3.96). Postmenopausal women with a high WC were 1.62 times more likely to have hypertension
than in those with normal and lower sUA. Subjects with the AG genotype of rs206860 was found to
be at lower risk of hypertension (odd ratio: 0.287, 95% confidence interval: 0.091–0.905, p = 0.033).
This cross-sectional study indicated a high sUA is associated with a higher risk of hypertension
in postmenopausal women. Further well-designed prospective studies in other populations are
warranted to validate our results.

Keywords: serum urate; menopause; hypertension; xanthine dehydrogenase; cross-sectional
cohort study

1. Introduction

An elevated serum urate (sUA) concentration is a common phenomenon in subjects with
hypertension, insulin resistance, or obesity [1], and previous epidemiological studies have demonstrated
that high sUA concentrations are associated with an increased risk of hypertension [1–5]. Although
longitudinal studies showed sUA might play a role in the development of hypertension, the association
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between sUA and blood pressure may be affected by various factors [5–7]. However, it is not clear
whether urate elevation is the cause or a consequence of hypertension [1,6,8].

Urate is the catabolic end-product of endogenous and dietary purine metabolism in human,
and is mainly produced by xanthine oxidase, which is involved in the production of reactive-oxygen
species (ROS) [5,9–11]. In addition, excessive sUA accumulation can cause various diseases [11,12].
Several studies using animal models and cell cultures have identified mechanisms whereby high sUA
concentrations might lead to hypertension by reducing endothelial nitric oxide release and activating
the renin–angiotensin system leading to smooth muscle cell proliferation [13–16]. Furthermore,
associations between sUA and metabolic disorders are gender dependent. sUA concentrations
tend to be lower in women than in men, partially due to the uricosuric effect of estrogens [10].
In addition, sUA concentrations seem to be increased in both physiologic and post-surgical menopause
independently of other confounders [9,17], presumably due to the uricosuric effect of estrogens and
hormone replacement therapy induced sUA reduction [18]. Estrogens have some indirect uricosuric
effects that can contribute to modulate the urate before and after menopause. The sUA concentration
is unlikely to reflect urate production, as an increased sUA production is compensated by increased
excretion to maintain sUA within the normal range [19]. To the best of our knowledge, urate production
has a limited influence on sUA concentration and both, urate concentration and the production,
might influence blood pressure by a different underlying mechanism.

Mammalian xanthine oxidoreductase (XOR) has the characteristics of being found in two
interconvertible forms: constitutively expressed in vivo NAD+-dependent xanthine dehydrogenase
(XDH, EC 1.1.1.204) and post-transcriptionally modified xanthine oxidase (XO, EC 1.1.3.22) [20].
The XOR enzyme exists in XDH form, but when released into the circulation it is converted into XO.
Although XDH preferentially reduces NAD+, both forms of the enzyme can also reduce molecular
oxygen to form the ROS superoxide and hydrogen peroxide. Wu et al. reported the XDH gene might
be associated with constitutional susceptibility to hypertension [21]. XDH alters xanthine oxidase by
reversible sulfhydryl oxidation or by irreversible proteolytic modification, and the production of urate
results from the metabolism of purines by XDH [21,22].

We examined the association between sUA and hypertension risk in post-menopausal women,
and investigated the association between the polymorphism of XDH gene and the risk of hypertension.

2. Methods

2.1. Study Population

This study was conducted with participants from a population-based cohort within the Korean
Genome and Epidemiology Study on Atherosclerosis Risk of Rural Areas in the Korean General
Population (KoGES-ARIRANG) to assess the genetic and environmental etiology of common metabolic
common metabolic and cardiovascular diseases in South Koreans [23,24]. The KoGES-ARIRANG cohort
study contained all adults aged 40–70 years that resided in rural areas of Wonju and Pyeongchang,
Gangwon-do, Republic of Korea.

In this cross-sectional study, the baseline survey was performed from November 2005 to January
2008 and contained 28,338 adults aged 40 to 70 years. Among 17,517 women, 8666 women with a
sUA level were included in this study. After excluding 736 with experience of hormone therapy,
625 with no history of menopause, and 11 missing for blood pressure, a total of 1415 premenopausal
and 5879 postmenopausal women comprised in this cross-sectional study (Figure 1). Subjects who
were treated antihypertensive drugs were 1991 participants. Those who experienced anti-hypertensive
drugs were considered having hypertension. Additionally, we excluded the participants without
genotype, 3666 participants with the genetic variations in XDH were eligible for this cross-sectional
study. The study protocol was approved by the Institutional Review Board of Wonju Severance
Christian Hospital.
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Figure 1. Flow chart of study populations in the KoGES-CAVAS cohort. Abbreviations: KoGES-CAVAS,
Korean Genome and Epidemiology Study on Atherosclerosis Risk of Rural Areas in the Korean General
Population; GWAS, genome wide association study.

2.2. Data Collection

At baseline examination, study participants completed a standardized medical history and lifestyle
questionnaire and underwent a comprehensive health examination according to standard procedures.

Body weight and height were measured, while participants were wearing light indoor clothing
without shoes. Waist circumference (WC) was measured in a horizontal plane, midway between the
inferior margin of the ribs and the superior border of the iliac crest using a tape measure (SECA-200,
SECA, Hamburg, Germany).

Systolic (SBP) and diastolic blood pressures (DBP) were measured twice in right arms within 5 min
using a standard mercury sphygmomanometer (Baumanometer, Copiague, NY, USA). The means of
the two blood pressure readings were used for the data analyses. Hypertension was defined as a SBP
of ≥140 mmHg or a DBP ≥90 mmHg and/or current treatment with antihypertensive medications at
the baseline survey. All the participants were examined after fasting.

A venous blood sample was drawn from study participants after fasting for >12 h or overnight.
Serum aliquots were stored at −80 ◦C until thawed for analysis. The sUA was measured by an
enzymatic coloric method that can detect the absorbance differences using uricase and peroxidase
as reaction enzymes. Fasting glucose was measured using the hexokinase method. The serum
concentrations of high-density lipoprotein (HDL) cholesterol, total cholesterol (TC), and triglycerides
(TG) were determined using the enzymatic calorimetric method.

Alcohol and smoking habits were estimated using self-questionnaires. Individuals who had
smoked ≥100 cigarettes in their lifetime were defined as current smokers, and those who had not
smoked for ≥3 months were defined as ex-smokers. An interview was performed to confirm the use of
medications for hypertension, and the status of regular physical exercise.
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At baseline examination, study participants completed a standardized medical history and
lifestyle questionnaire and underwent a comprehensive health examination according to standard
procedures. At first, we estimated menopausal status using self-questionnaire. Women who had pre-
and postmenopausal status were defined as “Have you always had your periods at regular 28-day
intervals? Or, have you had not your periods for three months recently?” Also, an interview was
performed to confirm the use of medications for hormone therapy.

2.3. Genome Wide Association Study Genotyping

Samples were analyzed using an Affymetrix Genome-Wide Human single nucleotide
polymorphism (SNP) array 6.0, which contains 906,600 genome-wide SNPs and 946,000 copy number
variations. Briefly, the genomic DNA was digested with two restriction enzymes (NSP I and Sty I) and
processed according to the Affymetrix protocol. Digested segments were ligated to enzyme specific
adaptors incorporating a universal PCR priming sequence. PCR amplification was performed using
universal primers in a reaction optimized for the amplification of fragments between 200–1100 base
pairs. A fragmentation step was then used to reduce the PCR products to segments of approximately
25–50 bp, which were then end-labeled using biotinylated nucleotides. The labeled products were
then hybridized to a chip, washed, and detected. Images were analyzed using GeneChip Operating
System software (Affymetrix, Santa Clara, CA, USA). Internal quality control measures were to ensure
data fidelity, that is, a QC call rate (Dynamic Model algorithm) always was over 86% and correct
identification of subject gender based on heterozygosity on the X chromosome. Genotype calling was
performed using the Birdseed v2 algorithm [25].

2.4. Analysis of the XDH Genomic Polymorphism

For this study, XDH fragments were independently amplified by polymerase chain reaction (PCR).
PCR products were purified and then sequenced using a BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA, USA) and an ABI 3730 × 1 automated sequencer (Applied
Biosystems). SNPs identified in the XDH gene by whole gene sequencing were genotyped. Genomic
DNA was extracted from 5 mL of peripheral venous blood using a commercially available isolation kit
(QuickGene SP Kit DNA whole blood, Fujifilm, Tokyo, Japan). Genotyping was performed using the
TaqMan fluorogenic 5’ nuclease assay (Applied Biosystems) [25].

2.5. Statistical Analysis

We analyzed the study population divided in quartiles of sUA. Categorical variables were
analyzed using the chi-square test and continuous variables were analyzed by ANOVA and post
hoc using Scheffe’s test in pre- and post-menopausal women. Interactions between drinking status,
body mass index (BMI), WC, TG, and sUA on hypertension were investigated. In order to identify an
association between sUA and hypertension we analyzed multivariate logistic regression which was
used to evaluate the independence of associations between sUA and risk of hypertension according
to menopausal status after adjusting for fasting glucose, BMI, and WC. Additionally, there might be
collinearity between BMI and WC. Consequently, we demonstrated a part of odds ratio for sUA and
hypertension without considering all confounding factors including age. We used SBP as confounding
factors because of one of components defined participants with hypertension and without hypertension.
In additional analysis, we adjusted for age to investigate an association of sUA and clinical variables,
because postmenopausal women were older than premenopausal women.

Results were expressed as ORs ratios and 95% confidence intervals (CI). All analyses were
performed using SAS version 9.3 (SAS Institute, Cary, NC, USA), and SPSS version 23.0 (IBM Corp.,
Armonk, NY, USA). P value less than 0.05 was considered as statistically significant.
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3. Results

3.1. Baseline Characteristics

The percentages of BMI, SBP, fasting glucose, and TG were significantly higher, and HDL
cholesterol were significantly lower in the highest quartile of sUA (UA ≥ 5.0 mg/dL) (Table 1). BMI and
WC were significantly higher in the participants with the highest quartile of sUA than those with
the lowest quartile of sUA. (25.3 ± 3.4 vs. 23.6 ± 3.2; 85.2 ± 8.9 vs. 81.0 ± 9.0; respectively, p < 0.01)
(Table 1). In the beginning of study design, we analyzed an association of sUA and hypertension
with substantial confounding factors that related with sUA such as BMI and alcohol consumption.
However, we did not confirm an association between sUA and hypertension after adjusted for all
potential confounding factors.

Table 1. Sociodemographic characteristics of the study population.

Variable

Serum Urate (sUA)

p-Value Post-Hoc *Quartile 1
(<3.7

mg/dL)

Quartile 2
(3.7 ≤ 4.3
mg/dL)

Quartile 3
(4.3 ≤ 5.0
mg/dL)

Quartile 4
(≥5.0

mg/dL)

Women
Premenopausal 411 (24.3) 385 (23.4) 381 (20.0) 238 (11.6) <0.01
Postmenopausal 1282 (75.7) 1258 (76.6) 1524 (80.0) 1815 (88.4)

Age 60.5 ± 10.6 60.2 ± 10.5 60.4 ± 10.3 62.6 ± 9.6 <0.01 a, b, c < d

Smoking status
Non, ex-smoker 1039 (96.9) 978 (96.4) 1140 (96.9) 1116 (35.1) 0.2
Current smoker 22 (3.1) 36 (3.6) 37 (3.1) 58 (4.9)

Alcohol
Yes 458 (27.1) 447 (27.3) 573 (30.1) 602 (29.3) 0.11
No 1235 (72.9) 1193 (72.7) 1330 (69.9) 1451 (70.7)

Weight (kg) 54.6 ± 8.5 56.1 ± 8.2 57.4 ± 8.7 58.8 ± 9.5 <0.01 a < b < c < d
Height (cm) 152.0 ± 6.2 152.6 ± 6.2 152.5 ± 5.9 152.1 ± 6.0 0.02
BMI (kg/m2) 23.6 ± 3.2 24.1 ± 3.0 24.7 ± 3.2 25.3 ± 3.4 <0.01 a < b < c < d

WC (cm) 81.0 ± 9.0 81.9 ± 8.8 83.4 ± 9.0 85.2 ± 8.9 <0.01 a < b < c < d
HC (cm) 91.7 ± 6.3 92.5 ± 6.2 93.3 ± 6.8 94.0 ± 6.9 <0.01 a < b < c < d

Creatinine (mg/dL) 0.8 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.9 ± 0.3 <0.01 a < b < c < d

HDL-C (mg/dL) 47.9 ± 11.2 46.9 ± 10.9 45.8 ± 11.2 43.7 ± 10.4 <0.01 a, b > c > d

Fasting glucose (mg/dL) 97.9 ± 24.5 95.9 ± 19.3 98.0 ± 19.2 100.4 ± 21.1 <0.01 a < d,
b < c < d

Total cholesterol (mg/dL) 199.0 ± 36.0 200.6 ± 34.7 203.7 ± 36.2 208.8 ± 38.6 <0.01 a < c < d, b < d
Triglycerides (mg/dL) 126.4 ± 67.2 130.7 ± 72.2 146.1 ± 83.4 171.8 ± 104.0 <0.01 a, b < c < d
Total protein (g/dL) 7.3 ± 0.4 7.3 ± 0.4 7.4 ± 0.4 7.5 ± 0.4 <0.01 a < c < d, b < d

Albumin (g/dL) 4.4 ± 0.2 4.4 ± 0.2 4.5 ± 0.2 4.5 ± 0.2 <0.01 a, b < c, d
GGT (I/U) 17.2 ± 15.7 17.8 ± 21.7 20.4 ± 28.2 24.8 ± 30.8 <0.01 a, b < c < d

SBP (mmHg) 122.3 ± 18.1 122.3 ± 17.7 123.6 ± 18.4 126.4 ± 18.0 <0.01 a, b, c < d
DBP (mmHg) 75.8 ± 10.3 75.9 ± 10.4 76.5 ± 10.4 77.7 ± 10.4 <0.01 a, b, c < d
Hypertension 545 (32.2) 569 (34.6) 748 (39.3) 1103 (53.7) <0.01 a, b < c < d

Abbreviations: sUA, serum urate; WC, waist circumference; HC, hip circumference; BMI, body mass index; HDL-C,
high-density lipoprotein cholesterol; lipoprotein cholesterol; GGT, gamma-glutamyl transferase; SBP, systolic blood
pressure; DBP, diastolic blood pressure. * post-hoc analysis was conducted using Scheffe’s test, a: quartile 1,
b: quartile 2, c: quartile 3, d: quartile 4.

3.2. Anthropometric Characteristics of Premenopausal and Postmenopausal Women with Hypertension

In postmenopausal women, the mean sUA values were higher in the participants in whom
hypertension development was observed than in those who did not develop hypertension (4.72 ± 1.25
vs. 4.35 ± 1.03, p < 0.001). In the premenopausal women who developed hypertension, the baseline
SBP and TC were 136.00 ± 16.44 mg/dL and 197.40 ± 33.90 mg/dL, respectively, and these parameters
were higher than in those who did not develop hypertension (p < 0.001 vs. p = 0.002). There were no
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differences in smoking habits and the regular exercise status, between the pre- and postmenopausal
women (Table 2).

Table 2. Anthropometric characteristics of premenopausal and postmenopausal women with
hypertension.

Variables

Premenopausal Women (N = 1415) Postmenopausal Women (N = 5879)

Without
Hypertension

(N = 1142)

With
Hypertension

(N = 273)
p *

Without
Hypertension

(N = 3187)

With
Hypertension

(N = 2692)
p *

sUA (mg/dL) 4.08 ± 0.87 4.42 ± 1.06 <0.01 4.35 ± 1.03 4.72 ± 1.25 <0.01
Age (year) 46.65 ± 3.98 48.57 ± 4.27 <0.01 63.08 ± 8.44 65.84 ± 7.82 <0.01

BMI (kg/m2) 24.10 ± 2.96 26.19 ± 3.55 <0.01 23.94 ± 3.15 25.06 ± 3.33 <0.01
WC (cm) 79.25 ± 8.18 84.26 ± 8.65 <0.01 82.35 ± 8.96 85.25 ± 8.98 <0.01
HC (cm) 93.45 ± 6.31 96.14 ± 6.39 <0.01 92.06 ± 6.48 93.54 ± 6.83 <0.01

SBP (mmHg) 111.00 ± 11.22 136.00 ± 16.44 <0.01 116.30 ± 12.00 136.90 ± 17.92 <0.01
DBP (mmHg) 72.43 ± 8.41 88.61 ± 9.81 <0.01 73.14 ± 7.97 81.14 ± 11.08 <0.01
TC (mg/dL) 190.40 ± 32.36 197.40 ± 33.90 0.002 205.48 ± 36.26 206.94 ± 37.99 0.14
TG (mg/dL) 114.80 ± 70.17 146.30 ± 94.17 <0.01 141.50 ± 78.67 162.50 ± 95.14 <0.01

HDL (mg/dL) 47.55 ± 11.10 46.49 ± 11.40 0.16 46.48 ± 11.10 44.55 ± 10.74 <0.01
Total protein (g/dL) 7.34 ± 0.38 7.43 ± 0.42 0.01 7.35 ± 0.40 7.42 ± 0.42 <0.01

Albumin (g/dL) 4.42 ± 0.22 4.44 ± 0.26 0.22 4.43 ± 0.23 4.48 ± 0.24 <0.01
GGT (I/U) 18.34 ± 27.48 22.56 ± 27.39 0.03 19.06 ± 20.14 22.38 ± 29.59 <0.01

Fasting glucose (mg/dL) 92.93 ± 15.41 98.30 ± 23.20 <0.01 97.10 ± 20.58 101.70 ± 23.00 <0.01
Creatinine (mg/dL) 0.85 ± 0.08 0.85 ± 0.11 0.88 0.86 ± 0.10 0.90 ± 0.25 <0.01

Current smoking (%) 7 (1.2) 2 (1.4) 0.93 90 (2.8) 66 (2.5) 0.53
Current drinker (%) 448 (39.2) 108 (39.6) 0.89 886 (27.8) 638 (23.7) 0.001
Regular exercise (%) 459 (40.2) 107 (39.2) 0.76 849 (26.6) 785 (29.2) 0.11

Abbreviations: sUA, serum urate; BMI, body mass index; WC, waist circumference; HC, hip circumference;
SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglyceride; HDL, high-density
lipoprotein; GGT, gamma-glutamyl transferase. *, p-value was calculated by t-test.

3.3. Univariate and Multivariate Logistic Regression Analyses

In univariate logistic regression analysis, we investigated that postmenopausal women with a high
sUA and high BMI were 3.13 times more likely to have hypertension than those with a normal BMI and
a lower sUA (OR 3.13, 95% CI 2.67–3.66 vs. OR 1.85, 95% CI 1.63–2.11, respectively) (Table 3). A higher
sUA level and TG were positively and significantly associated with the development of hypertension
in postmenopausal women (OR 2.63, 95% CI 2.25–3.08) (Table 3). Pre-menopausal women with high
sUA and high BMI showed 5.20 times more likely to have hypertension than those with normal BMI
and a lower sUA (OR 5.20, 95% CI 3.48–7.78) (Table 3).

Multivariate logistic analysis after adjusting for age, SBP and BMI showed that a higher sUA and
a high WC was found to be significantly associated with a 1.62-fold increased risk of hypertension in
postmenopausal women (Table 3). After adjusting for age, SBP and BMI showed that a high sUA and a
high TG were found to be significantly associated with a 2.08-fold increased risk of hypertension in
postmenopausal women (OR 2.08, 95% CI 1.72–2.53) (Table 3).
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Table 3. Effect of interactions between anthropometric parameters on hypertension in premenopausal
and postmenopausal women.

Variables

Crude Odds Ratio (95% CI) Adjusted Odds Ratio (95% CI)

Premenopausal
(N = 1415)

Postmenopausal
(N = 5879)

Premenopausal
(N = 1415)

Postmenopausal
(N = 5879)

Drinking status × sUA †
Never, past drinker and sUA < 5 mg/dL 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)

Current drinker and sUA < 5 mg/dL 0.95 (0.69–1.30) 0.82 (0.71–0.95) 0.92 (0.60–1.42) 0.79 (0.66–0.95)
Never, past drinker and sUA ≥ 5 mg/dL 2.16 (1.44–3.24) 1.96 (1.71–2.23) 1.57 (0.88–2.77) 1.91 (1.62–2.25)

Current drinker and sUA ≥ 5 mg/dL 2.66 (1.67–4.23) 1.42 (1.17–1.71) 2.09 (1.10–4.00) 1.44 (1.14–1.81)

BMI × urate ‡
Normal and sUA < 5 mg/dL 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Obesity and sUA < 5 mg/dL 3.11 (2.27–4.25) 1.85 (1.63–2.11) 1.15 (0.69–1.92) 1.61 (1.33–1.94)

Normal and sUA ≥ 5 mg/dL 2.32 (1.34–4.00) 1.82 (1.56–2.12) 1.93 (0.92–4.06) 1.86 (1.53–2.25)

Obesity and sUA ≥ 5 mg/dL 5.20 (3.48–7.78) 3.13 (2.67–3.66) 2.13 (1.14–3.99) 3.18 (2.54–3.96)

Waist circumference × urate †
Normal and sUA < 5 mg/dL 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)

Abdominal obesity and sUA < 5 mg/dL 2.58 (1.87–3.56) 1.60 (1.41–1.82) 0.77 (0.43–1.27) 0.86 (0.71–1.03)
Normal and sUA ≥ 5 mg/dL 2.27 (1.46–3.53) 1.87 (1.59–2.18) 1.97 (1.08–3.60) 1.84 (1.51–2.24)

Abdominal obesity and sUA ≥ 5 mg/dL 4.59 (2.98–7.06) 2.74 (2.35–3.20) 1.27 (0.64–2.52) 1.62 (1.30–2.01)

Triglyceride × sUA †
Normal and sUA < 5 mg/dL 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)

Hypertriglyceridemia and sUA < 5 mg/dL 2.03 (1.43–2.88) 1.50 (1.32–1.72) 1.26 (0.78–2.06) 1.14 (0.96–1.34)
Normal and sUA ≥ 5 mg/dL 2.19 (1.45–3.31) 1.78 (1.53–2.07) 1.65 (0.92–2.96) 1.82 (1.51–2.20)

Hypertriglyceridemia and sUA ≥ 5 mg/dL 3.88 (2.49–6.04) 2.63 (2.25–3.08) 2.38 (1.28–4.43) 2.08 (1.72–2.53)

Abbreviations: sUA, serum urate; BMI, body mass index. † Adjusted for age, systolic blood pressure and BMI. ‡
Adjusted for age, systolic blood pressure and waist circumference. Statistically significant results were presented by
bold type.

3.4. Hypertension Risk of Participants according to Genotypes of Xanthine Dehydrogenase (XDH)

We found that participants with XDH rs206847 CC genotype had a risk of hypertension with
statistical significance (OR=3.63). Multivariate logistic regression analysis showed a significantly
lower risk of hypertension in women with rs206860AG genotypes than those with the wild type (AA)
(OR = 0.26, 95% CI 0.08–0.89, p = 0.03) (Table 4). After adjusting for age, smoking status, alcohol
consumption, and regular exercise, rs206826 AC genotype was associated with a decreased risk of
hypertension (OR = 0.28 95 % CI 0.08–0.98). However, women with rs206847 CC and rs207425 GA
genotypes had an elevated risk of hypertension.

Table 4. Association of XDH genetic variants and risk of hypertension.

SNP
Crude p Model 1 p Model 2 p

Number Type

rs206847
AA 1.000 (ref) 1.000 (ref) 1.000 (ref)
AC 2.467 (0.677–8.997) 0.17 2.519 (0.690–9.202) 0.16 3.174 (0.807–12.491) 0.1
CC 3.631 (0.863–15.287) 0.08 3.755 (0.887–15.900) 0.07 5.076 (1.044–24.682) 0.04

rs206860
AA 1.000 (ref) 1.000 (ref) 1.000 (ref)
AG 0.287 (0.091–0.905) 0.03 0.282 (0.089–0.893) 0.03 0.263 (0.078–0.888) 0.03

GG 0.661 (0.183–2.386) 0.53 0.646 (0.178–2.342) 0.51 0.451 (0.109–1.866) 0.27

rs207425
GG 1.000 (ref) 1.000 (ref) 1.000 (ref)
GA 2.065 (0.770–5.537) 0.15 2.044 (0.758–5.509) 0.16 3.160 (1.015–9.841) 0.05

AA - 0.99 - 0.99 - 0.99

rs1884725
GG 1.000 (ref) 1.000 (ref) 1.000 (ref)
GA 1.052 (0.338–3.279) 0.93 1.011 (0.323–3.162) 0.99 0.957 (0.282–3.244) 0.94
AA 3.668 (0.805–16.725) 0.09 3.935 (0.854–18.127) 0.08 11.162 (1.525–81.706) 0.02
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Table 4. Cont.

SNP
Crude p Model 1 p Model 2 p

Number Type

rs3769616
GG 1.000 (ref) 1.000 (ref) 1.000 (ref)
GA - 0.99 - 0.99 - 0.99
AA 1.580 (0.207–12.037) 0.66 1.562 (0.203–12.013) 0.67 9.732 (0.972–97.400) 0.05

rs206826
AA 1.000 (ref) 1.000 (ref) 1.000 (ref)
AC 0.351 (0.110–1.123) 0.08 0.355 (0.110–1.139) 0.08 0.282 (0.081–0.979) 0.05

CC 0.907 (0.283–2.913) 0.87 0.905 (0.280–2.918) 0.87 0.588 (0.158–2.180) 0.43

Abbreviations: SNP, single nucleotide polymorphism; A, adenine, C, cytosine, G, guanine. Model 1 was adjusted
for age, smoking status, alcohol consumption, regular exercise. Model 2 was adjusted for Model 1 and additionally
adjusted for systolic blood pressure, total cholesterol and baseline body mass index. Statistically significant results
were presented by bold type.

4. Discussion

In the present study, an elevated sUA was observed to be positively associated with an increased
risk of hypertension and postmenopausal women with high sUA and BMI were 3.13 times more likely
to have hypertension than those who had low sUA and BMI. Furthermore, XDH rs206860 AG genotype
was found to be associated with the decreased risk of hypertension.

The present study showed that hyperuricemia was significantly associated with elevated risk of
hypertension after adjusting for known confounders. Several potential mechanisms might explain the
association between sUA and hypertension [5,26]. The first involves insulin resistance. Elevated insulin
levels cause low urinary ammonium levels and predispose the precipitation of sUA [5,26]. Furthermore,
insulin resistance is known to contribute to the developments of several metabolic disorders that
influence the development of coronary artery disease [5,27], and to increase postmenopausal sUA
concentrations. The second involves the detrimental effect of an elevated sUA concentration on renal
function. Hyperuricemia leads to hypertension and renal injury via a crystal-independent mechanism
by stimulating the renin–angiotensin system and inhibiting neuronal nitric oxide synthase [5,28]. Also,
as sUA in rats induces sodium excretion to decrease by the epithelial sodium channel, it therefore
contributes hypertension [29]. The third mechanism involves endothelial dysfunction. Experimental
evidence suggests a potentially causal role for urate in the pathogenesis of hypertension and
atherosclerosis [28]. It was reported that sUA concentrations are higher in postmenopausal than in
premenopausal women [30]. As far as we know, in postmenopausal women who did not receive
estrogen hormone therapy, sUA concentration tended to increase due to a shortage of the uricosuric
effect of estrogen.

Although the association between sUA and hypertension has been already demonstrated in
epidemiological and clinical studies, the nature of the interaction between sUA and hypertension
remains debatable. The sUA might not be an independent risk factor of hypertension after controlling
for other risk factors, but some studies have reported sUA is predictive of hypertension and renal
disease development after controlling for associated risk factors. However, a recent meta-analysis
including 25 studies of 97,824 participants has shown that high sUA significantly predicts systemic
hypertension [16].

In fact, urate found to have several beneficial and potentially detrimental biologic effects [31].
Our results suggest hyperuricemia dose-dependently predicts higher risks of hypertension as
proportions of subjects with hypertension increased significantly with sUA quartile, which is consistent
with the findings of previous studies. Interestingly, we found genetic variations of the rs206860
polymorphism of XDH gene might lower the risk of hypertension. To the best of our knowledge,
the association between polymorphism of rs206860 and hypertension was not widely reported. rs206860
was investigated in the studies of advanced liver disease [32] and anti-tuberculosis drug-induced
hepatotoxicity [33]. As far as we know, other SNPs were not directly reported regarding association
between heterogeneity of SNPs and hypertension.
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Other SNPs of XDH gene associated with hypertension were also reported. Recently,
Scheepers et al. reported that mean arterial pressure and DBP increased approximately 1 mmHg
less in carriers of minor alleles of XDH rs2043013 in a European population [19]. Yang J et al. reported
multivariate logistic regression analysis showed a significant association between the three SNPs
of XDH at rs2043013 and hypertension in men: 47686C>T and 69901A>C in the recessive model,
and 67873A>C (N1109T) in the dominant model [34]. Wu B et al. showed the XDH gene polymorphisms
rs1042039, rs1054889, and rs2073316 might be associated with hypertension in the rural Han Chinese
population [21].

The present study has some limitations that warrant considerations. First, subjects were not
analyzed over a follow-up period, and therefore, we could not individually evaluate whether the
association between sUA concentration and new-onset hypertension was relevant over a longer
period. Second, the genome wide association study (GWAS) population included a smaller number
of postmenopausal women with hypertension than our basic subjects for each parameter analysis.
Third, our findings might be differently applied to other populations, especially younger age groups of
different ethnicities. As far as we know, XDH rs206860 and its associations with hypertension have not
been studied. rs206860 of XDH is unknown genetic variant so far and further studies in gene discovery
and function needs to be verified. Also, cross-sectional nature of study has limited power to make
conclusions about causality.

In order to investigate an association between genetic variants in XDH and risk of hypertension,
we examined confounding factors in multivariate logistic regression analysis gradually. We identified
the optimal model adjusted for age, smoking status, alcohol consumption, regular exercise, systolic
blood pressure, total cholesterol, and baseline body mass index. However, we recognized that women
with hypertension were few and have very wide confidence intervals because some women do not
have the genotype of XDH. Also, it is not possible to identify whether high urate leads to hypertension
or not from a cross-sectional study

However, this study showed a significant association between sUA and hypertension risk in
postmenopausal women. sUA might be a useful marker to predict disease modality and progression
of chronic metabolic diseases such as hypertension in clinical practice.

5. Conclusions

This study suggests that sUA concentrations might be associated with an increased risk of
hypertension in postmenopausal women and that the rs206860 polymorphism of the XDH gene might
be associated with a low risk of hypertension in Koreans. It seems that sUA may be a cost-effective,
applicable parameter to evaluate hypertension risk of postmenopausal women. Further well-designed,
large-scale studies in other populations are warranted to validate our results.
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Abstract: Despite the growing use of minimal clinically important difference (MCID) as a cancer
outcome measure, no study has reported clinically significant outcomes in cancer patients. We defined
MCID and evaluated the use of preoperative HRQoL for predicting MCID and survival after
surgical resection of hepatocellular carcinoma (HCC). In total, 369 patients completed the Functional
Assessment of Cancer Therapy-Hepatobiliary (FACT-Hep) and the SF-36 at baseline and at two
years post-operative at three tertiary academic hospitals. The corresponding MCID values were 3.6
(SF-36 physical component summary), 4.2 (SF-36 mental component summary), 5.4 (FACT-General
total score), and 6.7 (FACT-Hep total score). The predictors of achieving postoperative MCID were
significantly higher in patients who had low preoperative HRQoL score, advanced age, high education
level, and high BMI (p < 0.05). However, patients with a high preoperative HRQoL score, high
education level, high BMI, and low Charlson comorbidity index score were significantly associated
with survival (p < 0.05). Preoperative HRQoL scores were predictive of MCID and overall survival
after surgical resection of HCC. The findings of this study may be useful for managing the preoperative
expectations of candidates for HCC resection and for developing shared decision-making procedures
for patients undergoing surgical resection of HCC.

Keywords: hepatocellular carcinoma; health-related quality of life; minimal clinically important
difference; survival

1. Introduction

Hepatic resection is the mainstay curative treatment for patients with hepatocellular carcinoma
(HCC), even in some patients with early-stage HCC [1–3]. Health-related quality of life (HRQoL) is
a recognized indicator of healthcare outcomes and, since the 1990s, evaluations of cancer treatment
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outcomes have increasingly emphasized assessment of HRQoL [4,5]. Disease-specific and generic
HRQoL measures are often reported together and provide complementary assessments of patient
well-being before and after an intervention. It is important not to mix up the concept of quality of
life with a recently growing area of HRQoL. Quality of life is an essential concept in the field of
international development since it allows analysis of development on a measure broader than the
standard of living [6,7]. Within development theory, however, there are varying ideas concerning
what constitutes desirable change for a particular society, and the different ways that institutions
define the quality of life, therefore, shapes how these organizations work for its improvement as
a whole. The Functional Assessment of Cancer Therapy-Hepatobiliary (FACT-Hep) measure is one of
the most widely used patient-reported questionnaires for measuring HRQoL in cancer research [8].
Unfortunately, research has shown that most of the studies that have used the FACT-Hep lack any
reporting of clinical significance, even though guidelines for assessing clinical significance do exist.

A clinically important difference is a change that a patient or clinician would consider meaningful
or worthwhile, such that an intervention or treatment would be considered worthy of repeating or
such that patients would consider the change as an improvement in HRQoL. As such, measures of
clinical significance such as the minimal clinically important difference (MCID) are increasingly used
as a standard clinical outcome measure [6,7]. The MCID is defined as the smallest outcome change that
the patient perceives as clinically important [9]. Despite the growing use of MCID as a cancer outcome
measure, no study has reported clinically significant outcomes after surgical resection of HCC.

For cancer patients and their families, clinical data for HRQoL outcomes provide a useful indicator
of the expected course of recovery and the expected effects of treatment. Thus, HRQoL data can help
them make informed treatment decisions [10,11]. Baseline assessments of HRQoL have proven useful
for predicting survival in various cancers, including colorectal, esophageal, breast, oropharyngeal, and
lung cancers [10–13]. For varying severity of cancer, HRQoL has shown higher sensitivity compared
to conventional prognostic indicators and compared to physician assessments [11,14]. Gotay et al.
assessed the use of patient-reported HRQoL as a prognostic indicator of cancer outcomes [15]. Out of
39 clinical trials reviewed by the authors, 36 reported at least one HRQoL domain that was a significant
predictor of survival. However, comparisons of results published in the literature are difficult because
studies differ in the HRQoL measures applied and studied populations differ in patient attributes such
as the type, site, and stage of disease [14–17]. Given the variability in reported overall survival rates
and overall study heterogeneity, the evidence base for overall survival and determinants of overall
survival after surgical resection of HCC are still evolving, and continued investigation is warranted.

A growing body of evidence indicates that preoperative functional status or HRQoL are important
determinants of cancer surgery outcomes [14–17]. To the best of our knowledge, no prior study has
systematically evaluated the role of preoperative HRQoL in achieving MCID and in overall survival
after surgical resection of HCC. Therefore, the purpose of this study was to investigate the use of
preoperative HRQoL scores for predicting achievement of MCID and for predicting overall survival
after surgical resection of HCC.

2. Materials and Methods

2.1. Subjects and Data Collection

This study recruited all patients who had received surgical resection of HCC performed at one
of three southern Taiwan medical centers between February 2013 and February 2017. For accurate
assessment of postoperative outcome measures, the analysis was limited to patients who had received
surgical resection performed by a director of surgery in a medical institution or by a senior attending
doctor specializing in HCC surgery or treatment. Inclusion criteria were the following: (1) a histologic
or combined radiographic and laboratory diagnosis of HCC, (2) ability to communicate in Chinese or
Taiwanese, and (3) agreement to participate in a questionnaire survey performed in the hospital ward
or by telephone. Major exclusion criteria included concurrent malignancy or participation in another
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quality-of-life study that might have interfered with this study. Figure 1 shows that, during the sample
selection period, 496 subjects were eligible for participation. Of these, 62 were excluded due to benign
tumor or cognitive impairment. Therefore, 369 subjects were assessed preoperatively (baseline) and at
2 years postoperatively. Baseline demographic and clinical data were collected through questionnaire
surveys and medical records reviews. This study was approved by the Institutional Review Board of
Chi Mei Medical Center (10002-L01).

Figure 1. Flow chart showing population changes during the study, including subjects who met initial
exclusion criteria, those who later declined to participate and those who lost to follow-up. SF-36:
36-Item Short Form Survey; FACT-Hep: Functional Assessment of Cancer Therapy-Hepatobiliary.

2.2. Study Protocol

Patients were asked to complete the questionnaires during follow-up visits at our outpatient
clinic. To maximize compliance and minimize volunteer bias, a research assistant was available to help
patients complete the questionnaires during each outpatient session. All HRQoL data were collected
by the same research assistant. Patients were informed that their questionnaire responses would not
be revealed to their attending surgeons and, hence, would not affect their treatment.

2.3. Measures of HRQoL

The Short Form-36 (SF-36) Health Survey measures eight dimensions: physical function, role
limitation due to physical health, bodily pain, general health, vitality, social function, role limitation
due to emotional health, and mental health. To compare the overall physical and mental functioning
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of the study population with those in the general Taiwan population, physical component summary
scores (PCS) and mental component summary scores (MCS) were calculated by norm-based scoring
methods and used as dependent variables [18]. Based on a previous study [19], the PCS and MCS
were computed in comparison with the general population of Taiwan. Values below 50 indicated that
the examined PCS or MCS were below the average values for the general Taiwan population, and
vice versa.

The FACT-Hep measure contains five dimensions: physical well-being, social/family well-being,
functional well-being, emotional well-being, and additional concerns. The subscales for the physical
well-being, social/family well-being, and functional well-being dimensions each contained seven
items with a subscale score range of 0–28 points; the subscale for emotional well-being contained six
items with a subscale score range of 0–24 points; the subscale for additional concerns about HCC
contained 18 items with a subscale score range of 0–72 points [8]. The Functional Assessment of
Cancer Therapy-General (Fact-G) and additional concerns for HCC scores were summed to obtain the
FACT-Hep total score, which ranged from 0 to 180. Higher scores on all FACT-Hep dimensions were
interpreted as better HRQoL and fewer symptoms.

2.4. Statistical Analysis

Studies show that a distribution-based method can reliably derive MCID calculated as one-half
the standard deviation (SD) in outcome score change from baseline to the two-year follow up for
a given instrument in a patient cohort [9,20]. Therefore, this methodology was used to determine
MCID values for the SF-36 PCS, SF-36 MCS, FACT-G total score, and FACT-Hep total score.

Multivariable logistic regression models were used to identify predictors of the achievement of
MCID after surgical resection of HCC. A Cox multivariable proportional hazard regression model
was also used to evaluate how other prognostic factors affect survival. Survival distribution was
estimated by Kaplan–Meier method. Significant differences in survival probability were stratified
by a log-rank test. Hazard ratios (HRs) and 95% confidence intervals (CIs) were estimated from
regression coefficients.

Variables included in the multivariable analyses were gender, age, marital status, education,
body mass index (BMI), Charlson co-morbidity index (CCI) score, co-residence with family, smoking,
drinking, tumor stage, chemotherapy, radiotherapy, and average length of stay (ALOS). Multivariable
analyses also included preoperative HRQoL score. Variables that fell out of the model were excluded
from the tables of multivariable results. Statistical analyses were performed using SPSS software (IBM
SPSS Statistics for Windows, Version 20.0, Armonk, NY, USA). All statistical tests were two tailed with
a significance level of 0.05.

3. Results

3.1. Patient Demographics

The SF-36 and FACT-Hep measures were completed by 369 HCC surgery patients preoperatively
and at two years postoperatively. We compared the patients who remained in the study throughout the
two-year period with those who were lost or dead to follow up between the baseline and the second
year after discharge. There was no difference in terms of gender, age, marital status, education, BMI,
CCI score, co-residence with family, smoking, drinking, tumor stage, chemotherapy, radiotherapy,
ALOS, or in any preoperative HRQoL parameters mentioned above (data not shown). Table 1 presents
their demographic and clinical characteristics.
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Table 1. Demographic and clinical characteristics of 369 patients with hepatic resection for
hepatocellular carcinoma.

Variable N (%) or Mean ± SD

Gender Male 271 (73.4)
Female 98 (26.6)

Age, years 60.2 ± 10.8
Marital status Married 335 (90.8)

Divorced or widowed 34 (9.2)
Education 8.7 ± 3.6

No formal education 26 (7.1)
Primary school 122 (33.1)
Junior high school 75 (20.3)
Senior high school 92 (24.9)
College or above 54 (14.6)

Body mass index, kg/m2 25.0 ± 3.5
Normal (18.5~24.9 kg/m2) 218 (59.1)
Overweight (25.0~29.9 kg/m2) 124 (33.6)
Obese (≥30.0 kg/m2) 27 (7.3)

Charlson co-morbidity index, score 1.6 ± 1.3
Co-residence with family Yes 358 (97.0)

No 11 (3.0)
Smoking Yes 71 (19.2)

No 298 (80.8)
Drinking Yes 78 (21.1)

No 291 (78.8)
Tumor stage I 216 (58.6)

II 102 (27.6)
III 51 (13.8)

Chemotherapy Yes 11 (3.0)
No 358 (97.0)

Radiotherapy Yes 5 (1.4)
No 364 (98.6)

Average length of stay, days 13.0 ± 6.6

SD: standard deviation.

3.2. HRQoL Outcomes

The patients had a mean age of 60.2 ± 10.8 years, and 73.4% (271) patients were male. Table 2
shows that mean patient-reported HRQoL scores at two years after surgery were significantly higher
than those before surgery (p < 0.001). The MCID values were 3.6 for the SF-36 PCS; 4.2 for the SF-36
MCS; 5.4 for the FACT-G total score; and 6.7 for the FACT-Hep total score.

Table 2. Mean ± standard deviation for SF-36 and Functional Assessment of Cancer Therapy-
Hepatobiliary (FACT-Hep) before and after resection for hepatocellular carcinoma (n = 369) *.

Variable Preoperative
2 Years

Postoperative
2 Years

Postoperative-Preoperative
p Value

SF-36 PCS 56.0 ± 8.7 61.7 ± 9.5 5.8 ± 7.2 p < 0.001
SF-36 MCS 48.5 ± 8.1 57.1 ± 9.8 8.5 ± 8.4 p < 0.001
FACT-G total 91.2 ± 10.4 98.7 ± 10.8 7.5 ± 10.9 p < 0.001
FACT-Hep total 156.9 ± 14.2 165.6 ± 15.8 9.7 ± 13.3 p < 0.001

* Both PCS and MCS scores were converted to obtain a mean of 50 and a standard deviation of 10 compared to
the normal (nationwide) group. SF-36, 36-Item Short Form Survey; PCS, physical component summary; MCS,
mental component summary; FACT-G, Functional Assessment of Cancer Therapy-General; FACT-Hep, Functional
Assessment of Cancer Therapy-Hepatobiliary.

297



J. Clin. Med. 2019, 8, 576

3.3. Multivariable Analyses

Multivariable analyses of HRQoL and survival were performed to identify predictors of the
achievement of MCID after surgical resection for HCC. For each HRQoL measure, a high preoperative
score negatively predicted achievement of MCID (p < 0.001) (Table 3). According to the SF-36
PCS data, the odds of achieving MCID were lower in males than in females (odds ratio (OR), 0.31;
95% CI, 0.12–0.83) but were higher in patients with advanced age (OR, 1.05; 95% CI, 1.01, 1.10), high
education level (OR, 1.14; 95% CI, 1.01, 1.30), and high BMI (OR, 1.11; 95% CI, 1.09, 1.12) compared
to their counterparts with young age, low education level, and low BMI, respectively. According to
the SF-12 MCS data, the odds of achieving MCID were lower in patients with high BMI compared
to those with low BMI (OR, 0.91; 95% CI, 0.84, 0.99); however, the odds of achieving MCID were
higher in those with advanced age (OR, 1.01; 95% CI, 1.01, 1.02) and high CCI score (OR, 1.53;
95% CI, 1.13, 1.94) compared to their counterparts with young age and low CCI score, respectively.
According to the FACT-G total data, the odds of achieving MCID were higher in patients with advanced
age (OR, 1.04; 95% CI, 1.01, 1.07), high education level (OR, 1.12; 95% CI, 1.04, 1.21), and high BMI
(OR, 1.19; 95% CI, 1.09, 1.29) compared to their counterparts with young age, low education level,
and low BMI, respectively. According to the FACT-Hep total data, the odds of achieving MCID were
higher in patients with advanced age (OR, 1.05; 95% CI, 1.02, 1.07), high education level (OR, 1.11;
95% CI, 1.03, 1.19), and high BMI (OR, 1.09; 95% CI, 1.01, 1.18) compared to their counterparts with
young age, low education level, and low BMI.

Table 3. Odds of achieving minimal clinical important difference (MCID) in health-related quality of
life according to multivariate logistic regression model *.

Variables Odds Ratio (95% CI) p Value

SF-36 PCS

Preoperative SF-36 PCS score 0.90 (0.84, 0.96) <0.001
Age 1.05 (1.01, 1.10) 0.041
Gender (male vs. female) 0.31 (0.12, 0.83) 0.019
Education 1.14 (1.01, 1.30) 0.040
Body mass index 1.11 (1.09, 1.12) 0.045

SF-36 MCS

Preoperative SF-36 MCS
score 0.80 (0.73, 0.88) <0.001

Age 1.01 (1.01, 1.02) <0.001
Body mass index 0.91 (0.84, 0.99) 0.034
Charlson co-morbidity index 1.53 (1.13, 1.94) <0.001

FACT-G total

Preoperative FACT-G total
score 0.92 (0.90, 0.95) <0.001

Age 1.04 (1.01, 1.07) 0.007
Education 1.12 (1.04, 1.21) 0.002
Body mass index 1.19 (1.09, 1.29) <0.001

FACT-Hep total

Preoperative FACT-Hep total
score 0.97 (0.95, 0.98) <0.001

Age 1.05 (1.02, 1.07) 0.001
Education 1.11 (1.03, 1.19) 0.007
Body mass index 1.09 (1.01, 1.18) 0.020

* The full model was adjusted for preoperative functional status, gender, age, marital status, education, body mass
index, Charlson co-morbidity index, co-residence with family, smoking, drinking, tumor stage, chemotherapy,
radiotherapy, and average length of stay. SF-36, 36-Item Short Form Survey; PCS, physical component summary;
MCS, mental component summary; FACT-G, Functional Assessment of Cancer Therapy-General; FACT-Hep,
Functional Assessment of Cancer Therapy-Hepatobiliary.
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Multivariate analyses of each pre-operative HRQoL score showed that a high score was a positive
predictor of overall survival (Table 4). Lower pre-operative HRQoL scores were significantly associated
with post-operative morbidity (p < 0.05). Education level, BMI, and CCI also showed significant
associations with overall survival (p < 0.001).

Table 4. Overall survival analysis by Cox multivariable proportional hazard regression model *.

Variable HR (95% CI) p Value

Preoperative SF-36 PCS score 1.05 (1.03, 1.08) <0.001
Preoperative SF-36 MCS score 1.03 (1.01, 1.05) <0.001
Preoperative SF-36 physical function 1.06 (1.01, 1.10) <0.001
Preoperative SF-36 role physical 1.03 (1.00, 1.05) <0.001
Preoperative SF-36 bodily pain 1.02 (1.01, 1.03) 0.008
Preoperative SF-36 general health 1.07 (1.01, 1.14) <0.001
Preoperative SF-36 vitality 1.02 (1.01, 1.04) 0.001
Preoperative SF-36 social function 1.02 (1.01, 1.03) 0.003
Preoperative SF-36 role emotional 1.04 (1.01, 1.06) <0.001
Preoperative SF-36 mental health 1.03 (1.00, 1.05) <0.001
Preoperative FACT physical well-being 1.04 (1.00, 1.07) <0.001
Preoperative FACT social/family well-being 1.01 (1.01, 1.02) 0.010
Preoperative FACT functional well-being 1.03 (1.01, 1.06) <0.001
Preoperative FACT emotional well-being 1.03 (1.01, 1.05) <0.001
Preoperative FACT additional concerns 1.02 (1.00, 1.04) <0.001
Preoperative FACT-G total score 1.07 (1.01, 1.14) <0.001
Preoperative FACT-Hep total score 1.10 (1.02, 1.19) <0.001
Education 1.10 (1.02, 1.18) 0.012
Body mass index 1.02 (1.01, 1.04) 0.002
Charlson co-morbidity index 0.83 (0.70, 0.99) 0.040

* The full model was adjusted for preoperative functional status, gender, age, marital status, education, body mass
index, Charlson co-morbidity index, co-residence with family, smoking, drinking, tumor stage, chemotherapy,
radiotherapy, and average length of stay. SF-36, 36-Item Short Form Survey; PCS, physical component summary;
MCS, mental component summary; FACT-G, Functional Assessment of Cancer Therapy-General; FACT-Hep,
Functional Assessment of Cancer Therapy-Hepatobiliary; HR, hazard ratio; CI, confidence interval.

4. Discussion

This study investigated how patient-reported preoperative HRQoL affects two outcomes of
surgical resection of HCC: MCID and overall survival. Multivariate analyses showed that each
preoperative HRQoL score was predictive of both MCID and overall survival. Low preoperative
HRQoL score, advanced age, high education level, and high BMI were significantly associated with
achievement of postoperative MCID (p < 0.05). Additionally, high preoperative HRQoL score, high
education level, high BMI, and low CCI had significant positive associations overall survival (p < 0.05).
It demonstrates that, at baseline, preoperative HRQoL scores relates to postoperative mortality. Lower
scores in physical and functional domains are associated with an increased risk of postoperative
mortality. The importance of preoperative HRQoL scores for predicting outcomes of surgical resection
in HCC patients is now well recognized [9,21]. The current study found that, for a given HRQoL
outcome measure, a high preoperative score was significantly for not achieving a postoperative MCID
in the outcome measure. The likely explanation for this finding is that patients who already have high
HRQoL scores before surgery and less potential for achieving a HRQoL score improvement that meets
the criteria for an MCID.

This study aimed to calculate and report the MCID value of commonly used HRQoL scales.
Changes in HRQoL by time and/or treatment may not correlate with the direction (positive vs. negative)
as well as the magnitude of clinical improvements in outcomes as they are perceived by the patients.
Furthermore, cancer treatment has a more significant impact on HRQoL among HCC surgical patients.
The MCID for (SF-36 PCS, SF-36 MCS, and FACT-G total score) value changes differed across domains,
and they differed for perceived improvement and deterioration. We knew that domain scores related to
physical function diminished from pre-treatment to on- or immediately after treatment, and emotional
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function improved. Additionally, the initial anxiety of the diagnosis and treatment initiation period
may have been ameliorated by subsequent familiarity and supportive psychosocial care provided by
the clinical service teams after patients finished the initial questionnaire. Thus, this might explain
why those patients with a low preoperative score did achieve a postoperative MCID in the outcome
measure and regarded as “efficacy” when compared with that achieved by those patients who had full
pre-operative familiarity and mental support and thus noted with a high preoperative score.

The significant associations revealed by the HRQoL instruments investigated in this study
underscore the relationship between HRQoL measures and medical outcomes. The study showed
that preoperative HRQoL scores accurately predict postoperative MCID and overall survival, which is
consistent with the literature [11,15,17]. Therefore, counseling is essential for apprising HCC resection
candidates of expected postoperative improvements and impairments. If medical outcomes are
considered benchmarks, then the preoperative HRQoL score, which is an important predictor of
postoperative MCID and overall survival, is crucial.

Until now, no studies have described the implications of significant changes in disease-specific
and generic HRQoL outcome measures in patients who have undergone HCC surgery. Steel et
al. evaluated the clinical meaningfulness of FACT-Hep scores in HCC patients [22]. The authors
combined distribution-based analyses with cross-sectional anchor-based analyses to obtain minimally
important differences (MIDs) in FACT-G subscale scores (2–3 points), FACT-G total scores (6–7 points),
Hepatobiliary Cancer Subscale scores (MID 5–6 points), and FACT-Hep scores (MID 8–9 points).
However, data for clinically significant improvements in HCC surgery outcomes, particularly
patient-reported outcomes, are very limited [4–6]. For patients who undergo surgical resection
of HCC, the current study obtained MCID values of 3.6 for SF-36 PCS; 4.2 for SF-36 MCS; 5.4 for
FACT-G total score; and 6.7 for FACT-Hep total score. These data are a novel addition to the literature
and provide a useful reference for further studies of HRQoL outcomes after surgical resection of HCC.
Notably, this study used patient-reported data for the period from before surgery until two years after
surgery. A distribution-based method was used to calculate MCID. Since MCID values may change
depending on the time point studied and the psychometric method used for analysis, further studies
are needed to investigate MCID after surgical resection of HCC using different time points and mixed
anchor/distribution-based methods of deriving MCID values.

The evidence base for overall survival after surgical resection of HCC is growing but is still
relatively limited. The overall survival rates reported in the literature are somewhat variable, and the
studied populations have been heterogeneous. Quinten et al. investigated the prognostic relationship
between HRQoL and survival in a dataset for 30 randomized controlled trials performed by the
European Organization for Research and Treatment of Cancer [11]. Their study showed that, in each
cancer site, at least one HRQoL domain had an additive prognostic value that exceeded the prognostic
values of clinical and sociodemographic variables. A systematic literature review by Quinten et al.
confirmed that baseline HRQoL and at least one HRQoL domain were significantly associated with
overall survival [11]. The current study found that preoperative HRQoL scores, education level, and
BMI had significant positive associations with overall survival (p < 0.05) whereas CCI score had
a significant negative association with overall survival (p < 0.05).

The HRQoL factors identified in this study varied from those in previous studies [9,20,22]. One
possible explanation is differences in study populations. Our study focused on patients in both early
and advanced stages of HCC whereas previous studies have only focused on patients in advanced
stages of the disease. Secondly, patients with different cultural backgrounds may have different
perceptions of HRQoL. Thirdly, patients in recent studies have more treatment options compared to
patients in earlier studies, which can result in different perceptions of the implications of HCC and
thus different perceptions of HRQoL. Fourthly, even studies that use the same HRQoL measure may
have very different data analysis methodologies.

The findings of this study have important implications for preoperative counseling of patients,
management of patient expectations, and stratification of outcomes. Healthcare providers increasingly
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emphasize shared decision making and are now using predictive modeling to inform surgery patients
about potential clinical outcomes and the likelihood of success [11,22]. The results of the present
study suggest that healthcare providers should consider routinely administering HRQoL instruments
preoperatively as screening tools and for informing shared decision-making strategies. Patients with
low HRQoL scores can be referred for counseling to modify their outcome expectations or referred for
targeted interventions to optimize their HCC resection outcomes.

Certain limitations of this study are noted. Firstly, the patient data were derived from a multi-
institutional HCC registry containing data contributed by multiple surgeons. As such, other than
institutional best practices, surgical techniques and rehabilitation protocols were not standardized.
However, since patient-reported HRQoL outcomes were obtained at the time of each clinical encounter,
the reports of functional status are assumedly accurate. Another limitation is that sensitivity of the
MCID values was not analyzed. The MCID can be calculated according to a consensus of or by using
an anchor-based method or a distribution-based method [9,23]. Each methodology for deriving MCID
has its associated pitfalls, and none has consistently proven to be superior. The applied methodology
should be selected according to the characteristics of the data and the disease under study [23].
Additionally, the role of the FACT-Hep for assessing outcomes after surgical resection of HCC has
not been robustly studied or validated. As such, the responsiveness of the HRQoL outcomes for
this population subset is not clear; for example, the reliability (and change over time) of emotional,
psychological, and social responses after surgical resection of HCC needs further study.

5. Conclusions

In conclusion, this study revealed that HRQoL scores are independent predictors of MCID and
overall survival after surgical resection of HCC. The MCID values were 3.6 for the SF-36 PCS; 4.2 for
the SF-36 MCS; 5.4 for the FACT-G total score; and 6.7 for the FACT-Hep total score. The findings of
this study may be useful for preoperative management of patient expectations and for developing
shared decision-making measures for patients undergoing surgical resection of HCC.
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Abstract: Catheter-related bloodstream infections (CRBSIs) and exit-site infections (ESIs) are common
complications associated with the use of central venous catheters for hemodialysis. The aim of
this study was to analyze the impact of routine locking solutions on the incidence of CRBSI and
ESI, in preserving catheter function, and on the rate of all-cause mortality in patients undergoing
hemodialysis. We selected publications (from inception until July 2018) with studies comparing
locking solutions for hemodialysis catheters used in patients undergoing hemodialysis. A total
of 21 eligible studies were included, with a total of 4832 patients and 318,769 days of catheter
use. The incidence of CRBSI and ESI was significantly lower in the treated group (citrate-based
regimen) than in the controls (heparin-based regimen). No significant difference in preserving catheter
function and all-cause mortality was found between the two groups. Our findings demonstrated that
routine locking solutions for hemodialysis catheters effectively reduce the incidence of CRBSIs and
ESIs, but our findings failed to show a benefit for preserving catheter function and mortality rates.
Therefore, further studies are urgently needed to conclusively evaluate the impact of routine locking
solutions on preserving catheter function and improving the rates of all-cause mortality.

Keywords: effect; protection; catheter; hemodialysis; meta-analysis; trial sequential analysis

1. Introduction

1.1. Variety of New Strategies for Locking Solutions to Avoid Catheter Infection and Catheter Malfunction in
Hemodialysis Patients

Infections are widely prevalent in patients on chronic hemodialysis, and mortality from infection
account for 10% of deaths observed in patients undergoing hemodialysis [1]. The use of central
venous catheters in hemodialysis has been associated with catheter-related bloodstream infections
(CRBSIs) and exit-site infections (ESIs) [2–4]. Although recent efforts have minimized the use of
catheters, the proportion patients with end-stage renal disease undergoing dialysis using central
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venous catheters has not yet declined [5]. Protective strategies against CRBSI and catheter malfunction
are necessary [6], and to this end, the use of heparin as a routine locking solution for central
venous catheters has become an accepted clinical practice [4]. However, heparinized locking
solutions might cause unintended complications, such as systemic anticoagulation effects, bleeding
episodes, heparin-induced thrombocytopenia, and susceptibility to bacterial biofilm formation [7–9].
A variety of new locking solutions have been developed; this includes citrate, which has antimicrobial
properties [10–12]. However, the disadvantages of citrate compared with heparin have been raised
and included the ability of avoiding catheter malfunction, citrate toxicity, and induction of cardiac
arrhythmia [13]. Weijmer et al. showed that a 30% citrate solution was superior to heparin in preventing
CRBSI [14]. In contrast, other studies have reported that the use of citrate does not have an advantage
over heparin in preventing CRBSI [4,12]. Currently, the findings of the studies comparing citrate with
heparin locking solutions are inconclusive for protecting against CRBSI and ESI and preserving the
catheter function. Clinicians question if locking solutions should be considered a modifiable risk factor
for CRBSIs in patients undergoing hemodialysis. Furthermore, the recommended locking solution for
the routine care of patients undergoing hemodialysis continue to remain questionable.

1.2. Rationale for Re-Evaluating the Protective Effect of Hemodialysis Catheter Locking Solutions in
Hemodialysis Patients

Routine locking solutions for hemodialysis catheters are recommended with category II evidence
according to the guideline by the Healthcare Infection Control Practices Advisory Committee in
2011 [15]; however, there are some limitations of the studies providing the current and update evidence.
Mostly, conclusions of meta-analysis could be influenced by the heterogeneity between individual
studies and insufficient information size. Quantification of the required information size [16] is
important to ensure the reliability of the data. In addition, current meta-analyses lack information
size calculation [17–24]. Additionally, the incidence of CRBSI is difficult to evaluate because of
their subjectivity for case finding, lack of specificity, and high inter-observer variability. CRBSI
is associated with high morbidity and mortality in patients undergoing hemodialysis [1], and the
prevention of CRBSI and ESI is becoming increasingly essential. Given these limitations, we performed
a meta-analysis and trial sequential analysis to assess the impact of routine locking solutions on the
incidence of CRBSI and ESI, in preserving catheter function, and on the rate of all-cause mortality in
patients undergoing hemodialysis. We grouped the eligible publications according to combination
regimen, antimicrobial activity, and concentration of the locking solutions; thereafter, we grouped
according to the study design to assess its potential effect on the reported outcomes.

2. Experimental Section

2.1. Search Strategy and Inclusion Criteria

The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the institutional review board of Changhua Christian Hospital (CCH IRB No. 180801).
From the earliest record to July 2018, we searched PubMed, Scopus, Cochrane Central Register of
Controlled Trials, Cochrane Database of Systematic Reviews, ClinicalTrials.gov, Embase, and Web of
Science databases for studies on locking solutions for central venous catheters used in hemodialysis of
patients. Full search strategies for each database are available in the Appendix A. The reference lists of
the eligible publications were manually reviewed for relevant studies. Articles published in languages
other than English or those with no available full text were excluded.

We included all trials and studies that provided data on one or more of our target outcomes
for both the treated group and control group: CRBSIs and ESIs. Two investigators (CHC and YMC)
independently reviewed potential trials and studies for inclusion. Disagreements were resolved
by consensus. We also tried to contact the corresponding authors of selected papers to provide
clarifications and missing data where needed.
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2.2. Definition of Study Outcomes

Based on the original studies, the treated group comprised of patients undergoing hemodialysis
using citrate as the locking solution for central venous catheters; for the control group heparin
was used as the locking solution (Table 1). The outcomes of the original studies were included in
this meta-analysis. The primary outcomes included (1) CRBSI, defined as bacteremia caused by an
intravenous catheter, and (2) ESI, defined as the development of a purulent redness around the exit site
that did not result from residual stitches. The secondary outcomes included (1), the need to remove
the catheter due to catheter malfunction; and (2) the need for thrombolytic treatments due to catheter
malfunction; and (3) all-cause mortality at any timeframe. Incidence was presented as the number of
episodes per catheter or per patient depending on the available data.

2.3. Data Extraction and Quality Assessment

Two reviewers examined all retrieved articles and extracted data using a pre-determined
form, recording the name of the first author, year of publication, country where the study was
conducted, study design (RCT or observational studies), demographic and disease characteristics of
participants, number of participants enrolled, and quality assessment of each study. Each reviewer
independently evaluated the quality of the eligible studies, using Jadad scoring [25] for the RCTs and
the Newcastle-Ottawa quality assessment scale [26] for the comparative experimental studies.

2.4. Data Synthesis and Analysis

The outcomes were measured by determining the odds ratios (ORs). A random effects model
was used to pool individual ORs. Analyses were performed with the Comprehensive Meta-Analysis
software version 3.0 (Biostat, Englewood, NJ, USA). Between-trial heterogeneity was determined using
I2 tests; values > 50% were regarded as considerable heterogeneity [27]. Funnel plots and Egger’s test
were used to examine potential publication bias [27]. Statistical significance was defined as p < 0.05,
except for the determination of publication bias where p < 0.10 was considered significant. This study
was conducted and reported in accordance with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement (Table S1) [28].

In trial sequential analyses, the inconsistence of heterogeneity (I2) adjusted by determining the
required information size. The required information size was calculated with an intervention effect of
a 10% relative risk reduction, an overall 5% risk of a type I error, and a 20% risk of a type II error. All
trial sequential analyses were performed using TSA version 0.9 Beta (www.ctu.dk/tsa/, Copenhagen
Trial Unit, Copenhagen, Denmark).

Table 1. Summary of the retrieved trials investigating experimental group and control group.

Author, Year, Country, Reference RCT Total N Treated (N) Control (N) QA

Buturovic et al., 1998, SI, [29] No 30 4% CiT (20) 1666 U/mL HpR (10) 3 #
Dogra et al., 2002, AU, [30] Yes 79 26.7 mg/mL GM + 1.04% CiT (42) 5000 U/mL HpR (37) 8 *
Betjes et al., 2004, NL, [31] No 58 1.35% TRD +4% CiT (37) 5000 U/mL HpR (39) 3 #

Weijmer et al., 2005, NL, [14] Yes 291 30% CiT (148) 5000 U/mL HpR (143) 8 *
Nori et al., 2006, USA, [32] No 40 4 mg/mL GM + 3.13% CiT (41) 5000 U/mL HpR (21) 3 #
Lok et al., 2007, CA, [13] No 250 4% CiT (129) 5000 U/mL HpR (121) 3 #

MacRae et al., 2008, CA, [12] No 61 4% CiT (32) 5000 U/mL HpR (29) 3 #
Power et al., 2009, UK, [4] Yes 232 46.7% CiT (132) 5000 U/mL HpR (100) 8 *

Solomon et al., 2010, UK, [33] Yes 107 1.35% TRD + 4% CiT (53) 5000 U/mL HpR (54) 8 *
Filiopoulos et al., 2011, GR, [34] Yes 117 1.35% TRD + 4% CiT (119) 5000 U/mL HpR (58) 8 *

Maki et al., 2011, USA, [6] Yes 407 7.0% CiT + MMP (206) 5000 U/mL HpR (201) 8 *
Moran et al., 2012, USA, [8] No 303 320 μg/mL GM + 4% CiT (155) 1000 U/mL HpR (148) 3 #
Chen et al., 2014, CH, [35] Yes 72 10% NaCl (36) 3125 U/mL HpR (36) 8 *
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Table 1. Cont.

Author, Year, Country, Reference RCT Total N Treated (N) Control (N) QA

Souweine et al., 2015, FR, [19] Yes 1460 60% w/w EtOH (730) 0.9% NaCl (730) 8 *

Moghaddas et al., 2015, IR, [18] Yes 87 10 mg/mL TMP/SMX + 2500
U/mL HpR (46) 2500 U/mL HpR (41) 8 *

Kanaa et al., 2015, UK, [17] Yes 115 4% EDTA (59) 5000 U/mL HpR (56) 8 *
Zwiech et al., 2016, PL, [21] Yes 50 4% CiT (26) 5000 U/mL HpR (24) 8 *

Chu et al., 2016, AU, [20] Yes 100 1000 U/mL HpR (52) 5000 U/mL HpR (48) 8 *
Correa Barcellos et al., 2017, BZ,

[22] Yes 464 30% CiT (231) 5000 U/mL HpR (233) 8 *

Sofroniadou et al., 2017, GR, [23] Yes 103 70% w/w EtOH + UFH 2000
U/mL (52) 2000 U/mL HpR (51) 8 *

Winnicki et al., 2018, Au, [24] No 406 1.35% TRD + 4% CiT + HpR (52) 4% CiT (54) 3 #

Abbreviations: AU, Australia; Au, Austria; BZ, Brazil; CA, Canada; CH, China; CiT, citrate; EDTA, tetra-sodium
ethylenediaminetetraacetic acid; EtOH, ethanol; FR, France; GM, gentamicin; GR, Greece; HpR, heparin; IR, Iran;
MMP, 0.15% methylene blue + 0.15% methylparaben + 0.015% propylparaben; NaCl, sodium chloride; N, number;
NL, Netherlands; PL, Poland; QA, quality assessment; RCT, randomized controlled trial; SI, Slovenia; TMP/SMX,
cotrimoxazole (=trimethoprim/sulfamethoxazole); TRD, taurolidine ; UFH, unfractionated heparin; UK, United
Kingdom; US, United States. #, the study was evaluated using Jadad scale. *, the study was assessed using the
Newcastle-Ottawa scale.

3. Results

3.1. Eligible Studies

The literature search yielded 458 potentially eligible articles. By screening the abstracts,
we removed 350 irrelevant articles. The remaining 100 articles were assessed further by full-text
reading, of which 79 were excluded (Figure 1). Thus, 21 selected articles comparing citrate
with heparin lockings for central venous catheters used in hemodialysis were included in this
meta-analysis [4,6,8,12–14,17–24,29–35].

Figure 1. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram
for the search and identification of the included studies.

The studies published in the selected articles were conducted from the earliest record to July
2018, with a total of 4832 patients and 318,769 total days of catheter use. Six studies compared
citrate alone with heparin lockings; 14 studies tested regimens of citrate and other antimicrobials
(gentamicin, taurolidine, methylparaben, methylene blue, and propylparaben) with heparin lockings;
and two studies compared ethanol or combination solution (citrate, heparin and taurolidine) with
non-heparin locking. Studies were conducted in North America (5 studies), South America (1), Europe
(12), and Asia (3). A variety of end points were used in these studies. Most studies reported on CRBSI
(17 studies [4,6,8,12–14,17,19,21–24,30–34]), followed by ESI (11 studies [4,8,12,14,17–19,24,30,31,33]),
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catheter removal for poor flow (9 studies [6,8,12,14,18,24,29,31,33]), thrombolytic treatment
(8 studies [4,8,14,17,18,32,33]), and mortality (5 studies [6,14,19,32,33]). The characteristics of the
studies fulfilling the inclusion criteria are listed in Table 1. Thirteen studies were identified as RCT,
and 6 studies were not double-blinded (Table 1).

3.2. Pooled Odds for Primary Outcomes and Subgroup Analysis

3.2.1. Catheter-Related Bloodstream Infection (CRBSI)

Seventeen studies (1731 patients; 217,128 catheter days) reported on CRBSI. The incidence of
CRBSI was significantly lower in the treated group compared with the control group (OR, 0.424; 95%
CI, 0.267–0.673; p < 0.001) (Figure 2). CRBSI subgroup analysis showed that the OR appeared to
have a tendency to favor the treatment groups with either the combined regimen (OR, 0.206; 95%
CI, 0.058–0.730; p = 0.027), the single regimen (OR, 0.289; 95% CI, 0.083–0.365; p = 0.037), a regimen
containing antibiotics (OR, 0.136; 95% CI, 0.051–0.365; p = 0.002), or a low concentration of a major
regimen (OR, 0.421; 95% CI, 0.186–0.956; p = 0.039; Table 2).

Figure 2. Forest plot of the overall odds ratios for catheter-related bloodstream infection in the treated
group versus the control group. The random model of overall odds ratio showed a significant overall
effect of interventions in reducing the risk for developing catheter-related bloodstream infections as
compared with the control condition (OR, 0.424; 95% CI, 0.267–0.673; p < 0.001).

3.2.2. Exit-Site Infection (ESI)

A total of 11 RCTs (2,425 patients; 231,086 catheter days) described ESI. The incidence of ESI
was significantly lower in the treated group compared with the control group (OR, 0.627; 95% CI,
0.441–0.893; p = 0.001; Figure 3). Further focusing at exit-site infection (Table 3), the subgroup analysis
(combined regimen, regimen containing antibiotic, and concentration of regimen for exit-site infection)
disclosed no significant differences between any groups except for combined regimen.
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Table 2. Subgroup analysis of odds ratio based on study designs, combined regimen, regimen
containing antibiotic, and concentration of regimen for CRBSI.

Subgroup Odds Ratio 95% Confidence Interval

combined regimen
RCT 0.606 0.298–1.230

Not RCT 0.206 0.058–0.730

Not combined regimen
RCT 0.417 0.192–0.905

Not RCT 0.289 0.083–0.365

Regimen containing antibiotic
RCT 0.191 0.023–1.564

Not RCT 0.136 0.051–0.365

Regimen Not containing antibiotic
RCT 0.546 0.314–0.949

Not RCT 0.342 0.191–0.614

High Concentration of major regimen
RCT 0.644 0.155–2.671

Low Concentration of major regimen
RCT 0.421 0.186–0.956

Not RCT 0.260 0.135–0.497

Abbreviation: RCT, randomized controlled trial.

Table 3. Subgroup analysis of odds ratio based on study designs, combined regimen, regimen
containing antibiotic, and concentration of regimen for exit site infection.

Subgroup Odds Ratio 95% Confidence Interval

combined regimen
RCT 0.849 0.358–2.011

Not RCT 0.706 0.307–1.62

Not combined regimen
RCT 0.503 0.276–0.918

Not RCT 0.620 0.113–3.389

Regimen containing antibiotic
RCT 0.571 0.189–1.725

Not RCT 0.735 0.284–1.905

Regimen Not containing antibiotic
RCT 0.599 0.334–1.071

Not RCT 0.650 0.246–1.722
High Concentration of major regimen

RCT 0.631 0.214–1.862

Low Concentration of major regimen
RCT 0.805 0.282–2.297

Not RCT 0.692 0.35–1.368

Abbreviation: RCT, randomized controlled trial.
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Figure 3. Forest plot of the overall odds ratios for exit-site infection in treated group versus the control
group. The random model of overall odds ratio for exit-site infection showed a significant overall effect
of interventions in reducing the risk for developing exit-site infection as compared with the control
condition (OR, 0.627; 95% CI, 0.441–0.893; p = 0.001).

3.3. Pooled Odds for Secondary Outcomes and Subgroup Analysis

3.3.1. Catheter Withdrawal Due to Malfunction

Nine studies (1826 patients; 205,163 catheter days) reported catheters being removed for poor
blood flow. As shown in Figure 4, no difference was identified between the two groups (OR, 0.696;
95% CI, 0.397–1.223; p = 0.208). Further subgroup analysis (combined regimen, regimen containing
antibiotic, and concentration of regimen for catheter removal due to catheter malfunction) failed to
reveal any differences between any groups (Table 4).

 

Figure 4. Forest plot of the overall odds ratios for catheter removal due to catheter malfunction in the
treated group vs. the control group. The random model of overall odds ratio for the need to remove
the catheter for malfunction showed a significant overall effect of the interventions in reducing the risk
for catheter removal compared with the control condition (OR, 0.696; 95% CI, 0.397–1.223; p = 0.208).
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Table 4. Subgroup analysis of odds ratio based on study designs, combined regimen, regimen
containing antibiotic, and concentration of regimen for catheter removal due to catheter malfunction.

Subgroup Odds Ratio 95% Confidence Interval

Combined regimen
RCT 0.520 0.086–3.15

Not RCT 0.977 0.628–1.518

Not combined regimen
RCT 0.434 0.068–2.786

Not RCT 1.106 0.392–3.124

Regimen containing antibiotic
RCT 0.741 0.087–6.287

Not RCT 0.992 0.633–1.554

Regimen not containing antibiotic
RCT 0.329 0.051–2.138

Not RCT 1.010 0.39–2.619

High concentration of major regimen
RCT 0.896 0.029–27.554

Low concentration of major regimen
RCT 0.479 0.051–4.537

Not RCT 0.995 0.663–1.494

Abbreviation: RCT, randomized controlled trial.

3.3.2. Thrombolytic Treatment Due to Catheter Malfunction

Overall, in eight RCTs (2092 patients; 220,460 catheter days) included in this meta-analysis
the patients underwent thrombolytic treatment [4,8,14,17,18,32,33]. The incidence of thrombolytic
treatment was not significantly lower in the treated group compared with the control group using the
random-effects model (OR, 1.105; 95% CI, 0.655–1.573; p = 0.946; Figure 5). Thrombolytic treatment
subgroup analysis showed no differences in the OR between the two groups (Table 5).

 

Figure 5. Forest plot of the overall odds ratios for thrombolytic treatments for catheter malfunction
in the treated group versus the control group. The random model of overall odds ratio for the need
to administer thrombolytic treatment for catheter malfunction showed a significant overall reduced
risk for receiving thrombolytic treatments with interventions as compared with the control condition
(OR, 1.105; 95% CI, 0.655–1.573; p = 0.946).
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Table 5. Subgroup analysis of odds ratio based on study designs, combined regimen, regimen
containing antibiotic, and concentration of regimen for the need of thrombolytic treatment for
catheter malfunction.

Subgroup Odds Ratio 95% Confidence Interval

Combined regimen
RCT 2.480 1.214–5.066

Not RCT 0.620 0.382–1.004

Not combined regimen
RCT 1.320 0.888–1.961

Not RCT 0.599 0.344–1.043

Regimen containing antibiotic
RCT 1.969 0.944–4.107

Not RCT 0.620 0.382–1.004

Regimen not containing antibiotic
RCT 1.385 0.893–2.149

Not RCT 0.345 0.108–1.102

High concentration of major regimen
RCT 1.415 0.784–2.554

Low concentration of major regimen
RCT 2.480 1.042–5.902

Not RCT 0.637 0.518–0.783

Abbreviation: RCT, randomized controlled trial.

3.3.3. All-Cause Mortality

The meta-analysis included five RCTs (2,327 patients) comparing all-cause mortality rate between
the two groups; no significant difference was identified (OR, 0.909; 95% CI, 0.580–1.423; p = 0.676;
Figure 6). The corresponding subgroup analysis (combined regimen, regimen containing antibiotic,
and concentration of regimen for all-cause mortality) showed no apparent differences between the two
groups (Table 6).

 

Figure 6. Forest plot of the overall odds ratios for all-cause mortality in the treated group versus the
control group. The random model of overall odds ratio for all-cause mortality rate showed a significant
overall effect of the interventions in reducing mortality rate as compared with the control condition
(OR, 0.909; 95% CI, 0.580–1.423; p = 0.676).
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Table 6. Subgroup analysis of odds ratio based on study designs, combined regimen, regimen
containing antibiotic, and concentration of regimen for all-cause mortality.

Subgroup Odds Ratio 95% Confidence Interval

Combined regimen
RCT 0.725 0.237–2.211

Not RCT 1.579 0.154–16.18

Not combined regimen
RCT 0.884 0.404–1.933

Regimen containing antibiotic
RCT 1.506 0.388–5.838

Not RCT 1.579 0.154–16.18

Regimen not containing antibiotic
RCT 0.723 0.367 – 1.425

High concentration of major regimen
RCT 0.669 0.054–8.324

Low Concentration of major regimen
RCT 0.615 0.09–4.22

Not RCT 1.579 0.154–16.18

Abbreviation: RCT, randomized controlled trial.

3.4. Pooled Odds for Outcomes in Trial Sequential Analysis

In trial sequential analysis between the treated and control groups, the overall OR of CRBSI was
0.439 (95% CI, 0.290–0.668; p < 0.001; Figure 7a), the OR of ESI was 0.644 (95% CI, 0.469–0.883; p = 0.006;
Figure 7b), the OR of the need to remove the catheter for catheter malfunction was 0.746 (95% CI,
0.431–1.293; p = 0.151; Figure 7c), the OR of the need to receive thrombolytic treatment for catheter
malfunction was 1.015 (95% CI, 0.655–1.573; p = 0.461; Figure 7d), and the OR of all-cause mortality
was 0.976 (95% CI, 0.663–1.439; p = 0.296; Figure 7e).

(a) Trial sequential analysis of catheter-related bloodstream infection 

Figure 7. Cont.
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(b) Trial sequential analysis of exit-site infection 

 
(c) Trial sequential analysis of catheter removal for catheter malfunction 

 
(d) Trial sequential analysis of thrombolytic treatments for catheter malfunction 

 
Figure 7. Cont.
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(e) Trial sequential analysis of all-cause mortality 

Figure 7. Trial sequential analysis of the odds ratio for evaluation event: (a) Trial sequential analysis
of catheter-related bloodstream infection. Trial sequential analysis of 17 studies with a lower risk
of bias in reporting catheter-related bloodstream infection, with a control event proportion of 17%,
diversity of 45%, type I error of 5%, power of 80%, and relative risk reduction of 30%. The required
information size of 630,022 was not reached and none of the boundaries for benefit, harm, or futility
were crossed, leaving the meta-analysis inconclusive at a 30% relative risk reduction. The overall OR
of CRBSI was 0.439 (95% CI, 0.290–1.668; p < 0.001); (b) trial sequential analysis of exit-site infection.
Trial sequential analysis of eleven studies with low risk of bias reporting exit-site infection, with a
control event proportion of 17%, diversity of 30%, type I error of 5%, power of 80%, and relative risk
reduction of 30%. The required information size of 336,863 was not reached and none of the boundaries
for benefit, harm, or futility were crossed, leaving the meta-analysis inconclusive at a 30% relative risk
reduction. The OR of ESI was 0.644 (95% CI, 0.469–0.883; p = 0.006); (c) trial sequential analysis of nine
studies with a lower risk of bias reporting the need to remove the catheter for catheter malfunction,
with a control event proportion of 17%, diversity of 71%, type I error of 5%, power of 80%, and relative
risk reduction of 30%. The required information size of 625,306 were not reached and none of the
boundaries for benefit, harm, or futility were crossed, leaving the meta-analysis inconclusive at a 30%
relative risk reduction. The OR of the need to remove the catheter for catheter malfunction was 0.746
(95% CI, 0.431–1.293; p = 0.151); (d) trial sequential analysis of thrombolytic treatments for catheter
malfunction. Trial sequential analysis of nine studies with low risk of bias reporting the need to receive
thrombolytic treatment for catheter malfunction, with a control event proportion of 17%, diversity of
91%, type I error of 5%, power of 80%, and relative risk reduction of 30%. The required information
size of 615,306 were not reached and none of the boundaries for benefit, harm, or futility were crossed,
leaving the meta-analysis inconclusive at a 30% relative risk reduction. The OR of the need to receive
thrombolytic treatment for catheter malfunction was 1.015 (95% CI, 0.655–1.573; p = 0.461); (e) trial
sequential analysis of all-cause mortality. Trial sequential analysis of five studies with a lower risk
of bias reporting all-cause mortality, with a control event proportion of 17%, diversity of 78%, type
I error of 5%, power of 80%, and relative risk reduction of 30%. The required information size of
8419were not reached and none of the boundaries for benefit, harm, or futility were crossed, leaving
the meta-analysis inconclusive at a 30% relative risk reduction. The OR of all-cause mortality was 0.976
(95% CI, 0.663–1.439; p = 0.296). Notes: The solid blue line is the cumulative Z-curve. The vertical
black dashed line is required information size. The green dashed lines represent the trial sequential
monitoring boundaries and the futility boundaries.
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3.5. Funnel Plot for the Overall OR of the Included Studies among Four Outcomes

We examined possible sources of underlying heterogeneity across studies. With regards to OR
heterogeneity, the I2 value was calculated in both the overall studies included. In the funnel plot of
the OR for evaluation event, the I2 value of CRBSI was 70.1% (p = 0.303, Figure 8a), ESI was 28.0%
(p = 0.010; Figure 8b), the need to remove the catheter for catheter malfunction was 55.9% (p = 0.208;
Figure 8c), the need to receive thrombolytic treatment for catheter malfunction was 88.69% (p = 0.946;
Figure 8d), and all-cause mortality was 88.6% (p = 0.804; Figure 8e).

Figure 8. Funnel plot of the odds ratio for evaluation event: (a) Funnel plot of the odds ratio of
catheter-related bloodstream infection. I2 value, 70.1%; p = 0.303; (b) funnel plot of the odds ratio
of exit-site infection. I2 value, 28.0%; p = 0.010; (c) funnel plot of the odds ratio of catheter removal
for catheter malfunction. I2 value, 55.9%; p = 0.208; (d) funnel plot of the odds ratio of thrombolytic
treatments for catheter malfunction. I2 value, 88.69%; p = 0.946; (e) funnel plot of the odds ratio of
all-cause mortality. I2 value, 88.6%; p = 0.804. Regarding odds ratio heterogeneity, the I2 value in both
the overall studies included is indicated for each case. Egger’s test revealed the existence of significant
publication bias regarding the overall odds ratios, p-value is indicated for each case.

4. Discussion

Our meta-analysis and trial sequential analysis shows that routine locking solutions for
hemodialysis catheters could effectively reduce the incidence of CRBSI and ESI. Our current
meta-analysis, based on 21 selected studies with a total of 6118 participants, showed that the
incidence of CRBSI and ESI significantly decreased in the treated group relative to the control group,
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that is less infections when using citrate or citrate mixtures versus heparin. Moreover, we found no
significant difference in preserving catheter function, including in the need for catheter withdrawal
or for thrombolytic treatment due to catheter malfunction, between the treated and control groups.
We found no significant alteration in all-cause mortality between the two groups. The lack of statistical
significance may not only be due to the heterogeneity and underlying variance in the outcomes of
each regimen, but also due to inadequate required information sizes, as revealed by the trial sequential
analysis. Regular locking care with citrate is standard practice for patients undergoing hemodialysis in
many healthcare institutes, but not in some countries including Taiwan. Our updated review suggests
that the role of routine locking solutions in preventing CRBSI and ESI in hemodialysis patients is robust.
However, it does not show a benefit in preserving catheter function in hemodialysis patients, including
in the need to remove catheters or in the need for thrombolytic treatment for catheter malfunction.

The current study shows that the incidence of CRBSI significantly decreased in the treated
group relative to the control group, which is consistent with previous studies [36,37]. Subgroup
analyses based on the type of locking solutions for hemodialysis catheters revealed that the usage of
citrate-base regimens was associated with a lower incidence of CRBSI [4,14]. Our subgroup analysis
for the concentration of citrate used showed that the incidence of CRBSI was similar in treated group,
although the American Society of Diagnostic and Interventional Nephrology and the European Renal
Best Practice recommend 4% citrate to be used as a catheter locking solution [38,39]. In some countries,
including Taiwan, 4% citrate is still not routinely used in locking solutions for hemodialysis catheters.
The current meta-analysis emphasizes that 4% citrate shows a benefit and could be routinely used as a
locking solution for hemodialysis catheters.

Our current study shows that the incidence of ESI is significantly decreased in the treated group
compared with the control group. Our result is in agreement with previous studies [14,19]. In some
studies, patients received additional antibiotic ointments at the exit site during dressing changes,
which could reduce the incidence of ESI [8,14,40]. After subgroup categorization, there is no significant
difference between two groups except for combined regimen, which could result from the heterogeneity
of the included studies and inadequate information size.

We found no significant difference in preserving catheter function between the treated and control
groups, including the need to remove catheters or the need for thrombolytic treatment. However,
Yahav et al. reported that citrate reduced catheter removals [41]. This incongruity may arise from the
following: (1) Variation in enrollment criteria and definitions for the spectrum of catheter removal
and (2) the number of cases is still limited because the meta-analysis information size does not
meet the required information size. Concerning thrombolytic treatments and thrombosis episodes,
our report is similar to previous studies [41,42]. Focusing on the need to remove catheters and to
receive thrombolytic treatment for catheter malfunction, further large-scale RCTs are necessary to
elucidate this issue for preserving catheter function.

The possible association between the two groups and all-cause mortality was not statistically
significant in the current study (OR, 0.909; 95% CI, 0.580–1.423; p = 0.676). Subgroup analysis showed
no difference in all-cause mortality. Mortality due to CRBSIs or ESIs account around one-tenth of all
hemodialysis patient deaths [1–4]. Protective strategies with locking solutions to prevent CRBSIs and
ESIs in hemodialysis patients still cannot decrease the mortality rate. Further large-scale RCTs are
necessary to elucidate modifiable risk factor for decreasing morality in hemodialysis patients.

Guidelines for the Prevention of Intravascular Catheter-Related Infections has been published
by the Center for Disease Control and Prevention [15], which recommends using prophylactic
antimicrobial locking solution in patients undergoing hemodialysis who have a history of multiple
CRBSI, despite optimal maximal adherence to aseptic techniques (Category II). This recommendation
has been embraced by some dialysis centers due to the low execution rate of locking solutions in
preventing CRBSI in hemodialysis patients. In fact, many challenges persist in managing daily care
in dialysis centers, such as a lack of safety locking solutions for hemodialysis catheters, lack of a
designated health-care workers to perform locking care, limited training on catheter care among
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health-care workers of dialysis centers, potential hemodialysis patients’ noncompliance due to
discomfort, as well as health-care workers being unable to maintain high adherence rates in conducting
care procedures.

The current study has several limitations. Firstly, the enrolled trials and studies included in the
primary analysis dealt with different indications for outcome measures by randomizing a variety
of patient groups in different clinical settings. Thus, there is the risk of introducing potentially
heterogeneity. Additionally, it is difficult to perform a subgroup analysis based on conditions, such as
catheter type, heparin dosage, and other differences in individual unit practices. Secondly, differences
in the study individuals, disease severity, setting, and type of infections between individual studies
made the study population highly heterogeneous. The I2 value for OR heterogeneity ranged from 25%
to 50%, and this heterogeneity would impact the findings of this meta-analysis. Thus, the influence of
measurement precision was considered when reporting treatment effectiveness using ORs. Due to the
lack of adjusted data in our selected trials, we compiled the unadjusted ORs. We therefore suggest that
future similar trials should record serial changes in catheter function and infection status to provide
a more accurate indication of clinical effectiveness. Regardless of aforementioned limitations, we
have minimized bias throughout the process by our methods of study identification, data selection,
and statistical analysis, as well as in our control of publication bias. These steps should strengthen the
stability and accuracy of the meta-analysis. Our findings of this meta-analysis are reliable to provide
suggestions for improving clinical care.

5. Conclusions

In conclusion, our study demonstrated that routine locking solutions for hemodialysis catheters
could effectively reduce the incidence of CRBSI and ESI. Our findings showed no benefit of routine
locking solutions for hemodialysis catheters in decreasing all-cause mortality as well as preserving
catheter function, including in the need to remove catheters and in the need to receive thrombolytic
treatment, both due to catheter malfunction. The latter results lack statistical significance and the
comparisons are limited due to the heterogeneity of the included trials and inadequate information
size. Therefore, further well-conducted observational studies and randomized controlled trials are
urgently needed to conclusively evaluate the impact of routine locking solutions on preserving catheter
function and improving the rates of all-cause mortality.
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Appendix A

Supplement Search strategy in PubMed

#1 lock
#2 filling solution
#3 #1 or #2
#4 End-Stage Kidney Disease or Disease, End-Stage Kidney, End Stage Kidney Disease, End-Stage
Chronic Kidney Failure, End-Stage Renal Disease, End-Stage Renal Disease, Chronic Chronic Renal
Failure, or ESRD
#5 Renal Dialyses, Renal Dialysis, Hemodialyses, Extracorporeal Dialysis or Renal replacement therapy
#6 Catheter Related Infections, Catheter-Related Infection
#7 #4 or #5 and #6
#8 #3 and #7
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Abstract: Computed tomography (CT) and bioimpedance analysis (BIA) can assess skeletal muscle
mass (SMM). Our objective was to identify the predictors of discordance between CT and BIA in
assessing SMM. Participants who received a comprehensive medical health check-up between 2010
and 2018 were recruited. The CT and BIA-based diagnostic criteria for low SMM are as follows:
Defined CT cutoff values (lumbar skeletal muscle index (LSMI) <1 standard deviation (SD) and means
of 46.12 cm2/m2 for men and 34.18 cm2/m2 for women) and defined BIA cutoff values (appendicular
skeletal muscle/height2 <7.0 kg/m2 for men and <5.7 kg/m2 for women). A total of 1163 subjects
were selected. The crude and body mass index (BMI)-adjusted SMM assessed by CT were significantly
associated with those assessed by BIA (correlation coefficient = 0.78 and 0.68, respectively; p < 0.001).
The prevalence of low SMM was 15.1% by CT and 16.4% by BIA. Low SMM diagnosed by CT was
significantly associated with advanced age, female gender, and lower serum albumin level, whereas
low SMM diagnosed by BIA was significantly associated with advanced age, female gender, and
lower BMI (all p < 0.05). Upon multivariate analysis, age >65 years, female and BMI <25 kg/m2 had
significantly higher risks of discordance than their counterparts (all p < 0.05). We found a significant
association between SMM assessed by CT and BIA. SMM assessment using CT and BIA should be
interpreted cautiously in older adults (>65 years of age), female and BMI <25 kg/m2.

Keywords: sarcopenia; bioimpedance analysis; computed tomography; discordance

1. Introduction

Sarcopenia is a syndrome characterized by the loss of skeletal muscle mass, strength, and
performance [1–3] that results in an increased risk of fracture, dysfunction, reduced quality of life,
and increased mortality [4,5]. Due to the varying diagnostic cutoff values for muscle mass and the
varying diagnostic tools used in previous studies, the reported prevalence of sarcopenia has been
inconsistent [6,7]. Several studies of sarcopenia have been performed, and multiple guidelines have
been proposed; these have enhanced our knowledge of the condition. Sarcopenia is now officially
recognized as a disorder in some countries, with an ICD-10-MC diagnostic code [8].

The measurement of skeletal muscle mass (SMM) is of paramount importance to diagnose
sarcopenia. Several imaging techniques that can assess SMM are currently available: Dual-energy
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X-ray absorptiometry (DXA), computed tomography (CT), magnetic resonance imaging (MRI), and
bioimpedance analysis (BIA) [2]. DXA has several advantages over the other methods, such as safety,
accuracy, and non-invasiveness, but it can overestimate muscle mass in cases of muscle edema or
intramuscular fat deposition [9]. CT can accurately measure the quantity and quality of SMM, but it is
costly and exposes the patient to radiation [2,10]. MRI has no radiation exposure for the patient and
accurately measures SMM, but its clinical application is significantly limited due to its high cost [11].
BIA has been recognized as a rapid, inexpensive, portable, and safe methodology but, because BIA
measures the resistance to a current that is applied through a body of water, the assessment of SMM
may be inaccurate if the patients are dehydrated, overhydrated fluid status or obese [12]. BIA tends to
overestimate SMM because it cannot discriminate among appendicular, non-appendicular fat, and
non-fat mass [13].

To date, measurement of SMM by BIA has typically been performed using the Kyle, Jassen,
Ergi, and Scafoglieri prediction models [14–17]. SMM can now be assessed directly using vertical,
eight-point analyzers. Several studies have reported the accuracy and reproducibility of direct
segmental multi-frequency BIA and the strong correlation between its results and SMM measured
by DXA [18–23]. CT provides an accurate measurement of SMM, with a significant correlation to
whole-body muscle mass [24,25]. Accordingly, CT has been considered to be the gold standard
for measuring SMM [2,10]. Despite its drawbacks, BIA is more easily applied in clinical practice.
Thus, investigating the prevalence of discordance in the assessment of SMM between CT and BIA
and identifying predictors of this discordance is valuable. This investigation can ultimately help
physicians select the optimal candidates for each modality to diagnose low SMM and interpret the
results appropriately.

The primary aim of this study was to identify predictors of discordance between SMM measured
by BIA and by CT. The secondary aims were to investigate the prevalence of low SMM by CT and BIA
and the correlation between SMM measured by CT and BIA in apparently healthy subjects undergoing
comprehensive medical health check-ups.

2. Methods

2.1. Study Subjects

A total of 1191 subjects who visited the health promotion center in Severance Hospital,
a university-affiliated tertiary care hospital, for a comprehensive medical health check-up from
June 2010 to April 2018 were included, see Figure 1. Severance Hospital is a 2000-bed academic
referral hospital in Northwestern Seoul, Republic of Korea. Severance Hospital is supported by Yonsei
University College of Medicine. Exclusion criteria were as follows: (1) no BIA data, (2) limited access
to BIA data due to personal privacy, (3) poor CT quality, and (4) major operation in the lumbar area.

The study’s protocol adhered to the tenets of the Declaration of Helsinki and was approved by
the Institutional Review Board of Severance Hospital. Informed consents were waived due to the
retrospective nature of the study.
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(A) (B) 

(C) 

Figure 1. Correlation between SMM assessed by CT and BIA. Crude (A) and BMI-adjusted SMM (B)
assessed by CT were significantly correlated with those by BIA (all p < 0.001, correlation coefficient
= 0.898 and 0.858, respectively). The correlation between crude SMM assessed by CT and BIA was
significant in men and women (C) (all p < 0.001, correlation coefficient = 0.724 in men and 0.645 in
women, respectively). LSMA (cm2) = −4.366 + 6.920 * ASM (kg), Standard error = 0.099 LSMI adjusted
by BMI = 0.212 + 6.424 * (ASM adjusted by BMI), Standard error = 0.113. SMM, skeletal muscle mass;
LSMA, lumbar skeletal mass area; AMS, appendicular skeletal mass; CT, computed tomography;
BIA, bioimpedance analysis; BMI, body mass index; LMSI, lumbar skeletal muscle index. Regression
equations and standard error are as follows.

2.2. Data Collection

A medical health check-up was performed, and collected data included age, gender, height, body
weight, body mass index (BMI), and laboratory test results. Histories of hypertension, diabetes, and
viral hepatitis were collected from the medical record and individual questionnaires.

2.3. Fibrosis-4 Index Calculation

Recent studies have shown that fibrotic burden in the liver is independently associated with
sarcopenia. Therefore, the fibrosis-4 index (FIB-4) was calculated using the following formula: Age
(years) × aspartate aminotransferase (AST) (U/L)/(platelets (109/L) × alanine aminotransferase (ALT)
(U/L])1/2 [26].

2.4. Measurements of Skeletal Muscle Area

Skeletal muscle area was measured at the mid-body level of the L3 vertebra in a supine position
by a dual-source 128-slice CT scanner (Somatom Definition Flash, Siemens Healthcare, Forchheim,
Germany), a 64-slice CT scanner (Somatom Sensation 64, Siemens Healthcare), a Discovery 710
PET-CT 128-slice scanner (General Electric Medical Systems, Milwaukee, WI, USA), a Biograph
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TruePoint 40 PET-CT 40-slice scanner (Siemens Medical Solutions, Hoffman Estates, IL, USA), or a
Discovery 600 PET-CT 16-slice scanner (General Electric Medical Systems, Milwaukee, WI, USA).
The muscle area was identified using attenuation values between −29 to −150 Hounsfield units.
Total lumbar skeletal muscle area (psoas, erector spinae, quadratus lumborum, transversus abdominus,
external and internal obliques, and rectus abdominus) (cm2) was defined as a region with density
ranging from −29 to −150 Hounsfield units using Aquarius Intuition Viewer software, version 4.4.12
(Terarecon, San Mateo, CA, USA). Boundaries were corrected manually, as necessary. To minimize
measurement error, the CT instruments are periodically tested and calibrated for spatial resolution,
length measurement, alignment, and linearity of attenuation (CT number) using a standard phantom
(AAPM CT Performance Phantom, 76-410). All tests are performed in compliance with the regulations
of the Korean Institute for Accreditation of Medical Imaging. The lumbar skeletal muscle index (LSMI)
was defined as 10,000 × lumbar skeletal muscle area (LSMA, cm2)/height2 (m2). Based on previous
studies [2,10], we assumed that measurement of SMM by CT is more accurate.

The InBody 770 (Biospace Co., Seoul, Korea) measured body composition. Participants fasted for
12 h prior to testing. Participants wore a t-shirt and short pants on the day of testing, and provided
their age, gender, and height at the time of measurement. Testing was conducted according to the
manufacturer’s instructions. Data were uploaded to the electronic medical record. The measurement
was comprised of two combinations: z-axis at frequencies of 1, 5, 50, 250, and 500 kHz for impedance,
and x-axis at frequencies of 5, 50, and 250 kHz for reactance. Impedance was measured for five body
segments: Trunk, right and left arms, and right and left legs. We reviewed the medical records and
measured appendicular skeletal muscle (ASM) (kg) through direct segmental multi-frequency BIA [27].

Muscle mass was determined by measuring electrical resistance [28] using four surface tactile
electrodes placed on the dorsal surface of the hand and foot. Whole-body resistance (Rsumx) was
calculated by summing the segmental resistances at frequency x, according to the following equation:

Rsumx = RRA + RLA + RT + RRL + RLL (1)

The index of Rsumx (RIsumx) is calculated by using the following equation:

RIsumx Height (cm)2/Rsumx (Ω) (2)

Appendicular muscle mass = 0.236 × Height2/RRA + 0.0109 × Hright2/RT + 0.121 × Hright2/RRL +1.554 (3)

Using the formula above, the muscle mass is automatically calculated in InBody.

2.5. Definition of Low SMM

The CT diagnostic criterion for low SMM was a lumbar skeletal mass index (LSMI) <1 standard
deviation (SD) below the sex-specific mean of the study group. The BIA diagnostic criterion for low
SMM was adopted from the Asian Working Group of Sarcopenia [6]: ASM/height2 <7.0 kg/m2 for
men and <5.7 kg/m2 for women [29].

We also used additional CT and BIA diagnostic criteria for low SMM. The additional criterion for
CT was an LSMI ≤52.4 cm2/m2 for men and ≤38.5 cm2/m2 for women [30]. The additional criterion
for BIA was adopted from The Foundation for the National Institutes of Health: ASM/BMI <0.79 for
men and <0.51 for women [7]. We attached the relevant analysis using Supplementary Data.

2.6. Statistical Analysis

Statistical analyses were performed using Statistical Package for the Social Science (SPSS) version
23.0 for Windows (IBM Corp., Armonk, NY, USA). Continuous and categorical variables were
expressed as mean ± standard deviation and n (%), respectively. p-Value < 0.05 was considered
statistically significant. Simple and partial correlation analyses were used to analyze the relationship
between CT and BIA muscle mass. The distribution between muscle mass by BIA and quartile
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stratification of muscle mass by CT was evaluated using the Mann-Whitney U test. The comparison
between subjects with and without low SMM was performed using the chi-square test for categorical
variables and Student’s t-test for continuous variables. Multivariate analysis using binary logistic
regression analysis was performed on variables that showed a p-value <0.05 and was used to determine
the predictors of discordance in defining low SMM between CT and BIA.

3. Results

3.1. Patients

A total of 1191 subjects who underwent a comprehensive medical health check-up were considered
eligible. However, 19 subjects were excluded due to a lack of BIA data, and an additional nine subjects
were excluded due to poor-quality CT scans and a history of a major operations around the lumbar or
appendicular skeletal muscle area. As a result, 1163 subjects were included in the statistical analysis,
see Supplementary Figure S1.

Baseline characteristics of the study population (641 men and 521 women) are summarized in
Table 1. The mean age of the patients was 57 years; 41.0% were over 60 years of age. The mean BMI of
the patients was 24.0 kg/m2. Of the study population, 41.0% of subjects (n = 488) had hypertension,
29.4% (n = 314) had diabetes, and 4.9% (n = 57) had viral hepatitis. Using CT scans, the mean whole-body
fat-free mass and LSMI were 45.3 kg and 46.9 cm2/m2, respectively. Using BIA, the mean ASM, ASM
index, and ASM/BMI ratio were 20.1 kg, 7.1 kg/m2, and 0.82, respectively. The mean FIB-4 was 1.17.

Table 1. Baseline characteristics (n = 1163).

Variables All

Demographic parameters
Age, years 57 (18–92)

<40 59 (5.0)
40–49 182 (15.6)
50–59 445 (38.2)
60–69 296 (25.4)
>70 181 (15.5)

Female gender 521 (43.7)
Body mass index, kg/m2 24.0 (15.4–43.9)
Hypertension 488 (41.0)
Diabetes mellitus 314 (26.4)
Viral hepatitis 57 (4.9)

Laboratory parameters
Fasting glucose, mg/dL 96 (58–340)
Aspartate aminotransferase, IU/L 21 (8–140)
Alanine aminotransferase, IU/L 19 (3–196)
Serum albumin, mg/dL 4.3 (3.4–5.3)
Total bilirubin, mg/dL 0.7 (0.2–4.0)
Gamma glutamyl-transpeptidase, IU/L 23 (6–539)
Serum creatinine, mg/dL 0.8 (0.4–7.3)
Platelet count, 109/L 231 (89–846)
Prothrombin time, INR 0.9 (0.7–2.3)
Total cholesterol, mg/dL 187 (83–392)
Triglycerides, mg/dL 103 (31–815)
High-density lipoprotein cholesterol, mg/dL 48 (23–115)
Low-density lipoprotein cholesterol, mg/dL 109 (27–299)
HbA1c, % 5.8 (4.4–13.4)
Fibrosis-4 index 1.17 (0.20–5.47)

Muscle mass parameters
By computed tomography

Whole body fat-free mass, kg 45.3 (21.2–84.7)
Lumbar skeletal muscle index, cm2/m2 46.9 (20.0–85.6)

By bioimpedance analysis
ASM, kg 20.1 (8.3–34.7)
ASM index, kg/m2 7.1 (3.2–28.9)
ASM/body mass index 0.82 (0.43–1.23)

Variables are expressed as median (interquartile range) or n (%). INR, international normalized ratio; ASM,
appendicular skeletal muscle mass; ASMI, appendicular skeletal mass index.
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3.2. Association between SMM Assessed Using CT and BIA

The crude and BMI-adjusted SMM assessed by CT were significantly associated with those assessed
by BIA (p < 0.001, correlation coefficient = 0.898 for crude SMM; p < 0.001, correlation coefficient =
0.858 for BMI-adjusted SMM), see Figure 1A. The association between crude SMM assessed by CT and
BIA was statistically significant, regardless of gender (p < 0.001, correlation coefficient = 0.724 in men;
p < 0.001, correlation coefficient = 0.645 in women), as shown in Figure 1. Linear regression results
comparing CT and BIA assessed SMM were added to the Supplementary Table S6.

We divided the patients into four groups according to quartiles of SMM assessed by CT and BIA.
SMM as assessed by BIA significantly increased according to the CT-assessed SMM quartile (p < 0.001),
see Supplementary Figure S2.

3.3. Comparison between Subjects with and without Low SMM Assessed by CT

The baseline characteristics of subjects with and without CT-defined low SMM in Table 2.
The cutoff value of low SMM was defined as less than one standard deviations sex-specific mean value
of the participants. The sex-specific cut-off values of LSMI were 46.12 cm2/m2 in men and 34.18 c 2/m2

in women.

Table 2. Comparison between subjects with and without low SMM assessed by CT.

Variables
without Low SMM with Low SMM p-Value

(n = 988, 84.9%) (n = 176, 15.1%)

Demographic parameters
Age, years 57 (19–92) 63 (18–92) 0.001
Female gender 435 (44.1) 86 (48.8) 0.017
Body mass index, kg/m2 24.2 (16.5–43.8) 22.4 (15.4–28.9) 0.584
Hypertension 411 (41.5) 77 (43.7) 0.436
Diabetes mellitus 268 (27.1) 46 (26.1) 0.780
Viral hepatitis 45(4.5) 12 (6.8) 0.152

Laboratory parameters
Fasting glucose, mg/dL 96 (58–340) 96 (65–325) 0.820

Aspartate aminotransferase, IU/L 21 (8–140) 20 (11–69) 0.964
Alanine aminotransferase, IU/L 19 (3–196) 18 (4–58) 0.756
Serum albumin, mg/dL 4.3 (3.4–5.3) 4.2 (3.5–4.8) 0.025
Total bilirubin, mg/dL 0.7 (0.2–4.0) 0.7 (0.2–2.8) 0.441
Gamma glutamyl-transpeptidase, IU/L 23 (7–398) 22 (6–539) 0.407
Serum creatinine, mg/dL 0.81 (0.38–7.3) 0.74 (0.41–2.74) 0.828
Platelet count, 109/L 232 (89–846) 229 (122–438) 0.654
Prothrombin time, INR 0.93 (0.78–2.28) 0.94 (0.73–2.15) 0.574
Total cholesterol, mg/dL 188 (83–392) 177 (98–302) 0.007
Triglycerides, mg/dL 105 (31–684) 84.5 (43–815) 0.825
High-density lipoprotein cholesterol, mg/dL 48 (24–100) 50 (23–115) 0.027
Low-density lipoprotein cholesterol, mg/dL 111 (27–299) 100 (43–213) 0.038
HbA1c, % 5.8 (4.4–13.4) 5.8 (4.7–12.4) 0.436

Fibrosis-4 index 1.15 (0.20–5.47) 1.31 (0.37–3.39) 0.825

Muscle mass parameters
By computed tomography

Whole body fat-free mass, kg 46.4 (23.9–84.7) 40.8 (21.2–79.3) 0.530
Lumbar skeletal muscle index, cm2/m2 48.7 (34.2–85.6) 39.9 (20.0–46.0) <0.001

By bioimpedance analysis
ASM, kg 20.3 (10.3–34.7) 18.1 (8.3–27.6) 0.973
ASM index, kg/m2 7.30 (4.62–10.58) 6.39 (3.24–8.64) <0.001
ASM/body mass index 0.81 (0.45–1.23) 0.82 (0.43–1.17) 0.044

Variables are expressed as median (interquartile range) or n (%). SMM, skeletal muscle mass; CT, computed
tomography; INR, international normalized ratio; ASM, appendicular skeletal muscle mass; ASMI, appendicular
skeletal mass index. * CT cutoff indicates <1 standard deviation (SD), sex–specific mean value of the participants.

When CT-defined cutoff values were used, subjects with low SMM were significantly older
(median 63 vs. 57 years) and female gender (48.8% vs. 44.1%). Subjects with low SMM had significantly
lower serum albumin levels (median 4.2 vs. 4.3 mg/dL), lower total cholesterol (median 177 vs.
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188 mg/dL), higher high-density lipoprotein (HDL) cholesterol (median 50 vs. 48 mg/dL) and lower
low-density lipoprotein (LDL) cholesterol (median 100 vs. 111 mg/dL) than those of subjects without
low SMM (all p < 0.05). In addition, various muscle indexes were unfavorable in subjects with
CT-defined low SMM.

We also analyzed additional diagnostic criteria for low SMM defined by CT (≤52.4 cm2/m2 for
men and ≤ 38.5 cm2/m2 for women), see Supplementary Table S1.

3.4. Comparison between Subjects with and without Low SMM Assessed by BIA

The baseline characteristics of subjects with and without BIA-defined low SMM are shown in
Table 3. The cutoff value of low SMM was defined previous study [6]. The Asian Working Group of
Sarcopenia defined cutoff values appendicular lean mass (ALM)/height2 of <7.0 kg/m2 in men and
<5.7 kg/m2 in women.

Table 3. Comparison between subjects with and without low SMM assessed by BIA.

Variables
without Low SMM with Low SMM p-Value

(n = 972, 83.6%) (n = 191, 16.4%)

Demographic parameters
Age, years 57 (19–92) 60 (18–92) <0.001
Female gender 392 (40.0) 129 (67.5) <0.001
Body mass index, kg/m2 24.2 (17.1–43.8) 21.8 (15.4–27.8) 0.005
Hypertension 411 (42.2) 77 (40.3) 0.474
Diabetes mellitus 273 (28.0) 41 (21.4) 0.339
Viral hepatitis 48 (4.9) 9 (4.7) 0.757

Laboratory parameters
Fasting glucose, mg/dL 97 (58–340) 94 (65–265) 0.701
Aspartate aminotransferase, IU/L 21 (8–140) 20 (11–69) 0.604
Alanine aminotransferase, IU/L 20 (3–196) 17 (5–66) 0.683
Serum albumin, mg/dL 4.3 (3.4–5.2) 4.2 (3.5–5.3) 0.135
Total bilirubin, mg/dL 0.7 (0.2–4.0) 0.7 (0.3–2.5) 0.740
Gamma glutamyl-transpeptidase, IU/L 23 (6–398) 19 (7–539) <0.001
Serum creatinine, mg/dL 0.82 (0.38–7.01) 0.69 (0.39–7.3) 0.016
Platelet count, 109/L 230 (89–846) 241 (122–458) 0.256
Prothrombin time, INR 0.93 (0.73–2.28) 0.94 (0.78–2.15) 0.027
Total cholesterol, mg/dL 185 (83–392) 194 (98–300) 0.918
Triglycerides, mg/dL 106 (31–815) 88 (36–435) 0.915
High-density lipoprotein cholesterol, mg/dL 47 (23–98) 53 (29–115) 0.082
Low-density lipoprotein cholesterol, mg/dL 108 (27–299) 112 (43–213) 0.968
HbA1c, % 5.8 (4.7–13.4) 5.8 (4.4–10.5) 0.386

Fibrosis-4 index 1.16 (0.32–5.47) 1.29 (0.20–4.82) <0.001

Muscle mass parameters
By computed tomography

Whole body fat-free mass, kg 47.7 (21.2~84.7) 34.4 (23.5~54.2) 0.131
Lumbar skeletal muscle index, cm2/m2 48.5 (20.0–85.6) 38.0 (27.0–58.1) <0.001

By bioimpedance analysis
ASM, kg 21.3 (12.8–34.7) 14.0 (8.3–21.6) <0.001
ASM index, kg/m2 7.45 (5.70–10.58) 5.56 (3.24–6.99) <0.001
ASMI/body mass index 0.83 (0.45–1.23) 0.76 (0.43–1.08) 0.568

Variables are expressed as median (interquartile range) or n (%). BIA Cutoff indicates AWGS index. SMM, skeletal
muscle mass; BIA, bioimpedance analysis; INR, international normalized ratio; FNIH, The Foundation for the
National Institutes of Health; ALM, appendicular lean mass; ASMI, appendicular skeletal mass index; BMI, body
mass index; AWGS, Asian Working Group of Sarcopenia.

When BIA-defined cutoff values were used, subjects with low SMM were significantly older
(median 60 vs. 57 years) and had a higher proportion of female subjects (67.5% vs. 40.0%), lower BMI
(median 21.8 vs. 24.2 kg/m2) (all p < 0.05). In addition, various muscle indices were unfavorable in
subjects with BIA-defined low SMM.
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We also analyzed additional diagnostic criteria for low SMM defined by BIA (ALM/BMI <0.79
for men and <0.51 for women), see Supplementary Table S2.

3.5. Prevalence and Predictors of Discordance in Defining Low SMM Assessed by CT and BIA

The proportion of non-discordant and discordant subjects, when different measuring methods
were applied (CT vs. BIA), is described in Table 4. The proportion of subjects without low SMM
by both CT and BIA was 72.3%, and that of subjects with low SMM ranged was 3.9%. The overall
proportion of non-discordant subjects was 76.2%. The results of analysis using additional diagnostic
criteria for low SMM are given in Supplementary Table S3.

Table 4. Distribution of subjects with and without low SMM assessed by CT and BIA.

Muscle Mass Assessed by CT

Muscle Mass Assessed by BIA

* BIA Cutoff

without Low SMM with Low SMM

(n = 972, 83.6%) (n = 191, 16.4%)

** CT cutoff
Without low SMM (n = 987, 84.9%) 841 (72.3) 146 (12.6)

With low SMM (n = 176, 15.1%) 131 (11.3) 45 (3.9)

Variables are expressed as n (%). * BIA cutoff indicates AWGS index (ASMI, ALM/height2) of <7.0 kg/m2 in men
and <5.7 kg/m2. ** CT cutoff indicates <1 SD, sex-specific mean value of the participants. SMM, skeletal muscle
mass; CT, computed tomography; BIA, bioimpedance analysis; FNIH, The Foundation for the National Institutes of
Health; ALM, appendicular lean mass; ASMI, appendicular skeletal mass index; BMI, body mass index; AWGS,
Asian Working Group of Sarcopenia.

To identify the predictors of discordant results by CT and BIA, univariate analysis was performed,
see Table 5. Older age (HR = 1.05), female sex (HR = 1.48), lower BMI (HR = 0.73), lower serum albumin
level (HR = 0.58), and higher GGT (HR = 1.01) were significantly predictive of discordance between CT-
and BIA-defined low SMM (p < 0.05). The results of analyses using the additional diagnostic criteria
for low SMM are listed in Supplementary Table S4. The results of basic demographic characteristics,
specificity and sensitivity of the low SMM defined by the BIA compared to the low SMM defined by
the CT as diagnostic standard criteria, added to Supplementary Table S5.

Among selected independent predictors of the presence of discordance, age, female gender,
and BMI were selected for multivariate analysis. Thus, we stratified our study population into
two groups according to these three independent variables to check the prevalence of discordance,
see Figure 2. Older age (>65 years) (22.3% vs. 12.2%), female gender (20.9% vs. 9.8%), and lower BMI
(<25 kg/m2) (20.1%% vs. 3.5%) had a significantly higher risk of discordance than the counterparts
(all p < 0.001). The results of analysis using additional diagnostic criteria for low SMM are given in
Supplementary Figure S3.
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Table 5. Predictors of discordance between CT and BIA-based low SMM.

Variables

Discordance between CT and BIA-Based Low SMM

Univariate Multivariate

p-Value p-Value OR (95% CI)

Demographic parameters
Age, years <0.001 <0.001 1.050 (1.035–1.069)
Female gender <0.001 0.044 1.480 (1.012–2.303)
Body mass index, kg/m2 <0.001 <0.001 0.725 (0.668–0.790)
Hypertension 0.420 - -
Diabetes mellitus 0.219 - -
Viral hepatitis 0.875 - -

Laboratory parameters
Fasting glucose, mg/dL 0.728 - -
Aspartate aminotransferase, IU/L 0.734 - -
Alanine aminotransferase, IU/L 0.092 0.021 0.977 (0.955–0.996)
Serum albumin, mg/dL 0.020 0.097 0.581 (0.264–1.117)
Total bilirubin, mg/dL 0.691 - -
Gamma glutamyl-transpeptidase, IU/L 0.002 <0.001 1.009 (1.004–1.014)
Serum creatinine, mg/dL 0.803 - -
Platelet count, 109/L 0.759 - -
Prothrombin time, INR 0.084 0.153 3.580 (0.629–19.312)
Total cholesterol, mg/dL 0.277 - -
Triglycerides, mg/dL 0.096 0.128 1.003 (0.999–1.005)
High-density lipoprotein cholesterol, mg/dL 0.096 0.280 1.011 (0.993–1.023)
Low-density lipoprotein cholesterol, mg/dL 0.172 - -
HbA1c, % 0.696 - -

Fibrosis-4 index 0.615 - -

CT cutoff indicates <1 SD, sex-specific mean value of the participants. BIA cutoff indicates AWGS index (ASMI,
ALM/height2) of <7.0 kg/m2 in men and <5.7 kg/m2. SMM, skeletal muscle mass; CT, computed tomography;
BIA, bioimpedance analysis; OR, odds ratio; CI, confidence interval; INR, international normalized ratio; FNIH,
The Foundation for the National Institutes of Health; ALM, appendicular lean mass; ASMI, appendicular skeletal
mass index; BMI, body mass index; AWGS, Asian Working Group of Sarcopenia.

 
Figure 2. Percentage of subjects with non-discordance and those with discordance in diagnosing low
SMM using CT and BIA according to identified independent predictors. Participants with age > 65 years,
female gender and BMI < 25 kg/m2 had a significantly higher proportion of discordance than the
counterparts (all p < 0.001). CT cutoff indicates < 1 SD. BIA cutoff indicates AWGS index (ASMI,
ALM/height2) of <7.0 kg/m2 in men and <5.7 kg/m2. BMI, body mass index; ALM, appendicular lean
mass; ASMI, appendicular skeletal mass index; AWGS, Asian Working Group of Sarcopenia.
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4. Discussion

The diagnostic criteria for sarcopenia have not yet been definitively established, even though it is
one of the most important public health concerns [31]. Varying diagnostic criteria for sarcopenia based
on several assessment modalities, which include CT and BIA, are available [2,3,10], and the criteria
are different between Asian and Western countries [6,7,32]. Ethnicity is an important factor for the
diagnosis of sarcopenia [33]. Several recent research groups have published diagnostic guidelines for
sarcopenia, which have emphasized the importance of ethnicity [34,35]. The BIA and CT diagnostic
criteria differ according to ethnicity [3,6,7,35]. According to our knowledge, no comparison of BIA and
SMM measured by CT at the L3 level has been performed. Therefore, our findings will facilitate the
establishment of diagnostic cutoff values for Asian patients.

Our data show a significant association in crude and BMI-adjusted SMM assessed by CT and BIA,
although the area assessed was different for each method. Similar to previous studies [3,11,32,36–39],
the proportion of subjects with low SMM in our study varied from 15.1% to 16.4% when CT or BIA
was used to assess SMM, and the risk factors for discordant results between the methodologies were
advanced age, female gender, and lower BMI.

We believe the identified risk factors for discordant results can be explained in several ways: Total
fat mass tends to be higher in older adults [40], and BIA can overestimate SMM when the subject has a
high fat mass [41]; assessment of SMM using BIA can be overestimated in female subjects who have a
higher probability of increased body fat [41]; and there is a weaker correlation between SMM in the
limb and L3 area among subjects with a lower BMI [42,43]. All of these factors suggest that CT may
be required for a more accurate assessment of SMM in subjects with advanced age, female gender,
and low BMI.

Our study has several strengths. First, the overall sample size was over 1100, which ensures
the statistical power and precision of our results. We adopted several cutoff values for CT and BIA
when defining low SMM, and we found the three factors of age, gender, and BMI to be associated
with discordance between CT- and BIA-based SMM assessments. Second, we focused on the general
population instead of medically vulnerable subjects, such as only older adults, or those with liver
cirrhosis or cancers for whom sarcopenia already showed clinical implications. Similar to our study,
several recent studies proved the clinical significance of assessing sarcopenia in the general population
and non-alcoholic fatty liver disease (NAFLD) subjects [44,45]. Thus, our study provides information
that helps to identify optimal subjects for CT-based assessment of sarcopenia. Third, in contrast to
most previous studies [7,11,27,46], we adopted several cutoff values for SMM assessed by CT and BIA.
Although the predictors of discordance were not exactly the same, we obtained relatively consistent
results regardless of the cutoff value used. Fourth, several studies have compared DXA and BIA, but
few have directly compared CT and BIA to assess SMM [46,47]. In our study, SMM using CT and BIA
was measured on the same day, in contrast to most previous studies [9,25,46]. As a result, any bias
caused by different time points of SMM assessments may have been prevented. Lastly, because there
are significant differences in SMM between Western and Asian populations, focusing on a single
ethnicity may be important. Thus, the results of our study could be optimized for an Asian population.

Several issues remain unresolved in our study. First, although we adopted several known
cutoff values for CT and BIA, the results of our study should be further validated based on existing
diagnostic criteria for sarcopenia. Second, recent studies have insisted that other factors, such as
muscle strength and walking speed, should be considered when diagnosing sarcopenia. However, our
study was retrospectively performed based on the clinical information of the subjects who underwent a
comprehensive medical health check-up, and we only used SMM to define sarcopenia. Further studies
with additional markers of sarcopenia should validate our results. Third, our study only included
subjects who were willing to receive and could afford a medical health check-up. The prevalence of
hypertension (29.1%) and diabetes (11.3%) in the general Korean population in 2016 (Korean Center
for Disease Control and Prevention; Ministry of Health and Welfare) [48], were lower than those in
this study (41.0% and 26.4%, respectively). In Korea, individuals >40 years of age are eligible for
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basic health check-ups; those with chronic diseases such as hypertension and diabetes receive health
checkups more frequently. The mean age of our patients was 57 years, and 40.9% were >60 years of
age. Because of this potential selection bias, our results may not be fully applicable to the general
population, but this can be resolved in future studies. Fourth, SMM measured by BIA is affected
by the hydration status [12]. The patients were admitted to the health check-up unit and fasted
overnight. Thus, the hydration status of all of the patients should have been similar. Lastly, when
discordant results between CT- and BIA-based SMM assessments were obtained, we did not know
which diagnostic modality to accept. For patients with discordant CT and BIA results, it is important
to decide which results should be used. However, a definitive diagnostic method for sarcopenia has
not been established. This issue should be explored in future longitudinal follow-up studies that use
solid end-points, such as mortality. This issue should be explored in future longitudinal follow-up
studies that use solid end-points such as mortality, which might propose the right direction toward CT
or BIA.

In conclusion, the significant association between CT and BIA for SMM assessment suggests that
BIA could be used to assess sarcopenia in clinical practice. However, because advanced age, female
gender, and low BMI were risk factors for discordant results between CT and BIA, BIA assessment
should be interpreted cautiously in subjects with these risk factors and, if possible, CT or other
modalities should be considered as an alternative diagnostic tool to assess SMM to define sarcopenia.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/3/322/s1,
Supplementary Figure S1: Flow chart depicting selection of the study population. Supplementary Figure S2:
Distribution of skeletal muscle mass assessed by BIA according to quartile stratification of skeletal muscle
mass assessed by CT. Supplementary Figure S3. Percentage of subjects with non-discordance and those
with discordance in diagnosing low skeletal muscle mass assessed using CT and BIA according to identified
independent predictors. Participants with Age>65 years (A), female gender (B) and BMI<25 kg/m2 (C).
Supplementary Table S1: Comparison between subjects with and without low skeletal muscle mass assessed by
CT. Supplementary Table S2: Comparison between subjects with and without low skeletal muscle mass assessed
by BIA. Supplementary Table S3: Distribution of subjects with and without low skeletal muscle mass according to
CT and BIA. Supplementary Table S4: Predictors of discordance in defining low skeletal muscle mass assessed by
CT and BIA Supplementary Table S5: Basic demographic characteristics, specificity and sensitivity of the low SMM
defined by the BIA compared to the low SMM defined by the CT as diagnostic standard criteria. Supplementary
Table S1: Linear regression results of comparing SMM evaluated by CT and BIA.

Author Contributions: Conceptualization, M.H.J. and S.U.K.; methodology, M.H.J., T.S.L., M.Y.J. and S.U.K.;
participation in patient management and data collection; H.W.L., B.K.K., J.Y.P., D.Y.K., S.H.A., K.-H.H. and S.U.K.;
contribution to the data acquisition, responsibility for writing the paper, and statistical analysis: M.H.J. and S.U.K.;
All authors reviewed the paper and approved the final version.

Acknowledgments: This study was supported by the Liver Cirrhosis Clinical Research Center, in part by a
grant from the Korea Healthcare technology R & D project, Ministry of Health and Welfare, Republic of Korea
(no. HI10C2020). The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Roubenoff, R. Origins and clinical relevance of sarcopenia. Can. J. Appl. Physiol. 2001, 26, 78–89. [CrossRef]
[PubMed]

2. Cruz-Jentoft, A.J.; Baeyens, J.P.; Bauer, J.M.; Boirie, Y.; Cederholm, T.; Landi, F.; Martin, F.C.; Michel, J.P.;
Rolland, Y.; Schneider, S.M.; et al. Sarcopenia: European consensus on definition and diagnosis: Report
of the european working group on sarcopenia in older people. Age Ageing 2010, 39, 412–423. [CrossRef]
[PubMed]

3. Janssen, I. The epidemiology of sarcopenia. Clin. Geriatr. Med. 2011, 27, 355–363. [CrossRef] [PubMed]
4. Cesari, M.; Pahor, M.; Lauretani, F.; Zamboni, V.; Bandinelli, S.; Bernabei, R.; Guralnik, J.M.; Ferrucci, L.

Skeletal muscle and mortality results from the inchianti study. J. Gerontol. A. Biol. Sci. Med. Sci. 2009, 64,
377–384. [CrossRef] [PubMed]

331



J. Clin. Med. 2019, 8, 322

5. Newman, A.B.; Kupelian, V.; Visser, M.; Simonsick, E.M.; Goodpaster, B.H.; Kritchevsky, S.B.; Tylavsky, F.A.;
Rubin, S.M.; Harris, T.B. Strength, but not muscle mass, is associated with mortality in the health, aging and
body composition study cohort. J. Gerontol. A. Biol. Sci. Med. Sci. 2006, 61, 72–77. [CrossRef] [PubMed]

6. Chen, L.K.; Liu, L.K.; Woo, J.; Assantachai, P.; Auyeung, T.W.; Bahyah, K.S.; Chou, M.Y.; Chen, L.Y.; Hsu, P.S.;
Krairit, O.; et al. Sarcopenia in Asia: Consensus report of the asian working group for sarcopenia. J. Am.
Med. Dir. Assoc. 2014, 15, 95–101. [CrossRef] [PubMed]

7. Studenski, S.A.; Peters, K.W.; Alley, D.E.; Cawthon, P.M.; McLean, R.R.; Harris, T.B.; Ferrucci, L.;
Guralnik, J.M.; Fragala, M.S.; Kenny, A.M.; et al. The fnih sarcopenia project: Rationale, study description,
conference recommendations, and final estimates. J. Gerontol. A. Biol. Sci. Med. Sci. 2014, 69, 547–558.
[CrossRef] [PubMed]

8. Vellas, B.; Fielding, R.A.; Bens, C.; Bernabei, R.; Cawthon, P.M.; Cederholm, T.; Cruz-Jentoft, A.J.;
Del Signore, S.; Donahue, S.; Morley, J.; et al. Implications of ICD-10 for sarcopenia clinical practice
and clinical trials: Report by the international conference on frailty and sarcopenia research task force.
J. Frailty Aging 2018, 7, 2–9. [PubMed]

9. Proctor, D.N.; O’Brien, P.C.; Atkinson, E.J.; Nair, K.S. Comparison of techniques to estimate total body skeletal
muscle mass in people of different age groups. Am. J. Physiol. 1999, 277, 489–495. [CrossRef] [PubMed]

10. Lee, R.C.; Wang, Z.M.; Heymsfield, S.B. Skeletal muscle mass and aging: Regional and whole-body
measurement methods. Can. J. Appl. Physiol. 2001, 26, 102–122. [CrossRef] [PubMed]

11. Chien, M.Y.; Huang, T.Y.; Wu, Y.T. Prevalence of sarcopenia estimated using a bioelectrical impedance
analysis prediction equation in community-dwelling elderly people in taiwan. J. Am. Geriatr. Soc. 2008, 56,
1710–1715. [CrossRef] [PubMed]

12. Chumlea, W.C.; Guo, S.S. Bioelectrical impedance and body composition: Present status and future directions.
Nutr. Rev. 1994, 52, 123–131. [CrossRef] [PubMed]

13. Batsis, J.A.; Mackenzie, T.A.; Barre, L.K.; Lopez-Jimenez, F.; Bartels, S.J. Sarcopenia, sarcopenic obesity and
mortality in older adults: Results from the national health and nutrition examination survey III. Eur. J.
Clin. Nutr. 2014, 68, 1001–1007. [CrossRef] [PubMed]

14. Janssen, I.; Heymsfield, S.B.; Baumgartner, R.N.; Ross, R. Estimation of skeletal muscle mass by bioelectrical
impedance analysis. J. Appl. Physiol. 2000, 89, 465–471. [CrossRef] [PubMed]

15. Kyle, U.G.; Genton, L.; Hans, D.; Pichard, C. Validation of a bioelectrical impedance analysis equation to
predict appendicular skeletal muscle mass (ASMM). Clin. Nutr. 2003, 22, 537–543. [CrossRef]

16. Sergi, G.; De Rui, M.; Veronese, N.; Bolzetta, F.; Berton, L.; Carraro, S.; Bano, G.; Coin, A.; Manzato, E.;
Perissinotto, E. Assessing appendicular skeletal muscle mass with bioelectrical impedance analysis in
free-living caucasian older adults. Clin. Nutr. 2015, 34, 667–673. [CrossRef] [PubMed]

17. Scafoglieri, A.; Clarys, J.P.; Bauer, J.M.; Verlaan, S.; Van Malderen, L.; Vantieghem, S.; Cederholm, T.;
Sieber, C.C.; Mets, T.; Bautmans, I.; et al. Predicting appendicular lean and fat mass with bioelectrical
impedance analysis in older adults with physical function decline - the provide study. Clin. Nutr. 2017, 36,
869–875. [CrossRef] [PubMed]

18. Karelis, A.D.; Chamberland, G.; Aubertin-Leheudre, M.; Duval, C.; Ecological mobility in Aging and
Parkinson (EMAP) Group. Validation of a portable bioelectrical impedance analyzer for the assessment of
body composition. Appl. Physiol. Nutr. Metab. 2013, 38, 27–32. [CrossRef] [PubMed]

19. Ling, C.H.; de Craen, A.J.; Slagboom, P.E.; Gunn, D.A.; Stokkel, M.P.; Westendorp, R.G.; Maier, A.B. Accuracy
of direct segmental multi-frequency bioimpedance analysis in the assessment of total body and segmental
body composition in middle-aged adult population. Clin. Nutr. 2011, 30, 610–615. [CrossRef] [PubMed]

20. Kim, H.; Kim, C.H.; Kim, D.W.; Park, M.; Park, H.S.; Min, S.S.; Han, S.H.; Yee, J.Y.; Chung, S.; Kim, C. External
cross-validation of bioelectrical impedance analysis for the assessment of body composition in korean adults.
Nutr. Res. Pract. 2011, 5, 246–252. [CrossRef] [PubMed]

21. Gibson, A.L.; Holmes, J.C.; Desautels, R.L.; Edmonds, L.B.; Nuudi, L. Ability of new octapolar bioimpedance
spectroscopy analyzers to predict 4-component-model percentage body fat in hispanic, black, and white
adults. Am. J. Clin. Nutr. 2008, 87, 332–338. [CrossRef] [PubMed]

22. Malavolti, M.; Mussi, C.; Poli, M.; Fantuzzi, A.L.; Salvioli, G.; Battistini, N.; Bedogni, G. Cross-calibration of
eight-polar bioelectrical impedance analysis versus dual-energy x-ray absorptiometry for the assessment of
total and appendicular body composition in healthy subjects aged 21–82 years. Ann. Hum. Biol. 2003, 30,
380–391. [CrossRef] [PubMed]

332



J. Clin. Med. 2019, 8, 322

23. Ward, L.C. Segmental bioelectrical impedance analysis: An update. Curr. Opin. Clin. Nutr. Metab. Care 2012,
15, 424–429. [CrossRef] [PubMed]

24. Hanaoka, M.; Yasuno, M.; Ishiguro, M.; Yamauchi, S.; Kikuchi, A.; Tokura, M.; Ishikawa, T.; Nakatani, E.;
Uetake, H. Morphologic change of the psoas muscle as a surrogate marker of sarcopenia and predictor of
complications after colorectal cancer surgery. Int. J. Colorectal Dis. 2017, 32, 847–856. [CrossRef] [PubMed]

25. Mourtzakis, M.; Prado, C.M.; Lieffers, J.R.; Reiman, T.; McCargar, L.J.; Baracos, V.E. A practical and precise
approach to quantification of body composition in cancer patients using computed tomography images
acquired during routine care. Appl. Physiol. Nutr. Metab. 2008, 33, 997–1006. [CrossRef] [PubMed]

26. Vallet-Pichard, A.; Mallet, V.; Nalpas, B.; Verkarre, V.; Nalpas, A.; Dhalluin-Venier, V.; Fontaine, H.; Pol, S.
Fib-4: An inexpensive and accurate marker of fibrosis in hcv infection. Comparison with liver biopsy and
fibrotest. Hepatology 2007, 46, 32–36. [CrossRef] [PubMed]

27. Buckinx, F.; Reginster, J.Y.; Dardenne, N.; Croisiser, J.L.; Kaux, J.F.; Beaudart, C.; Slomian, J.; Bruyere, O.
Concordance between muscle mass assessed by bioelectrical impedance analysis and by dual energy x-ray
absorptiometry: A cross-sectional study. BMC Musculoskelet Disord. 2015, 16, 60. [CrossRef] [PubMed]

28. Forslund, A.H.; Johansson, A.G.; Sjodin, A.; Bryding, G.; Ljunghall, S.; Hambraeus, L. Evaluation of modified
multicompartment models to calculate body composition in healthy males. Am. J. Clin. Nutr. 1996, 63,
856–862. [CrossRef] [PubMed]

29. Han, D.S.; Chang, K.V.; Li, C.M.; Lin, Y.H.; Kao, T.W.; Tsai, K.S.; Wang, T.G.; Yang, W.S. Skeletal muscle mass
adjusted by height correlated better with muscular functions than that adjusted by body weight in defining
sarcopenia. Sci. Rep. 2016, 6, 19457. [CrossRef] [PubMed]

30. Montano-Loza, A.J.; Meza-Junco, J.; Prado, C.M.; Lieffers, J.R.; Baracos, V.E.; Bain, V.G.; Sawyer, M.B. Muscle
wasting is associated with mortality in patients with cirrhosis. Clin. Gastroenterol. Hepatol. 2012, 10, 166–173.
[CrossRef] [PubMed]

31. Dasarathy, S.; Merli, M. Sarcopenia from mechanism to diagnosis and treatment in liver disease. J. Hepatol.
2016, 65, 1232–1244. [CrossRef] [PubMed]

32. Baumgartner, R.N.; Koehler, K.M.; Gallagher, D.; Romero, L.; Heymsfield, S.B.; Ross, R.R.; Garry, P.J.;
Lindeman, R.D. Epidemiology of sarcopenia among the elderly in new mexico. Am. J. Epidemiol. 1998, 147,
755–763. [CrossRef] [PubMed]

33. Shafiee, G.; Keshtkar, A.; Soltani, A.; Ahadi, Z.; Larijani, B.; Heshmat, R. Prevalence of sarcopenia in the
world: A systematic review and meta- analysis of general population studies. J. Diabetes Metab. Disord 2017,
16, 21. [CrossRef] [PubMed]

34. Dent, E.; Morley, J.E.; Cruz-Jentoft, A.J.; Arai, H.; Kritchevsky, S.B.; Guralnik, J.; Bauer, J.M.; Pahor, M.;
Clark, B.C.; Cesari, M.; et al. International clinical practice guidelines for Sarcopenia (ICFSR): Screening,
Diagnosis and Management. J. Nutr. Health. Aging 2018, 22, 1148–1161. [CrossRef] [PubMed]

35. Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyere, O.; Cederholm, T.; Cooper, C.; Landi, F.; Rolland, Y.;
Sayer, A.A.; et al. Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 2019, 48,
16–31. [CrossRef] [PubMed]

36. Kim, T.N.; Park, M.S.; Yang, S.J.; Yoo, H.J.; Kang, H.J.; Song, W.; Seo, J.A.; Kim, S.G.; Kim, N.H.; Baik, S.H.;
et al. Prevalence and determinant factors of sarcopenia in patients with type 2 diabetes: The Korean
Sarcopenic Obesity Study (KSOS). Diabetes Care 2010, 33, 1497–1499. [CrossRef] [PubMed]

37. Kim, T.N.; Yang, S.J.; Yoo, H.J.; Lim, K.I.; Kang, H.J.; Song, W.; Seo, J.A.; Kim, S.G.; Kim, N.H.; Baik, S.H.;
et al. Prevalence of sarcopenia and sarcopenic obesity in Korean adults: The Korean sarcopenic obesity study.
Int. J. Obes. 2009, 33, 885–892. [CrossRef] [PubMed]

38. Lau, E.M.; Lynn, H.S.; Woo, J.W.; Kwok, T.C.; Melton, L.J., 3rd. Prevalence of and risk factors for sarcopenia
in elderly Chinese men and women. J. Gerontol. A Biol. Sci. Med. Sci. 2005, 60, 213–216. [CrossRef] [PubMed]

39. Lim, S.; Kim, J.H.; Yoon, J.W.; Kang, S.M.; Choi, S.H.; Park, Y.J.; Kim, K.W.; Lim, J.Y.; Park, K.S.; Jang, H.C.
Sarcopenic obesity: Prevalence and association with metabolic syndrome in the Korean Longitudinal Study
on Health and Aging (KLoSHA). Diabetes Care 2010, 33, 1652–1654. [CrossRef] [PubMed]

40. Baumgartner, R.N.; Stauber, P.M.; McHugh, D.; Koehler, K.M.; Garry, P.J. Cross-sectional age differences
in body composition in persons 60+ years of age. J. Gerontol. A Biol. Sci. Med. Sci. 1995, 50, M307–M316.
[CrossRef] [PubMed]

333



J. Clin. Med. 2019, 8, 322

41. Lloret Linares, C.; Ciangura, C.; Bouillot, J.L.; Coupaye, M.; Decleves, X.; Poitou, C.; Basdevant, A.;
Oppert, J.M. Validity of leg-to-leg bioelectrical impedance analysis to estimate body fat in obesity. Obes. Surg.
2011, 21, 917–923. [CrossRef] [PubMed]

42. Pomeroy, E.; Macintosh, A.; Wells, J.C.K.; Cole, T.J.; Stock, J.T. Relationship between body mass, lean mass,
fat mass, and limb bone cross-sectional geometry: Implications for estimating body mass and physique from
the skeleton. Am. J. Phys. Anthropol. 2018, 166, 56–69. [CrossRef] [PubMed]

43. Bosy-Westphal, A.; Muller, M.J. Identification of skeletal muscle mass depletion across age and BMI groups
in health and disease—There is need for a unified definition. Int. J. Obes. 2015, 39, 379–386. [CrossRef]
[PubMed]

44. Lee, Y.H.; Jung, K.S.; Kim, S.U.; Yoon, H.J.; Yun, Y.J.; Lee, B.W.; Kang, E.S.; Han, K.H.; Lee, H.C.; Cha, B.S.
Sarcopaenia is associated with NAFLD independently of obesity and insulin resistance: Nationwide surveys
(KNHANES 2008-2011). J. Hepatol. 2015, 63, 486–493. [CrossRef] [PubMed]

45. Lee, Y.H.; Kim, S.U.; Song, K.; Park, J.Y.; Kim, D.Y.; Ahn, S.H.; Lee, B.W.; Kang, E.S.; Cha, B.S.; Han, K.H.
Sarcopenia is associated with significant liver fibrosis independently of obesity and insulin resistance in
nonalcoholic fatty liver disease: Nationwide surveys (KNHANES 2008–2011). Hepatology 2016, 63, 776–786.
[CrossRef] [PubMed]

46. Lee, S.Y.; Ahn, S.; Kim, Y.J.; Ji, M.J.; Kim, K.M.; Choi, S.H.; Jang, H.C.; Lim, S. Comparison between
dual-energy X-ray absorptiometry and bioelectrical impedance analyses for accuracy in measuring whole
body muscle mass and appendicular skeletal muscle mass. Nutrients 2018, 10. [CrossRef] [PubMed]

47. Vermeiren, S.; Beckwee, D.; Vella-Azzopardi, R.; Beyer, I.; Knoop, V.; Jansen, B.; Delaere, A.; Antoine, A.;
Bautmans, I.; Scafoglieri, A.; et al. Evaluation of appendicular lean mass using bio impedance in persons
aged 80+: A new equation based on the BUTTERFLY-study. Clin. Nutr. 2018. [CrossRef] [PubMed]

48. National Health Statistics. Available online: http://www.index.go.kr/potal/main/EachDtlPageDetail.do?
idx_cd=1438 (accessed on 10 December 2018).

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

334



Journal of

Clinical Medicine

Review

Abuse of Licit and Illicit Psychoactive Substances in
the Workplace: Medical, Toxicological, and
Forensic Aspects

Ricardo Jorge Dinis-Oliveira 1,2,3,* and Teresa Magalhães 1,2,4,*

1 IINFACTS—Institute of Research and Advanced Training in Health Sciences and Technologies, Department
of Sciences, University Institute of Health Sciences (IUCS), CESPU, CRL, 4585-116 Gandra, Portugal

2 Department of Public Health and Forensic Sciences, and Medical Education, Faculty of Medicine, University
of Porto, 4200-319 Porto, Portugal

3 UCIBIO-REQUIMTE, Laboratory of Toxicology, Department of Biological Sciences, Faculty of Pharmacy,
University of Porto, 4050-313 Porto, Portugal

4 Fidelidade—Companhia de Seguros, SA, R. Direita de Campinas 324, 4100-207 Porto, Portugal
* Correspondence: ricardinis@med.up.pt (R.J.D.-O.); tmaga@med.up.pt (T.M.)

Received: 27 January 2020; Accepted: 10 March 2020; Published: 12 March 2020

Abstract: About one-third of adult life is spent in the workplace. The use of psychoactive substances
is a major preventable cause of morbidity and mortality. The consumption of psychoactive substances
during or outside working hours greatly increases the frequency and severity of labor accidents, as
well as the workers’ poor general state of health and productivity, implying higher costs for enterprises.
It is the responsibility of organizations to ensure the safety and health of their workers. These cannot
be limited to traditional routine clinical exams, as other aspects also have an impact on health. Thus,
prevention and intervention in the consumption of psychoactive substances (e.g., ethanol, opioids,
central nervous system stimulants or depressants, hallucinogens, Cannabis derivatives, dissociative
substances, and inhalants) in labor activity should be considered as an investment of organizations
and not as a cost, in view of the professional, personal, and family advantages for workers and
employers, with a potential impact on productivity, security, health, and quality of life at work.
Despite the extensive literature on the subject, each article generally focuses on one or another
aspect of a very specific nature, not tackling the problem in a holistic way by confronting clinical,
safety, and legal issues. This article presents a reflection on the legal, laboratorial, clinical, ethical,
forensic, and safety concerns related to the consumption of psychoactive substances in the workplace,
and can be a cross-cutting contribution to occupational medicine, forensic medicine, and insurance
medicine, as well as for entrepreneurs, lawyers, judges, workers, and technicians from the public
and private sectors that develop projects in this area. This discussion is based on general principles
established internationally and highlights the role of the occupational healthcare system and other
decision-making actors in the prevention and supervision of workplace psychoactive consumption.

Keywords: occupational medicine; forensic medicine; insurance medicine; psychoactive substances;
safety; clinical; forensic; law; ethics

1. Introduction

Workplaces reflect, to a certain extent, the widespread presence of ethanol and other psychoactive
substances in society and the type of work, but sometimes both. There has been global growth in
the use of workplace drug testing as a response to drug-related risks to safety and productivity [1,2].
Depending on the countries, the labor sectors, and the professions, statistics suggest high percentages
of workers suffer from or are at risk of becoming dependent on ethanol [3]. Civil construction workers,
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transport workers, hotel staff, barmen, catering workers, farmers, and workers in the primary sectors
are particularly affected by this problem, especially in terms of ethanol [3]. Additionally, ethanol-related
indicators are often inversely proportional to the level of literacy, meaning that the higher this level
is, the less likely workers are to become drunk [4]. However, in some countries, excessive ethanol
or other substance consumption is clearly observed among some higher professional groups such
as doctors and managers [5,6]. Regarding the consumption of other psychoactive substances in the
workplace, the information is scarcer, with Cannabis being more prevalent among younger workers,
whereas cocaine is more prevalent among highly skilled workers such as managers [7]. Indeed,
because workplace drug testing is often performed on-site by occupational physicians, a global statistic
spectrum is hard to obtain [8].

The consumption of psychoactive substances at work depends on the combination of multiple
factors, some of them linked to individual characteristics and lifestyles, and others being of a professional
nature, related for example to the typology of work, rhythms and cadences, shift work, and stress,
among others [9,10].

It is obvious that the prevention and deterrence of problems associated with the use of psychoactive
substances should be a global intervention involving the participation of all decision-making actors
in the organization bodies, namely, occupational medicine, occupational safety and health, human
resources, social action services, intermediate and direct leadership, workers’ representatives, and
workers themselves. Detection may or may not be part of the organization’s health and safety
policy procedures. In order to create a program that contemplates psychoactive substance testing,
the underlying policy, objectives, and rights and responsibilities of all parties involved should be
made explicit. Moreover, the analysis of results and the relationship with the worker must respect
confidentiality, cooperation, mutual commitment, and capacity building. The final goals are beneficial
both for employers and employees and include the increase of workplace productivity by reducing
absenteeism, presenteeism, and workplace accidents, as well as raising awareness of the toxic effects of
psychoactive substances and their consequences in workers’ performance by adopting a more healthily
behavior during and outside working hours [9,11,12].

This article presents a reflection on the legal, laboratorial, clinical, ethical, forensic, and safety
concerns related to the consumption of psychoactive substances in the workplace, and can be a
cross-cutting contribution to occupational medicine for businessmen, lawyers, juries, workers, and
laboratory technicians that act in this area. We also aimed to discuss the best practices to be followed
by laboratories providing workplace drug testing services.

2. Methods

A narrative review was performed by searching articles in English, French, Spanish, and
Portuguese in PubMed, Scopus, Web of Science, and PsycINFO concerning legal, laboratorial, clinical,
ethical, forensic, and safety concerns of workplace drug testing, without time limit. Besides these
inclusion criteria, additional reports were obtained from the references of the articles identified in
the original search. International reports from the World Health Organization; European Union;
International Commission on Occupational Health; and legislation on psychoactive substance
workplace consumption, testing, and prevention were also reviewed. Specifically, Portuguese
legislation, under the European Union regulation, was used as a starting point and, regardless
the jurisdiction, broad and transversal aspects general and useful for occupational medicine were
discussed. The effects in workplace performance of ethanol, opioids, central nervous system stimulants
or depressants, hallucinogens, Cannabis derivatives, dissociative substances, inhalants, and examples
of new psychoactive substances were also reviewed. From this search, 192 documents were obtained
and 105 were ultimately considered for the final version of the manuscript. The remaining documents
were excluded if they focused on specific points of certain enterprises or on a very specific point of a
country not considered useful for a broad discussion, or when those aspects do not fit well in the scope
of occupational medicine, such as technical and analytical details of toxicological methods.
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3. Psychoactive Substances and Occupational Risks

Psychoactive substances are those that act mainly on the central nervous system, where they alter
brain function, resulting in temporary changes in perception, mood, consciousness, and behavior.
The effect depends not only on the specific substance but also on the dose, previous consumption,
tolerance, comorbidities, mixture with other substances, and route of administration, among other
reasons. In a general overview, all psychoactive substances have, to a higher or lesser extent, a
dysfunctional effect on work capability. Considering the clinical usefulness and their most important
effects at the level of the central nervous systems at usual doses, psychoactive substances are
classified into several groups, which are discussed below regarding their repercussions in terms of
workplace performance.

Opioids are mainly used as analgesics and antitussives [13–17]. Physical work and high
psychosocial work demands, excessive repetition of tasks, awkward postures, and heavy lifting are all
known workplace risk factors for musculoskeletal pain and consequently lead to administration of
opioids, according to prospective studies [18,19]. Interestingly, a recent randomized trial demonstrated
that treatment with opioids was not better to treatment with nonopioid medications for improving
pain-related function over 12 months in moderate to severe chronic back pain or hip or knee osteoarthritis
pain [20]. Part of this group are natural compounds extracted from opium such as morphine, codeine,
and thebaine; semisynthetic compounds such as heroin, oxycodone, hydrocodone, oxymorphone,
etorphine, and hydromorphone; and the synthetics tramadol, tapentadol, meperidine (or pethidine),
methadone, fentanyl, and pentazocine. Work-related injuries have been identified as a factor in the
rise of opioid dependence and opioid-related overdoses [21,22]. Opioid use has also been associated
with the risk of motor vehicle accidents in commercial drivers [23]. Indeed, several adverse effects
are possible risk factors for workplace performance, namely, those mediated by μ-receptors, such
as sedation, respiratory depression, suppression of cough reflex, sweating, euphoria, dysphoria,
confusion, insomnia, agitation, fear, hallucinations, drowsiness, motor decoding and mood swings,
miosis, and dependence [17,24,25].

Cocaine, amphetamines (i.e., d-amphetamine, d-methamphetamine, methylphenidate,
3,4-methylenedioxymethamphetamine), caffeine, nicotine, and ephedrine are stimulants of the central

nervous system [26–28]. Xenobiotics belonging to this group exhibit, in general, a pronounced
stimulating effect in the central nervous system. They reduce the feeling of mental (i.e., increased
alertness) and physical fatigue (i.e., increased motor activity) and cause dependence [29,30]. Of these,
the most consumed psychoactive substance is caffeine, which is present in coffee, tea, and chocolate,
as well as in numerous foods, drugs, and beverages, as it increases energy and concentration, with
no major negative labor effects having been reported [31], and it moreover has been linked to a
reduced suicide risk [32]. In addition, considerable research suggests that nicotine enhances cognitive
control-related processes (e.g., attention, memory) among nicotine-deprived smokers, both in terms of
behavior and neural indices [33]. Indeed, smokers deprived of nicotine (e.g., 12 h smoking abstinence)
exhibit reduced cognitive-attentional functioning [34]. Employees who tested positive for cocaine
were four times more likely to be categorized as absentee employees and two times more likely to
be terminated from employment than those who tested negative [35]. Comparing the consumers of
amphetamines with those of other illicit psychoactive substances, it was found that they had higher
absenteeism due to disease and/or accidents, as well as a higher incidence of behavioral risks. If
consumption occurs outside working hours, the period of depression and asthenia and cognitive
alterations may arise when they resume work activity. Low-to-moderate doses of stimulants (e.g.,
amphetamine, caffeine, modafinil) have been reported to be effective countermeasures for mood and
performance decrements caused by sleep deprivation and fatigue [36,37].

More than 61 cannabinoids have been identified among more than 400 compounds documented in
Cannabis sativa [16,38–40]. The most important forms are delta-9-tetrahydrocannabinol (Δ9-THC; main
psychoactive constituent), Δ8-THC (almost as active as the previous one but at lower concentrations),
cannabinol (low activity, but at high concentrations), and cannabidiol (not psychoactive, but in
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high concentrations). Δ9-THC is the most widely abused illicit psychoactive substance and the
potency of the derivative (e.g., marijuana, hashish, hashish oil) depends on the percentage of this
xenobiotic [16,39–41]. Δ9-THC produces euphoria followed by relaxation, distortion in space and time,
hallucinations (in higher doses than those normally found clinically), changes in short-term memory,
motor incoordination, behavioral disinhibition, concentration and learning issues, decreased appetite,
and in high doses paranoid psychosis. It possesses a low risk of psychological dependence and its
abstinence is typically characterized by insomnia [42]. Marijuana cigarettes containing low-to-moderate
Δ9-THC concentrations can decrease some night shift-related performance and mood disruptions [43,44].
Occupational medicine additional concerns come from the use of medicinal Cannabis [45–47]. Workers
who have been authorized to use Cannabis should be required to report any change in product, dose,
frequency, and timing of use or route of administration, and an occupational physician trained and
knowledgeable on the impact and evaluation of potentially impairing substances in the workplace
should be included [47]. Moreover, new psychoactive substances, such as synthetic cannabinoids,
are now an additional concern to deal with [48]. Indeed, these compounds also bind to cannabinoid
receptors and abuse can cause anxiety; confusion; hypertension; psychosis; hallucinations; tachycardia;
seizures; and, in severe cases, it can lead to death [49–51].

Hallucinogens, such as the diethylamide of lysergic acid (LSD), mescaline, psilocybin, and
psilocin, also have a pronounced effect on workplace performance [52,53]. Hallucinogens intensify
sensory experiences and lead to behavioral alterations, delusions, as well as emotional lability at the
time of and after consumption, confusional states, and flashbacks (i.e., reviving experiences). Chronic
consumption can lead to depression, violent behavior, anxiety, and alteration in the perception of time,
but the risk of dependence is absent.

The central nervous system depressant group mainly includes psychotropic drugs, notably
the illicit use of anxiolytics, sedatives, and hypnotics, such as benzodiazepines; barbiturates; and
non-benzodiazepine hypnotics such as zolpidem and ethanol [54,55]. Of all substances, ethanol is the
one with the highest negative impact on work [9,56]. Globally, ethanol is the world’s number one risk
factor for ill-health and premature death amongst the 25- to 59-year-old age group, the core of the
working-age population [57]. Moreover, in the USA, ethanol-induced impairment directly affects an
estimated 15% of the workforce and causes more than 22% of the deaths as a result of injuries at work [58].
The main labor consequences of ethanol consumption are slow reaction time, motor incoordination,
decreased visual acuity, emotional lability, reduced concentration, lower intellectual ability, behavioral
changes, attendance/punctuality problems, lower productivity, absenteeism, presenteeism, workplace
injuries, and higher employee turnover [59]. Several studies have shown that workers who drink the
most are more often absent from work due to drinking [60], and they more often report alcohol-related
presenteeism and inefficiency at work due to alcohol use [61]. Ethanol is anxiolytic/disinhibiting and
has a high potential for abuse. Withdrawal leads to sweating, nausea, tremor, insomnia, decreased
appetite, restlessness, aggression, anxiety, and eventually hallucinations. It is often used in conjunction
with other substances to enhance the overall effect. Major international organizations such as the World
Health Organization, the Council of the European Union, and the International Labor Office advertise
the need as priority to actualize policies and programs focused on the issue of ethanol and work.

Among psychoactive drugs, benzodiazepines are the most prescribed drugs, especially as
anxiolytic, sedative, or hypnotic drugs, and less often as antiepileptics and/or muscle relaxants [55].
Benzodiazepines have largely replaced barbiturates as they are safer drugs with fewer enzyme-inducing
effects, and thus less severe interactions, less severe withdrawal symptoms, and a broad therapeutic
margin [62]. However, persistent and longer than recommended use and self-medication is a reality.
Benzodiazepines are distinguished between anxiolytic and hypnotic [24,55]. This distinction is
somewhat artificial because all are anxiolytic, and all can change sleep as long as certain doses are
reached [55,63]. What distinguishes them, however, is that so-called hypnotic benzodiazepines are
potent drugs that can, therefore, modify sleep conditions at relatively low doses, whereas so-called
anxiolytic benzodiazepines are less potent, allowing for a “therapeutic window” to exist where anxiolytic
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action can be obtained without significantly interfering with sleep [55]. All benzodiazepines may
induce tolerance, dependence, and addiction, but to a lesser extent than barbiturates [62]. Short-acting
benzodiazepines have the highest potential to induce dependence, and withdrawal syndrome may
even occur when discontinuation is abrupt. The abuse of these drugs is generally higher in females
and older workers. The toxic effects of benzodiazepines on quality of work are mostly related to the
central nervous system depressant effects, particularly sleepiness, motor incoordination, and impaired
thinking [64]. They have a significant impact on motor vehicle driving, workability, and interpersonal
relationships, and thus their use should be taken into account in these circumstances [65]. They can also
cause short-term memory impairment, that is, diminished ability to learn new information, leaving
already learned information intact.

Among dissociative drugs, phencyclidine and ketamine were originally developed as dissociative
general anesthetics, capable of promoting sensory loss and analgesia, amnesia, and paralysis, generating
an intense sensation of dissociation of the environment but without real loss of consciousness and
protective reflexes [66,67]. Only ketamine is still available in therapy due to the high frequency of
delusions and hallucinations observed postoperatively with phencyclidine [67–70]. The most classic
adverse effects of ketamine are delirium, hallucinations, tachycardia, mild respiratory depression,
confusion, irrationality, violent or aggressive behavior, dizziness, ataxia, slurred speech, delayed
reaction time, euphoria, altered body image, analgesia, amnesia, and coma [66,67].

4. Psychoactive Substances and Occupational Consequences

Employers, for their part, have a broad range of responsibilities, and it is the employer’s obligation
to ensure the individual and collective health of workers for the proper functioning of all work activities.
Psychoactive substance abuse is a major preventable cause of morbidity and mortality and has direct
impacts on workability [71]. Staying in the workplace under the influence of psychoactive substances
depends on the combination of multiple factors, some linked to individual characteristics and lifestyles,
and others of professional nature, such as work typology, rhythms and cadences, irregular working
hours as occurs in shift work, stress, and psychological harassment, among others. The following are
some of the consequences of the occupational psychoactive substance consumption and thus justify
why employers aim for a “drug-free” workplace [72–74]: (i) increase in the rate of presenteeism (i.e.,
being present at workplace in an impaired state) and absenteeism that affects professional performance
promoting errors, and hence the competitiveness and productivity of the enterprise, as well as the
country’s own wealth; (ii) creation of a negative image, leading to discrediting and despising of the
organization; (iii) negative effect on the equipment integrity and therefore a potential cause of financial
losses; (iv) negative effect on the workers’ physical, psychosocial, and behavioral integrity; (v) risk
of neglect and reduced decision-making and motor coordination, consequently leading to a higher
number of errors and accidents and therefore costs (e.g., insurance premiums); (vi) workers being
more often involved in conflict, violent behavior, and theft, and being more frequently the subject of
complaint by coworkers who may also see their physical integrity or even their own lives affected
as a result of lack of care or discernment, decreased alertness, or altered perceptions or judgements
from others being under the influence of psychoactive substances; and (vii) workers tending to be
non-punctual (arriving at work later and leaving early) than the rest of the working population, putting
a greater strain on coworkers by introducing additional tasks that still need to be done.

5. Legal Aspects

Aiming at a legal interpretation of this theme, it is important to make clear what is an occupational
accident and workplace. Although, these concepts may vary with the different legislation of each
country or state, regardless the jurisdiction, these are broad concepts in most legislations. We used
Portuguese legislation as a starting point for this approach.

The Portuguese Law no. 98/2009 of 4 September regulates the regime of compensation for
occupational accidents and diseases, including occupational rehabilitation and reintegration, pursuant
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to article 284 of the Labor Code, approved by Law no. 7/2009 of 12 February. In accordance with
Article 8, an occupational accident is one that occurs at the place and time of work and that directly or
indirectly results in bodily injury, functional disturbance, or illness resulting in reduced working or
earning capacity, or death. Therefore, it is an event that has a professional factor for its occurrence,
including acts of violence that occurred within the scope of the workplace concept. Its major differences
from the concept of occupational disease, in which occupational factors are also determinant, include (i)
very short time (at most a few minutes), usually sudden and unexpected (acute); (ii) easy identification
of the cause (professional); and (iii) easy identification of the lesion.

The concept of the workplace means any place where a worker is or should be by virtue of his/her
work and that are directly or indirectly under the employer’s control, including road accidents during
work-related activities. The term “working time beyond the normal working period” is defined in
Portuguese law as the time that (i) precedes its commencement, including preparatory acts; (ii) follows,
including related acts; (iii) resulted from normal or forced interruptions of work. Article 9 extends
the concept, and also considers a workplace accident as one that occurs (i) on the way to or from
the workplace in the routes normally used and considering the period of time usually spent by the
worker in those routes: between any of their workplaces if they have more than one job (the destination
employer being the responsible for the accident), between his/her habitual or occasional residence and
the workplace or the place of payment or the place where they will receive any kind of assistance
or treatment by reason of a previous accident, or between the workplace and the place of meal and
between the new place defined by the employer for a specific work and the usual workplace or his/her
habitual or occasional residence. It is also considered a work accident when the normal route has been
interrupted or changed in order to satisfy workers’ needs, as well as due to force majeure or due to a
fortuitous event (ii) while performing spontaneous services that may result in economic gain for the
employer; (iii) at and outside the workplace while representing workers; (iv) at the workplace, when
attending a training course, or outside the workplace, if the express permission from the employer for
such attendance was obtained; (v) at the place of payment of remuneration and while staying there for
that purpose; (vi) at the place where the worker should receive any form of assistance or treatment due
to a previous accident and while staying there for that purpose; (vii) while job searching during the
hours granted by law to workers with process of termination of the current work contract; and (viii)
off-site or working time when verified in the performance of services determined by the employer or
consented by him/her.

5.1. Workplace Drug Testing

The legislation applied to workplace drug testing also has some differences among countries [75].
Indeed, a multinational company may not be able to implement the same procedure in all its offices.
In this work, we focused upon and discussed general consentaneous aspects that need to be followed
in the application of a program for workplace drug testing; the Portuguese legislation was used as a
platform for critical reflection. This approach is even more interesting because by adopting a radical
step, in July 2001 Portugal became the first country in the world to decriminalize the possession for
consumption of all illicit substances (Law no. 30/2000 of 20 November). Rather than being arrested,
those caught with a personal supply are obliged to undergo rehabilitation treatment.

Although there are no specific propositions referring to psychoactive substance testing in the
workplace, the Portuguese law appoints a set of very strict general rules regarding the worker’s health.
Indeed, the human life (Article 24); the moral and physical integrity of persons (Article 25); the right to
preserve the intimacy of private life (Article 26); the right to the protection of personal data and the use
of computers (Article 35); and the rights of all workers (regardless of age, sex, race, citizenship, territory
of origin, religion, or political or ideological convictions) to have a job and work under conditions
of hygiene, safety, and health, as well as the rights to have assistance and fair rehabilitation when
they are victims of workplace accidents or occupational disease (Article 59) are rights constitutionally
enshrined in the Constitution of the Portuguese Republic. Moreover, in Europe, any regulation must
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conform to the European Convention for the Protection of Human Rights and Fundamental Freedoms.
The latter warranties for a person’s right to privacy, which states that everyone has the right to his/her
private and family life, his/her home, and his/her correspondence, and that public authorities must not
interfere with the exercise of this right, except if the interests of national security, public safety, or the
economic well-being of the country are at risk. On an international level, the matter might be covered
by Universal Declaration of Human Rights (Article 12), which states that no one shall be subjected to
arbitrary interference with his/her privacy.

The use of psychoactive substances in the workplace (or during working hours) is usually
governed by health and safety laws that address the potential health and safety risks for themselves or
co-workers [75–77]. Therefore, these laws usually legitimate the fact that the tests should be restricted
to categories of workers whose activity may endanger their physical or third party integrity and make
employers responsible for preventing psychoactive substance use in the workplace and impose them
to carry out risk assessments and preventive measures [78]. The real question is how we can fulfil
the purposes of the law, namely, the following Portuguese legislation: (i) Articles 15 (employer’s
general obligations), 16 (simultaneous or successive activities in the same workplace), and 17 (worker’s
obligations) of the legal regime promoting occupational safety and health (Law no. 102/2009 of 10 of
September); (ii) Articles 19 (medical tests and examinations), 99 (internal company rules), 281 (general
principles on safety and health at workplace), 282 (information, consultation, and training of workers),
283 (accidents at work and occupational diseases), and 284 (regulation of prevention and reparation) of
the Labor Code (Law no. 7/2009 of 12 February); (iii) Decree-Law no. 4/2015 of 7 of January (Code of
Administrative Procedure); and (iv) the General Data Protection Regulation 2016/679 of the European
Parliament and of the Council of 27 of April of 2016. Besides these legislations, specific regulations of
each enterprise should be also taking into account. The Portuguese State, through the Labor General
Inspection, the Directorate-General of Health, and the National Protection Centre against Professional
Risks, proceeds to inspections to see if the rules are followed.

5.1.1. The Legal Regime for the Promotion of Health and Safety at Work (Law no. 102/2009 of
10 September)

The legal regime for the promotion of health and safety at work (Law no. 102/2009 of 10 September)
states that occupational safety and health must be based on a correct and permanent risk assessment
and be developed according to principles, policies, standards, and programs, focusing on the promotion
and monitoring of occupational health and the enhancement of technical and scientific research in
the field of safety and health at the workplace, particularly the emergence of new risk factors (Article
5). In Portugal, the existence of in-house occupational safety and health services is mandatory in
organizations with more than 400 workers or in those with more than 30 workers if they are exposed
to high-risk activities. In cases where the enterprise does not have an internal occupational health
and safety service, this must be assumed by the external entities that provide occupational health and
safety services (Article 78).

There are several general obligations that the employer must continuously and permanently fulfil
(Articles 15 and 18): (i) ensuring safety and health in the workplace, (ii) identifying all foreseeable risks
in all activities of the organization, (iii) mitigating monotonous and repetitive work, and (iv) reducing
psychosocial risks. These concerns should be balanced accordingly to the risks to which the workers
are potentially exposed to and are recognized as causes for psychoactive substance use, which in turn
is a risk factor for accidents and enhancer of work-related diseases. Nevertheless, it should be borne in
mind that employers cannot legitimately invoke the obligation to carry out psychoactive substance
screening tests to accomplish their duties of ensuring the health of workers (Article 108). Indeed, the
obligation to perform clinical exams (i.e., for admission, periodic, or occasional) is duly specified in
the legislation and its purpose is aimed at attesting and evaluating the physical and mental fitness
of the worker to perform the activity, as well as possible repercussions. In other words, compulsory
psychoactive substance testing undermines the rights, freedoms and personal guarantees enshrined in
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the Constitution of the Portuguese Republic, namely, the right to personal integrity (Article 25) and the
right to privacy reserve (Article 26). This means that there will be no justification for drug testing in all
(or random) workers in an organization, but only for those whose job requires high skills or involves
considerable risk to themselves or other workers and in all who show manifested and serious signs of
being influenced by psychoactive substances [79]. Moreover, it should be mentioned that the existence
of an internal regulation that considers a program for workplace drug testing cannot be in itself a just
cause for dismissal because it is not provided by law and violates the principle of job security and the
fundamental right of workers accordingly the Article 53 of the Constitution of the Portuguese Republic.

On the other hand, it is also the worker’s obligation to comply with the occupational safety and
health requirements provided by legislation and collective labor regulation instruments, as well as for
instructions determined for that purpose by the employer (Article 17).

5.1.2. The Labor Code (Law no. 7/2009 of 12 February)

Regarding the Portuguese Labor Code (Law no. 7/2009 of 12 February), the article 281 et seq. focuses
on the prevention and reparation of accidents and occupational diseases in the workplace; workers
have the right to provide work in safe and healthy conditions and should respect the occupational
safety and health requirements laid down by law or collective labor regulation instruments, or those
determined by the employer, and the employer should apply the necessary measures to provide
such environments.

The carrying out of medical tests and examinations (Article 19) is within the scope of the
organization of occupational safety and health services and must respect citizens’ rights, freedoms,
and guarantees. Regarding the detection of psychoactive substance use, this may or may not be part of
the organization’s health and safety policy. The most common procedure is to perform drug testing in
those workers randomly nominated by the computer, as well as those appointed by the occupational
physician, or to those who request according to the rules of procedure. As mentioned above, random
drug testing has been prone to controversy because employers must ensure that every aspect of their
policies is rooted in scientific evidence, linked rationally to the goal of workplace safety, and are
ethically justifiable [79]. Some organizations also advocate testing following an accident of specific
consequences (e.g., fatalities, injuries that require anyone to be removed from the scene for medical care,
damage to vehicles or property above a specified monetary amount) in order to determine whether the
abuse of psychoactive substances were a factor. Of course, a positive test for psychoactive substances
cannot prove that this was the cause of the accident.

Considering the possibility of creating a program that includes toxicological analyses for detection
of psychoactive substances, this must comply with the legal rules in force and be part of an internal
regulation according to Article 99. This regulation should spell out the underlying policy, objectives,
and rights and responsibilities of all parties involved, as well as issues regarding the protection of
personal data, namely, assuring the right of the worker to privacy, the need for his/her consent to
perform the tests, and the preventive and non-sanctioning character of the drug tests. These are
important topics specially designed to increase the sensitivity of health and safety professionals to this
problem and encourage them to raise awareness of them.

Screening tests for psychoactive substance use are restricted to the occupational physician or,
under his/her guidance and control, to other health professionals obliged to professional secrecy (e.g.,
occupational nurses) and trained to use the kits for toxicological analysis. The same is true for the
results of the tests because this represents health information. Therefore, clinical data can only be
known to health professionals from the occupational medicine team, who are subject to confidentiality,
and any hypothetic witnesses nominated by the worker.

In order to comply with professional secrecy and to guarantee the confidentiality of information
resulting from medical examinations, the occupational physician must record results with “generic
terms”, namely, the worker (i) is fit (i.e., does not consume), (ii) is “fit with restrictions”, or (iii) is
temporarily unable (i.e., consumes) to perform his/her duties. According to no. 2 of Article 17 (on the
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protection of personal data) of the Labor Code, at no time should the physician report the test results
to the employer. Only in this way is the adequacy of the preventive and deterrent measures ensured
and it represents a very serious offence the disrespect of these directives. Accordingly to Article 195 of
the Portuguese Penal Code, the disclosure of other people’s secrets, known to someone on account of
his/her state, job, employment, profession (e.g., physician), or arts, is punished by a term imprisonment
of 1 year or fine until 240 days. Moreover, the physician also follows the Deontological Code of the
Medical Association, which compels him/her to professional secrecy (Article 71).

It is also made clear by the Labor Code (Article 19), in addition to the situations provided in
occupational safety and health legislation, that the employer cannot, for admission purposes or job
maintenance, require the applicant or worker to perform or present tests or medical examinations
of any nature (such as the results of psychoactive substance use tests), or prove physical or mental
conditions and therefore health. An exception occurs when these examinations aim for the protection
and safety of the worker or third parties, or when the demands inherent to the activity justify it. In these
cases, the reasons must be provided in writing to the job seeker or worker. Therefore, conducting
screening tests for psychoactive substance use will only be legitimate in exceptional cases where health,
welfare, worker, employer, or third-party concerns are at stake. In cases of job admission, even if
screening tests for psychoactive substance can be justifiably performed in candidates, the possibility of
the job applicant stopping drug use several days before testing should be born in mind. However,
the screening will no longer be legally acceptable on the principles of proportionality, appropriateness,
and reasonableness when there are no objective grounds to perform them in order to assure safety
to the workers, service users, or the wider community, or when, from this point of view, the risks
are minimal.

It is also clear that a job applicant or worker who has provided personal information has the right
to control his/her personal data, to be aware of its content and the intended purpose, and to ask for its
correction and update.

6. Diagnosis of the Influence of Psychoactive Substances and Toxicological Analysis

It is fundamental to have the substances that will be monitored clearly defined in the rules of
procedure. Suspicion of psychoactive substance consumption can be made at various levels, of a
subjective and objective nature. The loss of productivity and decreased quality of work, lack of
punctuality and absenteeism, indiscipline and inappropriate behaviors, and the increase in workplace
accidents are warning signs that cannot be neglected. However, these signs of suspicion should be part
of a broader clinical and laboratory evaluation under the responsibility of occupational medicine and,
in some cases, with the contribution of insurance medicine as well as forensic medicine.

Occupational medicine is a medical specialty concerned with the maintenance of health in the
workplace, including prevention and treatment of diseases and injuries. In other words, the aim of
occupational medicine focuses on workers’ health. Accordingly, the International Code of Ethics for
Occupational Health Professionals published by the International Commission on Occupational Health
(ICOH) states, “the aim of occupational health practice is to protect and promote workers’ health,
to sustain and improve their working capacity and ability, to contribute to the establishment and
maintenance of a safe and healthy working environment for all, as well as to promote the adaptation
of work to the capabilities of workers, taking into account their state of health” [80].

Many enterprises establish a drug policy with little or no structure for drug testing, namely,
(i) quality control, (ii) systematic confirmation of positives, and (iii) procedures to accomplish the chain
of custody. Indeed, procedures that ensure the chain of custody compliance are of utmost importance in
toxicological analyses. Moreover, drug testing is usually performed on-site by occupational physicians,
who are usually not familiarized with analytical toxicological aspects. In Europe, the European
Guidelines for Workplace Drug Testing have been prepared and updated by the European Workplace
Drug Testing Society (EWDTS) for different samples. These guidelines are designed to [81] (i) establish
best practice and standard procedures whilst allowing individual countries to operate within the
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requirements of national customs and legislation, (ii) ensure that the entire drug testing process is
conducted to give accurate and reliable information about a donor’s drug use, (iii) maintain the legal
defensibility and scrutiny either by an employment tribunal or a court of law, (iv) protect the dignity of
the specimen donors and the validity of the specimen, (v) define common and critical quality control
procedures for laboratories, and vi) help in the interpretation of the analytical results. Guidelines for
collection of biological samples for toxicological analysis were recently published [82] and have largely
conformed to the EWDTS guidelines, focusing on sample collection and testing in urine, hair, and
oral fluid. Our work focused only on specific points relevant to the interpretation of workplace drug
testing [75,81]. Trained personnel, who do not need to specifically be healthcare professionals, are
required [81]. All samples must be kept for an agreed period or in respect of the national legislation of
each country to allow rebuttal if any judicial sues are made regarding the obtained results. After the
agreed time, the laboratory may discard the sample if the customer did not request the laboratory to
retain the sample for an additional period. Samples must be retained within the secure laboratory area
until the disposal date agreed with the customer [83].

6.1. Interpretation of Ethanol Results

The alcoholaemia is usually performed by quantitative breath analysis, using an alcohol meter
(duly calibrated). In Portugal, there is a model certified by the Portuguese Institute of Quality that
is based on the theoretical relationship defined in Law no. 18/2007 of 17 May, assuming that 1 mg/L
in breath alcohol concentration (BrAC) is equal to 2.3 g/L of blood alcohol concentration (BAC) [65].
Counterproof should always be available to confirm results and should be provided by a referenced
toxicology laboratory and by using a different technique and chemical principle from that of the screen
test in order to ensure reliability and accuracy. Real BAC can be quantified by blood collection and
further analysis by using gas chromatography with a flame ionization detector and a headspace system.
The direct determination of ethanol itself in hair is not possible due to its volatility and its potential
absorption from external sources [54]. Instead, the minor ethanol metabolites ethyl glucuronide (EtG)
and/or fatty acid ethyl esters (FAEE) can be measured in hair by GC or LC coupled to MS/MS as a
direct alcohol consumption marker [84].

There are no legally defined values for ethanol blood concentration in the workplace and it
should be noted that the maximum limit established for the Portuguese Highway Code should
not be generalized to all professions or tasks [65]. Nevertheless, several Portuguese organizations
are governed by the values defined in the Highway Code. For instance, the Collective Bargaining
Agreement for the Construction and Public Works Industry that has been in force since April 1, 2010,
in clause no. 78 (on the prevention and control of alcoholaemia) considers that it is under the influence
of alcohol the worker who, under examination by BrAC, reveals 0.5 g/L or more. For workers under
the Highway Code, the BAC provided in that Code is applicable.

6.2. Interpretation of Other Psychoactive Substances Results

Regarding the analysis of other psychoactive substances, toxicological analysis can be performed
in various biological samples, being more commonly analyzed in oral fluid [83–85] and urine [81,83] or
in hair [86] and nails [87], given that, although analytically possible, the toxicological results are not
relevant to allow for a quantitative interpretation [65]. Indeed, in most cases, only by using blood,
serum, or plasma is it possible to truly document the impairment. Therefore, the most correct procedure
will be to consider as positive the test that reveals the presence of illicit psychoactive substances
above the defined concentrations cut-offs for screening and confirmation tests [88], regardless of the
quantitative interpretation the test may provide [89]. Although urine is an important sample for
toxicological screening, it is only useful if freshly voided and collection is witnessed and supervised
to avoid adulteration. Indeed, the collection facilities should be arranged to prevent adulteration of
the specimen as much as possible and adding coloring agents to toilet water has been recommended
to reduce the risk [81]. Some authors suggest that all urine specimens taken for drug testing from
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both the workplace and court settings need to be tested for validity [90]. Nevertheless, urinating is
a personal act and most people feel inhibited about being observed in such circumstances by close
family members, medical staff, or even sexual partners, and the situation can never be less than
humiliating. Furthermore, individuals may not want to disclose pregnancy or venereal diseases. A
wide variety of collection devices are available in the market to collect oral fluid for toxicological
analysis. A minimum validity test should be performed for oral fluid, such as visual inspection of the
sample(s), measurement of oral fluid volume and testing on matrix authenticity through measurement
of endogenous biomarkers such as salivary amylase and cortisol [83–85].

Hair samples have been gaining popularity. This is by far the most expensive method, but it is
claimed to be more secure in the event of legal challenges, to provide conclusive evidence of rebuttal,
and is an excellent indicator of addiction, as opposed to occasional use, which may be particularly
suitable for pre-employment testing programs. Analysis of nail clippings may be a useful back-up for
hair analysis when hair is unavailable [87,91,92]. Useful applications of nail analysis may be where
contamination is highly unlikely (i.e., if the fingers do not become contaminated) as is the case during
the consumption of tablets or capsules as medication or where the question of time or quantity of use
rather than the fact of use is being investigated [92].

The most frequently analyzed substances are amphetamines and derivatives, cannabinoids,
cocaine, opioids, and benzodiazepines. Regarding cocaine, immunoassays detect the metabolite
benzoylecgonine quite accurately without much concern for false positive or negatives. Nevertheless,
the metabolite is inactive and may be present up to 3 days after use, whereas most clinical effects of
cocaine occur within 6 to 12 hours of use [26,27]. As for amphetamines, there are many false positives,
including antihistamines, decongestants, antidepressants, or acid-blockers, and these may be detected
1 to 3 days after use. Indeed, methamphetamine only differs from pseudoephedrine in a single atom of
oxygen. In fact, many methods flowed by clandestine laboratories use l-ephedrine (present in stimulant
supplements and used for weight loss) or d-pseudoephedrine (present in several decongestants drugs)
as starting reagents to produce d-methamphetamine [93].

Regarding cannabinoids, common over-the-counter analgesics such as ibuprofen and naproxen,
as well as the increasing interest in the use of medical Cannabis, can increase the probability of
cross-reaction with this assay, creating false positives. Many opioids can be missed during routine
screening, generating significant false-negatives, and it has been reported that screening is also prone
to many false-positive results in the presence of poppy seeds and quinolone antibiotics [13,94]. Indeed,
poppy seed paste used in foods could lead to positive urine tests for opioids, even if increased cut-off
levels are used and different biomarkers are considered for the differential diagnosis, such as the
presence of thebaine to ensure justice for each individual [13,95]. Moreover, if an individual is currently
taking a lawful medication containing codeine, the test can suggest that he/she has used heroin.

Nevertheless, it should be mentioned that there are several unscreened substances in existence, such
as ketamine, chloral hydrate, gamma-hydroxybutyrate (GHB), psilocybin, mescaline, and cathinones.
Moreover, qualitative or semi-quantitative immunoassays may cross-react with other substances, many
of which are licit, namely, pharmaceutical drugs [89]. In this case, tests showing the presence of
prescription drugs should not be considered positive.

On the basis of the technical limitation of the immunoassay analysis, whenever positive results
(i.e., above a predefined cut-off level) emerge at the screening stage, confirmatory tests on the sample
must be carried out by a referenced toxicology laboratory, normally by gas and liquid chromatography
coupled with mass spectrometry. If the screen results are all negative, no further analysis is necessary.
Results of confirmatory analysis are usually not readily available, and even if positive results are
obtained, interpretation is required by skilled toxicological professionals in conjunction with a qualified
occupation medicine physician [96].

Additionally, of note is that there are many other clinical situations with signs and symptoms
similar to psychoactive substance poisoning, and thus definitive diagnosis is only possible through
clinical examination. Therefore, a differential diagnosis is needed to find out whether the reason for the
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positive result can be explained by prescribed medication; some other acceptable reason; or whether it
is, in fact, a question of drug abuse [97]. If an occupational physician is not present, the worker should
be removed from activities that put his/her or others’ safety at risk and should be properly referred to a
health unit. It is underlined that in this case all labor rights, including remuneration, must be ensured
for as long as the worker is away from work.

6.3. Worker’s Refusal to Undergo Toxicological Analysis

Besides the health professional (or other) who is competent to carry out the sample collection for
toxicological analysis, it should be made possible for the worker to request the assistance of a witness,
having a defined time to do so, but the test cannot be stopped if the presentation of the witness was
not feasible. Refusal to submit to screening tests for psychoactive substance use, although possible,
does not imply that the worker is unsuitable for work. When unjustified, the worker may incur any
disciplinary offence and, in some enterprises, the refusal leads to the assumption that the worker has a
BAC of 0.5 g/L or higher and therefore the employee is unfit/inapt for work. Moreover, it should be
highlighted that if a worker is declared unfit by the occupational medicine as a result of psychoactive
substance use, it is not a just cause for dismissal or to affect career progression, as clinical results
are confidential and as such cannot be made known to the hierarchical superiors or other entities
outside the clinical sphere. Only the behavior that may result from the influenced state can be framed
according to Article 351 (just cause for dismissal) of the Portuguese Labor Code and as such be subject
to disciplinary sanction (and possibly dismissal) due to the unacceptable or breach of established rules.

As a precautionary measure, if a BAC of 0.5 g/L or greater is assumed or presumed, or if positive
illicit psychoactive substances results are obtained, the worker will be immediately prevented from
working during the remaining daily work period, with the consequent loss of remuneration for
such period.

If the worker is found to abuse psychoactive substances in the workplace, it is possible and
permissible to initiate disciplinary proceedings against the worker, especially in organizations with
internal rules prohibiting the use of psychoactive substances in the workplace.

7. Conclusions and Future Perspectives

The use of psychoactive substances in the workplace is a public health problem that influences
the safety and health of workers and extends beyond the workplace itself. It is a contentious
issue that has moved up the human resources agenda in recent years, and different organizations
take diverse approaches to psychoactive substance workplace testing, some of them following a
zero-tolerance approach, whereas others have had to develop a more nuanced policy. Such cases
may also have insurance and legal repercussions [98,99]. Indeed, workplace psychoactive substance
testing is one of the latest components to be added to the discipline of forensic toxicology, which
now comprises the triad fields of post-mortem, human performance, and workplace drug testing
toxicology [88]. There are several studies that demonstrate that the psychic and motor disturbance
due to the consumption of psychoactive substances is in the origin of several work accidents and
related economic impacts [12,100,101]. Moreover, testing for psychoactive substances in the workplace,
at random or by surprise, has a statistically significant preventive effect in overall professions [102].
Nevertheless, testing in the workplace is a complex topic because it is not often directly regulated by
supranational or national law. Only a few countries report legislation that clearly and specifically
address the issue of drug testing in the workplace [51].

The participation of workers and their representatives in the design of an occupational health
promotion plan and in the definition of policies to be followed undoubtedly plays a decisive role in the
implementation of prevention programs against the use of psychoactive substances in the workplace.
Human resources policies aimed at promoting worker safety, health, and well-being that integrate
worker assistance programs, information campaigns, and other interventions in this field reflect the
level of organizational cultures that incorporate concepts and principles of corporate citizenship,
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encouraging entrepreneurs and managers to good practices, the production of deontological ethics,
and codes that value the image of the company or organization and its end products. Workers should
also be aware that the employer is committed to creating a work environment that promotes safety and
health and that policies and related measures should be applied to all elements of the organizational
system so that the individual and collective rights of society will be fully accomplished. Indeed, if on
the one hand the use of illicit drugs in the workplace raises issues pertaining to prevention and safety
and the responsibility of the various members of staff, on the other hand it also brings into question
the interface between work and private life [103].

As a prerequisite to testing, the company must have an antidrug program aiming to ensure health
and safety, including a written drug testing internal regulation. In this regulation, problems related to
the use of psychoactive substances should be considered as health problems and consequently should
be treated like other health problems in the workplace regarding temporary disability, sick pay, and
other social benefits, especially during periods of rehabilitation treatment.

It is important to clarify that under the law, the screening, counterproof, or confirmatory analysis
should not be charged to the worker because they are preventive health and safety activities of
companies and the costs must always be supported by the employer. All these measures are
stimulating and represent facilitating factors for recovery, although under treatment, the employer
must also ensure that the workstation is maintained or transferred to other duties that do not pose a risk
to the safety of himself or others without loss of rights or other benefits. Nevertheless, an employee’s
failure to successfully complete treatment requirements can eventually result in the termination of
their employment.

Nowadays, we are witnessing a paradigm shift from an evolution centered on the treatment
and rehabilitation of proven psychoactive substance dependents to a cross-cutting approach through
the implementation of a specific regulation that includes (i) prevention of consumption through
information actions on health consequences of the use of psychoactive substances; (ii) early detection;
(iii) treatment at the enterprise (if it has the means), or through referral to other specialist physician,
or to local or regional specialist services (e.g., integrated response centers or alcoholology units) to
recover workers in compliance with personal freedom, and these treatments cannot be imposed by
coercion; and (iv) socio-professional rehabilitation of the worker, aiming at relapse prevention.

For the full implementation of these objectives, the availability of skilled human resources
specifically in occupational medicine with toxicological background and skilled toxicologists in clinical,
forensic, and analytical aspects of psychoactive substances, to correctly interpret toxicological results,
are needed. Given this reality, fulfilling the purposes of the law, namely, Article 19 of the Portuguese
Labor Code, is an almost impossible task. There should be a balance between prevention and repression.

Finally, policies and educational interventions to reduce psychoactive substance consumption in the
workplace are needed [104]. These should address awareness to workplace hazards, physician education
to promote best practices for treatment, and overdose prevention. In addition, the phenomenon
of the new psychoactive substances are also motifs of concern in the workplace that should not be
disregarded [51]. Indeed, the consumption of new psychoactive substances poses a significant risk to
public health and a challenge to national and international drug policies for occupational medicine,
and only very recently have laboratories begun to offer screening and confirmation analysis for new
psychoactive substances at lower costs [105].
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Abstract: The combined effect of diet and strength training (ST) on blood pressure (BP) seems to
be very important for the treatment of prehypertension and hypertension (HT). Therefore, the aim
of this study was to determine whether ST alone or combined with nutrition or supplementation
has an impact on the arterial pressure reduction in normotensive and hypertensive populations.
A systematic computerized literature search was performed according to the PRISMA guidelines
using PubMed, Scopus and Google Scholar; only English language studies published from 1999
until 2018 were included. This systematic search identified the results of 303 individuals from nine
studies. The ST program alone had a similar effectiveness as the nutrition program (NP) alone;
however, their combination did not result in increased effectiveness in terms of a high BP reduction.
The consumption of L-citrulline had a similar effect as ST on lowering BP; on the other hand, caffeine
led to an increase in BP during the ST session. Our data suggest that a combination of ST 2–3 times a
week at moderate intensity and a NP seems to be equally effective in terms of lowering BP (systolic
and diastolic) as ST and NP alone.

Keywords: resistance training; hypertension; arterial pressure; disease prevention; caffeine

1. Introduction

The nonpharmacological approach to hypertension (HT) reduction is based on lifestyle changes
using nutritional and exercise strategies; different training interventions [1–7] or nutritional plans [8–10]
have been shown to decrease arterial pressure values. Previous reviews have summarized the
approaches of aerobic training [11–13], anaerobic training [14–17] and nutrition [18–21], and those
strategies were effective for HT reduction with expected decreases of 5 mmHg in systolic blood pressure
(SBP) and 3 mmHg in diastolic pressure (DBP) [22] after three months. However, nonpharmacological
strategies do not contraindicate each other, and their combination has been shown to be effective for
other health improvements, such as bodyweight reduction [10,23–27]. Therefore, there is a question as
to what kind of intervention or their combination has an improved effect on the HT decrease.

One of the well-documented interventions that has been shown to reduce arterial pressure is
strength training (ST), which has already been reviewed to set optimal training loads, such as the
number of sets [28–31], repetitions [32–35] and rest intervals during training sessions [32–34,36–38].
One of the ST effects is eliciting high muscle protein degradation followed by protein synthesis,
which increases basal metabolism and is therefore usually accompanied by changes in nutritional
requirements. In clinical practice, it is typical that ST is prescribed along with a low carb diet [39–41],
specific protein intake [42–49] or another strategy that might support and magnify the arterial pressure
decrease. However, there is currently no recommendation regarding whether the ST program should
be accompanied by specific nutritional support that could result in a greater effect of HT reduction.

Numerous studies have shown that different nutritional programs (NP) and strategies might
lead to nonpharmacological decreases in arterial pressure [50–55], while many strategies place a high
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demand on patients to make changes in their eating habits. One way to easily change food intake
might be accomplished by using food supplements, which have a synergistic effect with the application
of ST. Some food supplements have been shown to decrease arterial pressure when used with aerobic
training [56–59] or alone. On the other hand, some food supplements might have a positive effect
alone but when used simultaneously with exercise might cause side effects, such as post-exercise
hypotension [60–66].

In the current literature, there is no current overview of whether ST or nutritional strategies have a
stronger effect on HT reduction. Therefore, the aim of this study was to determine whether ST alone or
ST combined with nutrition or a supplement has the greatest impact on arterial pressure reduction in
normotensive and hypertensive populations. Additionally, this review aimed to summarize what kind
of combined ST and NP might be effective for HT reduction without side effects. The main hypothesis
of this article is that the biggest effect on HT should be observed when strength training is combined
with energy intake restriction. Based on this result, practitioners can establish nonpharmacological
treatment for the individuals with increased blood pressure (BP).

2. Methods

This systematic review is reported in accordance with recommendations as presented in the
Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement [67].
The protocol for this systematic review was published on PROSPERO under registration
number CRD42019130631.

2.1. Search Strategy

A systematic computerized literature search was performed using PubMed, and Scopus and
included studies published in English from 1966 until November 2018. The search formula included the
following terms: Blood pressure AND hypertension OR cardiovascular disease OR hypotension AND
resistance training OR strength training OR weightlifting OR bodybuilding OR exercise. The search
was limited by article types, species, subjects, language, age, and text availability. A manual search
was performed using the identified reviews, reference lists of the selected articles and Google Scholar.

2.2. Types of Studies

The review considered cohort studies, analytical cross-sectional studies, randomized control trials,
nonrandomized control trials, intervention studies, case-control studies and others that included BP
and HR measurements as well as data on NP and ST in all adult populations. The review studies
were used for manual searches of their reference list. Dissertations, theses, conference proceedings,
conference monographies, and other reviews were not included. Retrospective studies were not
included because the area of interest requires performing experiments. The qualitative component also
considered the type of ST and NP and methodological designs. All titles and abstracts were screened
according to the above-mentioned inclusion criteria after removing the duplicates. Full texts of eligible
articles were retrieved and assessed by two reviewers (R. J. and P.S.). Any discrepancies between the
two reviewers were managed by a consensus discussion.

2.3. Types of Outcomes

The review considered studies that included the following outcome measures: Acute SBP and
DBP variability before, during, and after exercise or a nutritional treatment; the HR variability before,
during, and after exercise or treatment; and a mean arterial pressure before, during, and after exercise.
The exclusion criteria were as follows: Full text was not available in English, the study did not contain
an appropriate description of measurement devices and procedures, the study did not include a proper
exercise or nutrition task, or the study did not report how raw data were processed.
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2.4. Data Extraction and Evaluation

Data extraction included aspects of the study population, such as the average age and sex,
specific aspects of the NP and ST intervention (sample size, type of exercise performed, presence of
supervision, frequency, and, duration of each session, type of diet, type of supplements), outcome
measures and results presented, and the values of BP or HR (Tables S1–S3); however, the studies were
not rejected if any part were missing. The Physiotherapy Evidence Database (PEDro) scale was used to
assess the methodological quality of a study based on general criteria, such as concealed allocation,
intention-to-treat analysis, and adequacy of follow-up. These characteristics make the PEDro scale a
useful tool to assess methodological quality [68]. Extraction was performed by two reviewers (R. J.
and P.S.). The lack of clarity during the extraction process was resolved by the reviewer’s discussion.
The PEDro scale based on a Delphi list [69] was used for all articles even if the trials had already been
rated by trained evaluators of the PEDro database (http://www.pedro.fhs.usyd.edu.au/).

3. Results

3.1. Study Characteristics

The systematic literature search through database searching identified 15,302 records. However,
after duplicates were removed, 11,558 records were screened based on the title and abstract. The title
and abstract screening resulted in 144 records for full-text eligibility. From these records, nine studies
satisfied the quality and exclusion criteria and were selected for this systematic review after full-text
screening (Figure 1).

Figure 1. Flowchart of the selection process. BP = blood pressure.

Table 1 provides a general description of each study, sample, and intervention characteristics.
Only two studies included seniors [70] and [71]. One study included only men [72], and three included
a mixed sample of men and women [70,71,73]. Five studies included only women [74–78]. In total,
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five studies compared the effect of ST with the NP intervention effect on BP [70,73–76]. Another three
studies compared the effect of ST and supplementation intervention on BP [71,72,78,79] and one study
analysed the effect of ST and supplementation sesion in cross sectional design [71].

Based on the study results compilation, it can be stated that ST alone has a positive effect on the
BP values (Figure 2A,B). However, the effect did not depend on the type of ST (resistance training,
bodyweight training or training on vibration platforms, etc. Table 2). An important prerequisite for
effective ST is the selection of suitable parameters and methods; otherwise, there is a risk of injury
or side effects. All studies used training parameters (Table 2) in accordance with recommendations
established by The American College of Sport Medicine (ACSM) and the Canadian Hypertension
Education Program, according to Pescatello et al. [80]. However, each study chose different training
parameters based on the performance and health state of their subjects.

Figure 2. Changes in systolic (A) and diastolic (B) blood pressure (mmHg) in nutrition and strength
training program studies. Abbreviations: NP = nutrition program, NT = normotension group,
PHT = prehypertension group, SD = standard deviation, SE = standard error, ST = strength training,
NS = not significant change—no change; * significant difference on reported p value.
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3.2. Strength Training Intervention

In studies by Figueroa et al. [76], Arazi et al. [77], Wong et al. [78] and Astorino et al. [72],
a reduction in SBP after ST alone was detected in prehypertensive individuals. Only Astorino et al. [72]
observed a negligible improvement in the BP values in normotensive individuals. Figueroa et al. [76]
also detected a reduction in DBP after ST. It seems that ST is one of the initiators of post-exercise
hypotension in adults, regardless of the type of ST (see in Figure 2A,B, Figure 3 and Tables S1–S3).

Figure 3. Changes in systolic blood pressure (mmHg) in supplement studies. Abbreviations: SD =
standard deviation, * significant difference on reported “p” value. NSP = not significant according to
the post hoc test.

Body composition and strength parameters have been improved by ST alone in the study by
Figueroa et al. [76]. This confirmed the assumption that ST has a generally positive effect on health
status because it might reduce body fat and increase muscle mass and other conditioning values.
Strength abilities were improved in participants of studies combining ST and nutrition, and these
findings have been reported by Sales et al. [75], Figueroa et al. [76], Moraes et al. [70], and Lee et al. [73].
Strength abilities worsened in the nontraining group (only NP) in the study by Figueroa et al. [76].
In contrast, the Dietary Approaches to Stop Hypertension (DASH) diet group had no negative effect on
strength according to Lee et al. [73]. A comparison of the effect of ST alone or ST and NP on absolute
and relative strength bring very similar results as those shown by Figueroa et al. [76]. The aerobic
parameters were improved in the ST group with NP in the studies by Moraes et al. [70] and Lee et
al. [73], and the VO2max was improved in the study by Sales et al. [75].

3.3. Nutrition Program

Figure 2A,B show that SBP and DBP decreased after a nutrition program [74,76]. Only a study
by Lee et al. [73] reported a negligible increase in SBP after eight weeks of a NP in individuals with
prehypertension (PHT) and HT. Moraes et al. [70] showed that a higher intake of dairy products
together with combined aerobic and anaerobic training can lead to a slightly larger drop in BP than that
associated with a lower intake of dairy products. Moreover, the higher intake of dairy products resulted
in a smaller increase in BP (i.e., return of BP to the initial values) after six weeks of nontraining [70].
It appears that the inclusion of more dairy products in the NP together with combined aerobic and
anaerobic training has a positive effect on the reductions in the SBP and DBP values.

A study by Villani, Gornall [74], Figueroa et al. [76], and Lee et al. [73] revealed that a training
program combined with a NP leads to a significant drop in BP. Moreover, one study showed that ST
alone had similar effectiveness as that of the NP [76].
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3.4. The Effectivity of Food Supplements

Caffeine is a very popular pre-workout stimulant among athletes. Astorino et al. [72] found
that caffeine intake immediately before training increases SBP (p < 0.05). However, the effect on HR
(p = 0.16) and DBP (p = 0.10) was similar for the caffeine and placebo. Values of a HR and BP were
significantly higher in men with PHT than in normotensive men (p < 0.05).

A study by Arazi et al. [77] performed on middle-aged women with HT revealed practically the
same reduction in BP after resistance training with or without green tea supplementation (Figure 3).
There was no significant difference between the placebo and green tea intake groups (500 mg daily =
245 mg polyphenol, 75 mg epigallocatechin gallate, 25 mg caffeine) or placebo (490 mg maltodextrin).
The participants performed circuit training consisting of two sets with a resistance of 50% one repetition
maximum (1RM). BP was measured at zero, 15, 30, 45, and 60 min after training.

Wong et al. [78] observed the BP changes in postmenopausal obese women with a BMI ≥ 25 kg/m2.
There was a similar decrease in the brachial and arterial BP in all groups (p < 0.05). Vibration training
in combination with the placebo, vibration training with L-citrulline or L-citrulline alone can be used
as effective ways to lower BP (Figure 3). However, there was no improvement in body composition
between the study groups.

Romero et al. [71] observed the effects of folic acid supplementation for six weeks among seniors.
The authors found that the folic acid intake immediately before training reduces HR but not mean
arterial pressure. At the end of the six-week experiment, the HR values and mean arterial pressure
were higher than the baseline values (p = 0.05 compared to acute folic acid ingestion). A significant
positive feature is the fact that folic acid increases the blood flow to active skeletal muscles, mainly due
to better local vasodilation.

4. Discussion

The present study is the first systematic review to analyze the evidence for the effectiveness of
ST combined with the NP or supplementation on the BP values. This systematic research analyzed
the results of 303 individuals from nine studies. Studies by Moraes et al. [70], Villani, Gornall [74],
Sales et al. [75], Figueroa et al. [76], and Lee et al. [73] compared the effects of ST combined with a
NP on BP. All of these studies used different methods and parameters for the ST protocol and the
NP. A common feature of these five studies was the reductions in SBP and DBP or mean arterial
pressure in all experimental groups, regardless of the type of training or diet. Only four studies with
supplements met the criteria for inclusion in the systematic review: Astorino et al. [72], Arazi et al. [77],
Wong et al. [78] and Romero et al. [71]. The effects of caffeine, L-citrulline, folic acid, and green tea
were investigated. Only two supplements had a positive impact on BP: L-citrulline and green tea.
On the other hand, caffeine and folic acid did not decrease BP, and caffeine has even been reported to
increase BP.

In general, the issue of ST and diet or supplementation has been considered as completely different
disciplines, which should be examined separately. However, in the case of treatment of PHT and HT,
their combination may appear to be the most effective method. Although this study was not able to
conclude whether ST alone or ST combined with the NP has the greatest impact on arterial pressure
reduction, it successfully summarized current studies comparing different ST and NP interventions.

4.1. Blood Pressure Reduced by Strength Training Alone

It is generally known that ST increases strength, muscle mass, and bone mass and simultaneously
helps reduce the symptoms of various chronic diseases, such as heart disease [81–85]. In 2005, the AHA
(American Heart Association) started to recommended ST for lowering BP [2] because ST induces a
post-exercise BP decrease, as supported by many reviews [14–16,86]. One of the first long-term ongoing
studies conducted on cardiovascular disease was the Framingham Heart Study [24], where one of
the findings reported was that a 2 mmHg reduction in DBP was associated with an estimated 17%
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decrease in the prevalence of HT. However, unsuitable training parameters such as the work load, reps
per set, rest interval, etc., can increase BP [87] above the recommended values, i.e., 220/105 mmHg [1].
This study summarize that ST alone can decrease SBP from 132 ± 4 mmHg to 125 ± 2 mmHg [76]
or from 141 ± 2 mmHg to 132 ± 16 mmHg [78], and can decrease DBP from 82 ± 3 mmHg to 77 ±
2 mmHg [76], which is much more than the smallest significant values of 2 mmHg. The one-time
effect of ST induced a SBP decrease (from 136.88 ± 5.9 mmHg to 117.82 ± 6.09 mmHg) in the study
by Arazi et al. [77] and in the prehypertensive group of the study by Astorino et al. [72] (from 143 ±
11.4 mmHg to 131.7 ± 16.6 mmHg). However, in a study by Arazi et al. [77], the biggest BP reduction
was not observed immediately after training but after 1 h. There is great diversity between the training
sessions in this systematic review. None of the included studies was identical in terms of the training
parameters, methods, or exercises (Table 2), but all included studies set up the ST intervention according
to the recommended parameters and methods published by Pescatello et al. [80]. Moreover, no study
reported a dangerous increase of BP over 220/105 mmHg (according to the ACSM) or substantial
post-exercise hypotension. According to the results of this review, ST alone can be recommended as an
effective nonpharmacological intervention and prevention method for people with HT or PHT.

4.2. Blood Pressure was Reduced by the Nutrition Program

Nutrition-based approaches are recommended as a first-line therapy for the prevention of HT [72],
where the AHA recommends a specific program called the DASH diet to treat and prevent HT. However,
some food components such as alcohol, sodium, simple sugar, and saturated fat, have been shown
to increase BP [9,51,88]. It has also been found that for HT reduction, weight loss is essential, which
has been shown to reduce BP in overweight hypertensive and prehypertensive individuals [10,89–92].
This systematic review included only one study that used the DASH diet. The Korean variation of
the DASH diet in a study by Lee et al. [73] improved SBP and DBP only in conjunction with ST (from
139.3 ± 13.2 mmHg to 135.7 ± 15.3 mmHg). Diet alone increased SBP (from 135.3 ± 11.8 mmHg to
135 ± 9.6 mmHg), but decreased DBP (from 86.7 ± 9.2 mmHg to 81.1 ± 8.2 mmHg [73]. Conversely,
Villani, Gornall [74], Sales et al. [75] and Figueroa et al. [76] included hypocaloric diets, which led to
a reduction in BP in both groups (ST group and NP alone). Moreover, it emerged that ST alone had
similar effectiveness as the NP alone [76]. Based on this review result, we recommend a NP that takes
into account the individual components of the food and that also leads to a drop in BP. Moraes et al. [70]
showed that the inclusion of more dairy products in the NP, together with training, can have a positive
effect on the lowering of the SBP (from 138.3 ± 4.6 mmHg to 135.2 ± 4.5 mmHg) and DBP (from 91.3 ±
5.3 mmHg to 88.3 ± 4.9 mmHg) values. The same higher intake of dairy products resulted in a smaller
increase in BP (i.e., return of BP to the initial values) after six weeks of nontraining. It seems that a
higher intake of dairy products prolongs training hypotension. Therefore, multiple effects of ST and a
NP should not be expected for the BP lowering. Although their combination is not more effective, their
combination might result in more health benefits (such as weight loss) than ST and NP alone.

4.3. Effect of Supplements on Blood Pressure

Caffeine is a central nervous stimulant whose physiological effects for increasing sport performance
are extensive, but sometimes conflicting or contradicting [93,94]. Caffeine supplementation has been
shown to decrease feelings of fatigue and promote mood and perceptual responses during any exercise,
including ST [94–96]. It has been found that SBP and DBP increase after caffeine ingestion due to the
vasoconstrictive effects of caffeine [93]. However, some studies have reported mixed results regarding
caffeine intake and BP. In randomized controlled trials (RCTs), short-term caffeine intake caused an
acute increase in SBP and DBP by 2/1 mmHg, respectively, compared with the effects of decaffeinated
coffee or abstinence [8,97]. Caffeine supplementation, according to the results of Astorino et al. [72],
cannot be recommended in individuals with HT or PHT because it not only increases the resting BP
but also maintains the BP at a high level after the end of the workout. Therefore, the hypotensive effect
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of ST is completely lost [72]. For that reason, we cannot recommend caffeine to individuals with HT or
PHT although caffeine reduces body fat, increases sport performance, and delays fatigue [94–96].

L-citrulline is a precursor of L-arginine, a substrate for nitric oxide synthase, in the production of
nitric oxide. Deficiencies in the L-arginine supply have been strongly implicated in cardiovascular
diseases, including HT, atherosclerosis, diabetic vascular disease, hyperhomocysteinemia, heart failure,
etc. [98–100]. In a study by Wong et al. [78], L-citrulline decreased BP in individuals performing ST or
not performing ST. Both combinations led to a reduction, but slightly better results were achieved in
the group that performed the ST alone. Here, again, this study confirmed that ST plays a primary role
in the entire process of hypotension. The main and indisputable advantage of L-citrulline is that it
reduces BP alone but also in combination with NP or ST. However, more studies are needed to explore
this supplement.

A link between green tea and BP reduction has been explored for decades in Chinese
populations [101]. However, there are few studies regarding the long-term effects of tea drinking on the
risk of HT, and the results of the few studies investigating the relationship between tea consumption
and BP were opposing. In epidemiological studies, a higher consumption of black tea in Norwegian
individuals was associated with a lower SBP [102], while the green tea intake in Japanese self-defense
officials was unrelated to BP [103]. Long-term effects of green tea consumption do not reduce the values
of SBP or DBP after training in comparison with the effects of training alone. In contrast, a significant
difference between the two groups was observed in the increase in HR after the end of the training.
The green tea group performing RT showed a smaller increase in HR than the training group alone.
These positive effects can be attributed, at least in part, to the antioxidant properties and vasodilating
effects of the catechins in green tea [104]. Unlike caffeine, green tea is not dangerous for individuals
with a high BP because it does not increase BP. For this reason, it can be included for its stimulating
effects as a preworkout drink. A very significant drop in the systolic blood pressure was measured in
the study by Arazi et al. [77], where blood pressure dropped from preintervention values from 133.12
mmHg (± 3.7) to 116.25 mmHg (± 3.71) in the group that combine ST and green tea. According to this
information, green tea can be recommended as a suitable food supplement for the treatment of HT.
However, supplementation with green tea together with ST does not lead to a bigger reduction in BP
in comparison with the effects of the ST alone.

The primary risk factor for a stroke, is HT as stated by Meschia et al. [105]. For this reason,
the effect of folic acid on the frequency of infarcts was investigated. Most of the relevant randomized
trials were designed for secondary prevention and have not shown a beneficial effect of folic acid for
cardiovascular disease prevention [106–109]. Based on this study result, folic acid had an effect on the
HR and mean arterial pressure [71]. The acute folate intake before exercise induced a reduction in HR
but not a long-term decrease. Even the long-term intake did not lead to reduction. For all measurements,
a similar increase in HR and mean arterial pressure during isometric exercises was observed with
the acute and long-term intake of folic acid [71]. Based on this study, folic acid supplementation in
elderly individuals does not lead to a significant decrease in the mean arterial BP or HR during exercise
compared to the measurements of the control subjects [71]. Similar results were observed in studies by
Huo et al. [63] and Hernández-Díaz et al. [110]. According to these findings, we cannot recommend
folic acid alone for lowering BP.

4.4. Combined Effect of Strength Training, Nutrition Program and Supplementation on Blood Pressure

Although BP lowering is effective using ST alone [76–78], NP alone [74,76] and some food
supplements alone [77,78], the combination of ST, NP, and supplementation did not have additional
systolic BP lowering effectivity (Supplemetary Table S1). On the other hand, the combination of ST
and NP seems to be necessary to decrease the diastolic BP [70,78] (Supplemetary Table S2). Moreover,
the combination of ST with green tea or L-citrulline decreased the systolic BP on a higher significance
or effect size (Supplemetary Table S3) than the ST alone, although the significant difference between
the ST and ST with supplementation has not been directly reported. This findings supports the notion
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that total behavioral modification such as lifestyle modifications, rather than focusing on modifying a
single behavioral target, is more important. Therefore, a combination of ST with the energy intake
restriction NP, which include food supplement stimulants green tea and L-citrulline should be used for
BP lowering and additional health benefits such as body composition changes.

4.5. Changes in Body Composition

Body composition improvements have been shown as a result of ST and NPs in studies by Villani
et al. [74], Sales et al. [75], Figueroa et al. [76], Moraes et al. [70], and Lee et al. [73]. Slightly better
results, in terms of improved body composition, were achieved by a NP alone in the studies by Villani
et al. [74] and Figueroa et al. [76]. On the other hand, better results were not achieved by the DASH
alone compared with the DASH diet and a training program in the latest study by Lee et al. [73].
Only a small improvement in the body composition was recorded by Figueroa et al. [76] in the ST
group. Furthermore, Figueroa et al. [76] found that a hypocaloric diet decreased the brachial–ankle
pulse-wave velocity mainly by reducing the leg pulse-wave velocity, and this reduction was related to
fat loss. Although ST alone does not affect the pulse-wave velocity or body composition, ST combined
with NP improves the brachial–ankle pulse-wave velocity and muscle strength while preventing the
loss of lean body mass in obese postmenopausal women. The results of the pulse-wave velocity are
considered an independent predictor of systolic hypertension [111].

In this case, a NP appears to be important for body composition transformation. However,
the advantages of ST cannot be overlooked, and their combination seems to be the optimal variant.
This systematic review reported some important findings concerning the different effects of various
training, nutrition, and supplementary strategies on HT. Individuals with a high BP can improve
their BP values, not only by using medication but also by utilizing a nonpharmacological method,
which will not only have a positive impact on BP but also on other health components, such as body
composition, muscle strength, and bone density. Future studies should more closely examine the effect
of specific training, nutrition, and supplementation programs on individuals with HT, normotension,
and PHT. Additionally, future studies should explore mechanisms of how different nutrition programs
and supplements lower BP.

5. Conclusions

Presented data suggest that a combination of ST and NP seems to be an effective solution for
lowering BP (systolic and diastolic). This method can be recommended for individuals with PHT or
HT. However, an essential role can be attributed to the strength training program alone. In both aerobic
and anaerobic forms, exercise causes post-exercise hypotension, but the effect depends on the selected
training parameters. A NP based on the restriction of energy intake positively affects BP and body fat.
However, this study cannot recommend caffeine supplementation because it increases BP during ST,
while a more suitable stimulant is green tea or L-citrulline, which lower BP. For BP lowering in clinical
practice, it is recommended to prescribe a combination of ST with the energy intake restriction NP,
which include food supplements stimulants green tea and L-citrulline.
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Abstract: This study aims to assess the efficacy and safety of doripenem on treating patients with
acute bacterial infections. The Pubmed, Embase, and Cochrane databases were searched up to April
2019. Only randomized clinical trials comparing doripenem and other comparators for the treatment
of acute bacterial infection were included. The primary outcome was the clinical success rate and
the secondary outcomes were microbiological eradication rate and risk of adverse events. Eight
randomized controlled trials (RCTs) were included. Overall, doripenem had a similar clinical success
rate with comparators (odds ratio [OR], 1.15; 95% CI, 0.79–1.66, I2 = 58%). Similar clinical success
rates were noted between doripenem and comparators for pneumonia (OR, 0.84; 95% CI, 0.46–1.53,
I2 = 72%) and for intra-abdominal infections (OR, 1.00; 95% CI, 0.57–1.72). For complicated urinary
tract infection, doripenem was associated with higher success rate than comparators (OR, 1.89, 95%
CI, 1.13–3.17, I2 = 0%). The pool analysis comparing doripenem and other carbapenems showed no
significant differences between each other (OR, 0.96, 95% CI, 0.59–1.58, I2 = 63%). Doripenem also
had a similar microbiological eradication rate with comparators (OR, 1.08; 95% CI, 0.86–1.36, I2 = 0%).
Finally, doripenem had a similar risk of treatment-emergent adverse events as comparators (OR, 0.98;
95% CI, 0.83–1.17, I2 = 33%). In conclusion, the clinical efficacy of doripenem is as high as that of the
comparator drugs in the treatment of acute bacterial infection; furthermore, this antibiotic is as well
tolerated as the comparators.

Keywords: doripenem; acute bacterial infection; pneumonia; intra-abdominal infection; complicated
urinary tract infection

1. Introduction

Carbapenems, including imipenem and meropenem, remain the mainstay of treatment for
hospital-acquired infections, especially for the multidrug-resistant organism associated infections [1].
Doripenem is another important carbapenem, and has excellent bactericidal activity against most
nosocomial pathogens according to several in vitro studies [2–5]. A global surveillance showed that
doripenem was at least two-fold more potent in in vitro activities than imipenem and meropenem
against Pseudomonas aeruginosa—an important nosocomial pathogen [3]. For another notorious
pathogen—Acinetobacter baumannii, doripenem displayed comparable in vitro activities to imipenem
and meropenem [4]. Clinically, doripenem is approved for the treatment of patients with complicated
intra-abdominal infection (cIAI), complicated urinary tract infection (cUTI) and pyelonephritis, and
healthcare-associated pneumonia (HAP) including ventilator-associated pneumonia (VAP) in Europe
and in other countries, other than United States. Although Qu et al. [6] conducted a meta-analysis of

J. Clin. Med. 2019, 8, 958; doi:10.3390/jcm8070958 www.mdpi.com/journal/jcm371



J. Clin. Med. 2019, 8, 958

doripenem for treating bacterial infections in 2015, only six clinical trials were enrolled and the number of
patients was limited. Since then, two more studies investigating the efficacy of doripenem in comparison
with other comparators were reported [7,8]. In Wagenlehner et al.’s study [7], 1033 randomized patients
were enrolled, and they did the comparison between doripenem and ceftazidime-avibactam for the
treatment of cUTI. In Oyake et al.’s study [8], they compared the empirical use of doripenem versus
meropenem for febrile neutropenia in patients with acute leukemia. These two studies provided
more patients and different types of infections compared to previse meta-analysis [6]. Therefore, we
could conduct a comprehensive review and updated meta-analysis to assess the efficacy and safety of
doripenem on treating patients with acute bacterial infections in comparison with other antibiotics,
especially imipenem and meropenem.

2. Methods

2.1. Study Search and Selection

Studies were identified by a systematic review of the literature in the PubMed, Embase, and
Cochrane databases until April 2019 using the following search terms—“doripenem,” “infection,” and
“randomized” (Appendix A). Studies were considered eligible for inclusion if they directly compared
the clinical effectiveness of doripenem with other antimicrobial agents in the treatment of adult
patients with acute bacterial infections. Studies were excluded if they focused on in vitro activity, or
pharmacokinetic-pharmacodynamic assessment. The articles of all languages of publication could
be included. Two reviewers (I.-L.C. and Y.-H.C.) searched and examined publications independently.
When they had disagreement, the third author (C.-C.L.) resolved the issue in time. The following
data including year of publication, study design, type of infections, patients’ demographic features,
antimicrobial regimens, clinical and microbiological outcomes, and adverse events were extracted
from every included study.

2.2. Definitions and Outcomes

The primary outcome was overall clinical success with resolution of clinical signs and symptoms
of acute bacterial infection, or recovery to the pretreatment state at the end of treatment. Secondary
outcomes included the microbiological eradication rate and adverse events. A microbiological
eradication was defined as eradication (the baseline pathogen was absent) and presumed eradication
(if an adequate source specimen was not available to culture, but the patient was assessed as clinically
cured). Treatment-emergent adverse events were recorded, irrespective of causality. In addition, the
risk of discontinuing due to adverse event and the incidence of serious adverse events, and some
common events, including diarrhea, nausea, headache, constipation, and seizure were recorded.

2.3. Data Analysis

This study used the Cochrane risk of bias assessment tool to assess the quality of enrolled
randomized controlled trials (RCTs) and the risk of bias [9]. The software Review Manager, version 5.3,
was used to conduct the statistical analyses. The degree of heterogeneity was evaluated with the Q
statistic generated from the χ2 test. The proportion of statistical heterogeneity was assessed by the I2

measure. Heterogeneity was considered significant when the p-value was less than 0.10 or the I2 was
more than 50%. The random-effects model was used when the data were significantly heterogeneous,
and the fixed-effect model was used when the data were homogenous. Pooled odds ratios (OR) and
95% confidence intervals (CI) were calculated for outcome analyses. Sensitivity analysis was performed
to ensure that the findings were not significantly affected by any individual study
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3. Results

3.1. Study Selection and Characteristics

The search program yielded 499 references, including 263 from Pubmed, 170 from Embase, and 66
from Cochrane database. Then, 258 articles were screened after excluding 241 duplicated articles. Finally,
a total of eight RCTs [7,8,10–15] fulfilling the inclusion criteria were included in this meta-analysis
(Figure 1). All of studies were designed to compare the clinical efficacy and safety of doripenem
with other antibiotics for patients with acute bacterial infection (Table 1) [7,8,10–15]. During the
initial enrollment, doripenem and comparators were applied to 1736 and 1763 patients, respectively.
Six studies [7,10–13,15] of them were multicenter studies. Three studies [10–12] focused on pneumonia,
including two [12,16] on ventilator-associated pneumonia and one [10] on nosocomial pneumonia.
Two studies focused on complicated urinary tract infections (cUTI) [7,13] and intra-abdominal infections
(IAI) [14,15]. Only one study investigated febrile neutropenia [8]. Five studies [8,11,12,14,15] compared
doripenem with other carbapenems including imipenem in three studies [11,12,14] and meropenem
in two studies [8,15]. The regimen of doripenem was 1 g every eight hours in two studies [8,11] and
500 mg every eight hours in the other six studies [7,10,12–15]. For the two studies using double dose
of doripenem (1 g every eight hour), the study drug (doripenem or meropenem) was used for at
least five days in one study [8] and another one [11] compared seven-day doripenem versus 10-day
imipenem-cilastatin. Figure 2 shows the analyses of risk of bias.

Figure 1. Flowchart of the study selection process.
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Figure 2. Risk of bias per study and domain.

3.2. Clinical Success

Overall, doripenem had a similar clinical success rate with comparators (OR, 1.15; 95% CI,
0.79–1.66, I2 = 58%, Figure 3). Sensitivity analysis after randomly deleting an individual study each
time to reflect the influence of the single data set to the pooled OR showed similar findings in most
occasions. There was only one exception, when we deleted Kollef et al.’s study [11], doripenem
showed better clinical success rate than other comparators in the pool analysis of the remaining seven
studies [7,8,10,12–15] (OR, 1.33; 95% CI, 1.03–1.72, I2 = 0%). In the different subgroup of patients with
pneumonia, cUTI, and intra-abdominal infection, similar clinical success rates were noted between
two different regimens for pneumonia (OR, 0.84; 95% CI, 0.46–1.53, I2 = 72%) and for IAI (OR, 1.00;
95% CI, 0.57–1.72). For cUTI, doripenem was associated with a higher success rate than comparators
(OR, 1.89, 95% CI, 1.13–3.17, I2 = 0%). Three studies [11,12,14] compared the effect of doripenem and
imipenem, and there was no difference in terms of clinical success rate between these two regimens
(OR, 0.76; 95% CI, 0.38–1.55, I2 = 66%). Two studies [8,15] compared doripenem and meropenem, their
clinical success rates were similar (OR, 1.31, 95% CI, 0.75–2.28, I2 = 34%). The pool analysis of these
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five studies comparing doripenem and other carbapenems showed no significant differences between
each other (OR, 0.96, 95% CI, 0.59–1.58, I2 = 63%).

Figure 3. Overall clinical success rates of doripenem and comparators in the treatment of acute
bacterial infections.

3.3. Microbiological Eradication

Only six studies [7,10,12–15] reported the data of microbiological eradication rate, and the pool
analysis showed that doripenem had a similar microbiological eradication rate with comparators (OR,
1.08; 95% CI, 0.86–1.36, I2 = 0%, Figure 4). Sensitivity analysis showed similar results. In the different
subgroup of patients with pneumonia and IAI, similar microbiological eradication rates were found
for both regimens (for pneumonia, OR, 1.25; 95% CI, 0.79–1.97, I2 = 0%; for IAI, OR, 1.04; 95% CI,
0.49–2.17, I2 = 54%). While comparing doripenem and other carbapenems in the pool analysis of four
studies [7,12,14,15], the microbiological eradication rates were similar between these two regimens
(OR, 1.13; 95% CI, 0.85–1.51, I2 = 0%).

Figure 4. Overall microbiological eradication rates of doripenem and comparators in the treatment of
acute bacterial infections.

3.4. Adverse Events

Six studies [7,8,11,13–15] reported the incidence of treatment-emergent adverse events, the
doripenem had a similar risk with other antibiotics (OR, 0.98; 95% CI, 0.83–1.17, I2 = 33%, Figure 5).
Serious adverse events were reported in six studies [7,10,12–15], the overall incidence was similar
between doripenem and other antibiotics (OR, 1.06; 95% CI, 0.85–1.31, I2 = 43%). Six studies [7,10,12–15]
reported the risk of discontinuing drug due to adverse event, the risk was similar between doripenem
and comparators (OR, 0.75, 95% CI, 0.35–1.61, I2 = 61%). Regarding some common adverse events,
doripenem was associated with the similar risk as comparators in terms of diarrhea (OR, 0.91, 95% CI,
0.64–1.28, I2 = 0%) in the pool analysis of eight studies [7,8,10–15], nausea (OR, 0.93, 95% CI, 0.45–1.93,
I2 = 62%) among five studies [11–15], headache (OR, 1.10, 95% CI, 0.82–1.48, I2 = 0%) among three
studies [13–15], and constipation (OR, 0.96, 95% CI, 0.61–1.52, I2 = 0%) among three studies [11,13,14].
In the pooled analysis of four studies [10,12,13,15] that reported the risk of seizure, doripenem was

376



J. Clin. Med. 2019, 8, 958

associated with a similar lower risk as comparators (OR, 0.37, 95% CI, 0.15–0.92, I2 = 0%). Moreover,
no seizure attack was reported to be related to doripenem in these four studies [10,12,13,15].

Figure 5. Risk of treatment-emergent adverse events of doripenem and comparators in the treatment
of acute bacterial infections.

4. Discussion

This meta-analysis based on eight RCTs found that doripenem had a similar clinical success rate
of treating acute bacterial infections with other comparators. The similar efficacy in terms of clinical
response and microbiological eradication was found between doripenem and other carbapenems,
including meropenem and imipenem. In addition, this result was not affected by the different types
of infections—pneumonia, cUTI, or IAIs. Even for several specific types of infection—cholangitis,
cholecystitis, appendicitis, lower urinary tract infection, and acute pyelonephritis—no statistical
differences in terms of clinical efficacy was found between doripenem and comparators in the included
studies [13–15]. In fact, in addition to Kollef et al.’s study [11], that showed doripenem was found to
have non-significant higher rates of clinical failure and mortality compared to imipenem [7,10,12–15].
The difference between Kollef et al.’s study [11] and the other seven studies [7,10,12–15] may be
explained by the fact that Kollef et al. compared a fixed seven-day course of doripenem with a fixed
10-day course of imipenem-cilastatin for treating VAP. Seven days of antibiotic treatment may have
been too short for the patients with VAP, so the clinical outcome of VAP treated with a seven-day course
of doripenem was worse than with a 10-day course of imipenem-cilastatin. In this meta-analysis, while
we did sensitivity analysis after deleting this negative study [11] for doripenem, we found that the
pooled analysis of the other seven studies [7,8,10,12–15] showed that doripenem was associated with
better clinical outcome than comparators. Although this finding hints that the effect of doripenem
may be better, or at least as good as, other antimicrobial agents in the treatment of acute bacterial
infections, if doripenem can be used as long as the comparators, we still need further study to confirm
this issue. Before that, the findings of this meta-analysis indicate that the clinical efficacy of doripenem
is not inferior to other antimicrobial agents in the treatment of acute bacterial infections. Finally,
several studies [16–18] demonstrated that doripenem was associated with lower medical resource
utilization and hospital cost in the treatment of HAP and VAP versus comparators, including imipenem.
Overall, doripenem could be both a life- and cost-saving antibiotic and could be recommended as
the appropriate antibiotic in the treatment of acute bacterial infections, including pneumonia, cUTI,
and cIAI.

In this meta-analysis, we also compared the microbiological response of doripenem with other
antibiotics for acute bacterial infection. Overall, we found the microbiological eradication rates were
similar between doripenem and comparators. Moreover, a similar trend was noted in the sensitivity
analysis and subgroup analysis of pneumonia and IAIs. Finally, doripenem was comparable to other
carbapenems, including imipenem and meropenem, in terms of microbiological eradication rate in the
subgroup analysis. All these findings may be well explained by previous in vitro studies [3,4,19–21]
that showed doripenem had a greater or similar in vitro activity against bacteria, including multi-drug
resistant organisms. In this meta-analysis, we did not assess we did not evaluate the association between
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in vitro activity and the in vivo response of different organisms, especially for antibiotic-resistant
pathogens, because the associated information was limited. However, this meta-analysis demonstrates
that doripenem is comparable to other antimicrobial agents in both the clinical and microbiological
responses of treating acute bacterial infections.

In addition to the assessment of clinical efficacy and microbiological eradication, the safety issue is
another important concern in the treatment of acute bacterial infection by doripenem. In this analysis,
the risks of overall treatment-emergent adverse effects, common adverse effects (diarrhea, nausea,
headache and constipation), serious adverse effects, and the risk of discontinuing the drug due to
adverse effects were similar between doripenem and comparators. Seizure is another important
concern for patients using carbapenems. In this meta-analysis, four studies [10,12,13,15] reported
the incidence of seizure, and the doripenem group had a lower risk of seizure than comparators.
Moreover, although six seizure events were reported in this meta-analysis, all these events occurred in
patients with underlying risk factors and were not clearly related to doripenem. Therefore, all these
findings indicate that doripenem may be as safe as conventional regimens in the treatment of acute
bacterial infections.

This meta-analysis has several limitations. First, we did not evaluate the effect of doripenem
and comparators against specific organisms in each type of bacterial infection and the confounding
effect of the antibiotic resistance of these pathogens. Besides, the immune status and the age effect
were not assessed in this meta-analysis due to limited information. Second, the use of doripenem for
treating pneumonia remains a serious concern due to the negative findings of Kolleff et al.’s study [11]
that showed a shorter course (seven days) of doripenem was associated with a worse outcome than
a longer course (10 days) of imipenem for patients with VAP. However, doripenem was commonly
used for treating pneumonia in many countries [22], and several studies [10,12,23–25] showed the
clinical outcomes of pneumonia treated by doripenem were favorable. In the subgroup analysis of
this meta-analysis, we found the clinical and microbiological responses of doripenem for treating
pneumonia were as good as comparators. But, as only three RCTs [10–12] focusing on pneumonia
were enrolled in this meta-analysis, the number of studies is limited, thus further study is warranted to
clarify this issue.

In conclusion, based on the analysis of eight RCTs, no differences in terms of clinical success and
microbiological eradication rates were found between doripenem and comparators in the treatment of
acute bacterial infections. Moreover, doripenem was well tolerated and had comparable safety profiles
to other antimicrobial agents.
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Appendix A : List of Terms of the Search Strategy

Pubmed
1. “doripenem” [MeSH Terms]
2. “doripenem” [All Fields]
3. 1 OR 2
4. “infection” [MeSH Terms]
5. “infection” [All Fields]
6. 4 OR 5
7. “randomized” [All Fields]
8. “randomised” [All Fields]
9. 7 OR 8
10. 3 AND 6 AND 9
Embase
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1. “doripenem”/exp
2. “doripenem”
3. 1 OR 2
4. “infection”
5. “randomized”
6. “randomised”
7. 5 OR 6
8. 3 AND 4 AND 7
Cochrane
1. doripenem
2. infection
3. #1 AND #2
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Abstract: To assess the effects of virtual reality on patients with musculoskeletal disorders by means of
a scoping review of randomized controlled trials (RCTs). The databases included PubMed, IEEE, and
the MEDLINE database. Articles involving RCTs with higher than five points on the Physiotherapy
Evidence Database (PEDro) scale were reviewed for suitability and inclusion. The methodological
quality of the included RCT was evaluated using the PEDro scale. The three reviewers extracted
relevant information from the included studies. Fourteen RCT articles were included. When
compared with simple usual care or other forms of treatment, there was significant pain relief,
increased functional capacity, reduced symptoms of the disorder, and increased joint angles for the
virtual reality treatment of chronic musculoskeletal disorders. Furthermore, burn patients with acute
pain were able to experience a significant therapeutic effect on pain relief. However, virtual reality
treatment of patients with non-chronic pain such as total knee replacement, ankle sprains, as well as
those who went through very short virtual reality treatments, did not show a significant difference in
parameters, as compared with simple usual care and other forms of treatment. Current evidence
supports VR treatment as having a significant effect on pain relief, increased joint mobility, or motor
function of patients with chronic musculoskeletal disorders. VR seems quite effective in relieving the
pain of patients with acute burns as well.
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1. Introduction

Virtual reality (VR) of players using body movement to interact with a computer is a new form of
treatment in rehabilitation settings. It generates a virtual world in three-dimensional space through a
computer simulation that stimulates user senses, such as sight and hearing, making users feel as if they
are immersed in it. VR has three elements: Interaction, Immersion, and Imagination [1]. It can be used
in the teaching of human anatomy, online navigation of museums, 3D game teaching, flight training,
and rehabilitation [2]. VR has become a therapeutic tool in many medical and rehabilitation fields.
Due to the cost decline and ease of use of this technology, it has become an effective tool and trend in
various fields.
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However, its greatest obstacles lie in the lack of space, time, support staff, appropriate customer
and customer incentives, therapist knowledge, and management support. The clinical use of VR often
depends on the motivation and attitude of the therapist [3,4].

In the clinical investigations on the VR experience and perception of physical therapists (PTs) and
occupational therapists (OTs) in Canada conducted by Levac et al., it was found that VR treatment
is most commonly used for stroke (25.8%), brain injury (15.3%), musculoskeletal disorder (14.9%),
cerebral palsy (10.5%), and neurodevelopmental disorders (6.3%) [3]. Most of the clinical applications
of VR are for neurological problems. Moreover, numerous literature shows that VR is used to treat
patients with stroke, cerebral palsy, Parkinson’s disease, etc. [5–10]. Most researches in VR medical
applications are used to the upper limb movement rehabilitation for stroke patients. The upper limb
virtual reality rehabilitation systems were developed for the stroke group. The patient grasped and
released the characteristic objects in the virtual environment, and finger movement control of the
stroke patients after 4–6 weeks of VR intervention was improved [6,10]. Some scholars used Kinect
and customized games to train the children with cerebral palsy (CP). The evidence appears to support
the use of VR as a promising tool to be incorporated into the rehabilitation process of CP [7,11,12].

According to the World Heath Organization (WHO), musculoskeletal conditions affect muscles,
bones, joints and associated tissues such as tendons and ligaments. To patients, musculoskeletal
conditions are typically characterized by pain and limitations in mobility or functional ability....
Pain and restricted mobility are the consistent features of the range of musculoskeletal conditions.
Musculoskeletal conditions are the second largest contributor to disability worldwide [13]. However,
at present, there is less evidence on the therapeutic effect of VR on patients with musculoskeletal
system disorder [14–18]. In addition, studies have shown that VR is beneficial in pain management,
for example, in pain relief during dressing changes of burn patients [19]. VR can also reduce anxiety,
distract from the fear of pain, and alleviate stress [20]. It can divert the attention of patients who are
afraid of moving because of pain.

So far, there are no integrated and first-rate studies that explore which musculoskeletal disorders
are suitable for VR treatment. The comparison of the effects of VR games and other treatments (e.g.,
traditional treatment, instrumental therapy, exercise) on patients with musculoskeletal disorder is
inconclusive. Therefore, this article integrates the results of studies made in recent years into a scoping
review to: (1) Compare the effectiveness of VR and other treatment interventions for patients with
musculoskeletal disorder; (2) further explore whether there is any consistency in the VR treatment of
patients with musculoskeletal system disorder, so as to give recommendations based on the highest
level of evidence. This review only contains RCT articles with a PEDro Scale score ≥5 points.

2. Materials and Methods

2.1. Determination and Selection of Articles

The methodology of this scoping review was based on the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines because the main aim of this work is mapping all
the available literature in the musculoskeletal field [21]. The use of the checklists based on PRISMA
statement improve the quality and transparency of the scoping reviews [17]. Search was made in the
PubMed, IEEE, and the MEDLINE library for reference literature using keywords and synonyms of
“virtual reality”, “pain”, and “musculoskeletal”. After performing a journal search, RCT (randomized
controlled trial) journals that were written in English within the last 10 years (January 2008 to August
2018) were selected, and non-musculoskeletal diseases such as “stroke”, “neurological”, and “cognitive”
were excluded using the Physiotherapy Evidence Database (PEDro) scale (http://www.pedro.org.au/).
When reference materials could not be found on the PEDro website, scores were independently
made by two authors who have completed the PEDro Scale training tutorial on the Physiotherapy
Evidence Database.
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When the scores were different, the clinical physiotherapist with more than five years of experience,
and who completed the PEDro assessment training, was asked to conduct another assessment. When
issues such as disagreement or ambiguity arose, they were resolved through discussions. Finally,
literature with very low PEDro scores (<5/10) was excluded. The search process is shown in Figure 1.
Since there are few studies on VR for musculoskeletal disorders, we do not explore the virtual reality
(VR) outcomes for any specific pathology in our study, but explore the VR treatment effects, such as
pain relief, joint mobility, function, range of motion (ROM), muscle strength, angular velocity and
self-satisfaction for all musculoskeletal disorders.

Figure 1. Flow chart displaying the screening process for studies included in this systematic review.

2.2. Data Extraction and Quality Assessment

Initially, the two authors completed the abstract review independently. When it was not possible
to know whether an article could be included in the scoping review from its abstract, an assessment of
the full article was made. All of the articles that had been included were reviewed in full. After sorting,
the following were investigated: (1) Whether VR treatment improved the musculoskeletal system
as compared with other treatments; (2) whether there was any consistency in the musculoskeletal
disorder of patients that received VR treatment. The selected articles were summarized and analyzed
with descriptive statistics. The author, publication year, subject, intervention, outcome measures,
and mean between-group differences (95% confidence interval) were extracted from the references
by the two authors of this study. A consensus was reached through discussion when the authors had
different opinions.

3. Result

A database search was made to exclude articles with a PEDro score of less than 5 and non-English
publications. A total of 14 articles were included. These 14 articles were included in this scoping
review (Figure 1).

3.1. Quality of the Included Studies

The quality of included studies was presented in Table 1. The mean PEDro score of the
included articles was 6.14 (range, 5–7). All studies were randomized (100%). 8 studies carry out
concealed allocation (57.14%), and all studies baseline comparability (100%). All studies were analyzed
between-group comparison (100%) and 13 studies reported point estimates and variability (92.86%).
All studies didn’t carry out blind therapist. One study carried out blind subjects (7.14%) and
7 studies carried out blind assessors (50%). 10 studies have adequate outcome measurement (71.43%),
and 5 studies have an intension-to-treat analysis (35.71%).
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3.2. Description of Included Studies

Each article abstract (including author, musculoskeletal disorder, design, participants, intervention,
comparison, and outcome measure) is organized in Table 2. In terms of age, a study about frozen
shoulder investigated subjects older than 20 years of age [15]; a research about subacromial impingement
syndrome (SAIS) studied subjects between 18–60 years old [22]; subjects of two articles discussing
chronic cervical pain were older than 18 years old [17,18]; three studies that explored low back
pain (LBP) had subjects between 18–50 years old [23], and those between 40–55 years old [24,25];
an investigation on pelvic floor muscle had subjects older than 50 years of age [26]; two researches
discussed the treatment of acute burn wounds in adolescents aged 10–18 years [27,28]; three studies
discussed the treatment for patients with TKR aged in the sixties [14,16,29]; an article discussing ankle
sprains had subjects aged 18–64, belonging to the working-age group [30]. In terms of experimental
intervention, most of the study regarding VR intervention lasted 15 to 30 min, 2 to 4 times per week for
2 to 6 weeks. One research conducted VR intervention for 3 weeks [16]; 3 articles discussed 4 weeks
of VR intervention [15,17,24]; 2 studies described 5 weeks of VR intervention [18,26]; and another
2 articles discussed 6 weeks of VR intervention [22,30]. One study conducted VR treatment beginning
the second day after TKA until 6 months [29]. There were 5 studies that compared VR intervention and
no intervention at all [17,23,27,28,30]. The rest made comparisons between VR and other treatments.

3.3. Virtual Reality Resources Choosing

Virtual Reality was applied using several resources. In the 14 studies, one study used Kinect [15];
5 studies used Wii [14,22,24,26,30]; 5 studies used VR glasses (one of the studies used headphones and
joysticks) [17,18,25,27,28]; two studies used 3-D TV and 3-D shutter glasses [23,29]; and one study used
enhanced reality with VR and mirror therapy [16].

3.4. Heterogeneity of Included RCT

The outcome could not be pooled into meta-analysis due to the following reasons. Clinical
heterogeneity (Table 2) can be clearly observed from the participant, intervention, exercise mode,
and outcome measures of the included studies. Diversity is seen in patient conditions, frequency
and duration of VR intervention, whether or not the patient does home exercise, received patient
health education, whether the experiment conducted was pure VR (only VR) or VR mixed with
traditional physical therapy or with exercise therapy, whether the outcome measure contains follow-up,
and whether different estimate measures were inconsistent at different times.

3.5. Effect of Virtual Reality versus Other Interventions

In the articles included, a total of twelve studies compared the effects of VR treatment and other
intervention on orthopedic conditions (Table 3). The research on patients suffering from frozen shoulder
for more than three months shows that four weeks of VR plus modalities (hot pack and ultrasound)
produced a significant 8% increase in their shoulder range of motion (ROM) when compared to
traditional exercise training, plus modalities [15]. Another research showed that after 6 months of
short-term training and one-month of follow-up, the subacromial impingement syndrome (SAIS)
patients without a rotator cuff problem on the VR group and home exercise group (scapular muscles
training), were able to significantly reduce their disability and improve their quality of life. Furthermore,
the VR group showed significant improvement of SAIS and scapular dyskinesis symptoms when
compared with the home exercise group [22]. Another article showed that patients with chronic cervical
pain who went through 5 weeks of VR and cervical kinematic training (KT) had a big difference in the
global perceived change (variations in different areas of patient self-assessment, such as satisfaction,
self-reported pain differences), which could last for three months when compared to those in the KT
group [18]. A study also showed that after four weeks of training, the VR group of patients with chronic
cervical pain displayed a significant difference in terms of pain, physical condition, fear of moving the
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neck, as well as in the mean and peak velocity from those in the laser beam projected group. However,
there is no significant difference in cervical ROM during follow-up between the VR treatment group
and the laser beam projected group [17]. Patients with chronic low back pain in another study were
able to significantly improve pain, pressure algometry, disability, and the fear of low back pain after
four weeks of VR training [24]. Another research proposed that VR with the supplementary traditional
physical therapy can significantly reduce pain, fear, and increase functions for patients with subacute
or chronic non-specific lower back pain [25]. Although a study comparing five weeks of pelvic floor
muscle training via VR and traditional gym ball training, showed no significant difference in muscle
strength, but a statistically significant difference in endurance was observed [26]. One study supported
the idea that VR therapy during burn wound care can reduce adolescent pain [25]. Three included
studies examined the effects of VR on patients with TKR [14,29]. The results of these two articles
showed that VR treatment (physical therapy plus VR) did not produce a significant difference in terms
of pain, ROM, walking speed, balance, and walking test for patients with total knee replacement
(TKR), when compared with conventional therapy [14,16]. The other demonstrated that VAS scales
were significantly lower in the experimental group than the control group during acute phase (at 3,
5, and 7 days after TKR) (p < 0.05) [29]. However, it did not reach the minimal clinically important
difference (MCID) [31]. In the previously described study, VR intervention (one month, three months,
six months after TKR) in the chronic phase can improve the functional recovery of the patients with
TKR [29]. A study on the treatment of ankle sprains suggested that there is no significant difference in
all parameters between VR treatment and traditional treatment [30].

3.6. Effect of Virtual Reality Versus No Intervention

In the included articles, four articles discussed the therapeutic effects of VR and no intervention
on chronic cervical pain, burn wound, low back pain, and ankle sprains (Table 4). When applied
to chronic cervical pain and burn wound, a statistically significant difference was present in some
parameters, as described in the following section. Bohat et al. (2017) [17] studied patients with chronic
cervical pain after four weeks of training and found that the VR group had significantly different
results from the control group in disability, cervical angular velocity, time to peak velocity, and head
follow-up task accuracy. However, in cervical ROM, physical health, and fear of moving the neck, no
significant difference was observed [17]. Another study compared the results of a 3-day VR training of
low-back pain patients with the results of the non-invasive group, and found no statistically significant
difference in lumbar spine flexion ROM and pain improvement [23].

During the dressing application of patients with burn wounds, patients undergoing VR treatment
received significantly lower doses of Entonox (analgesic) compared with those in the standard
distraction group. However, there is no significant reduction in patient pain [28]. For patients with
ankle sprains, no statistically significant difference was observed between the VR treatment and the
control group [30].
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Table 4. Effect of VR versus no intervention.

Study Outcome Measure
Mean Difference between VR

Groups and Control Group
Significance of Difference

between Groups

Bahat et al. 2017 [17]

NDI NA

Between groups p < 0.05
velocity NA

TTP% (F,LR) NA

Accuracy (F,RR) NA

ROM NA -

EQ5D NA -

TSK NA -

NVP NA -

Thomas et al. 2016 [23] ROM NA -

Pain NA -

Kipping et al. 2012 [28]
VAS NA -

FLACC (dressing removal) NA Between groups p < 0.05

Punt et al. 2016 [30]

FAAM-ADL NA -

FAAM-sport NA -

VAS-rest NA -

VAS-walk NA -

Abbreviations: VR (Virtual reality); NDI (Neck Disability Index); TIP% (Time to peak velocity percentage); ROM
(range of motion); EQ-5D (EQ-5D™, http://www.euroqol.org); TSK (Tampa scale of kinesiophobia); NVP (Number
of velocity peaks); VAS (Visual Analog Scale); FLACC (Faces, legs, activity, cry, consolability scale); FAAM (Foot and
Ankle Ability Measure); ADL (activities of daily living); the-marked mean p > 0.05; NA (not available).

3.7. Effect of Virtual Reality on Acute and Chronic Musculoskeletal Pain

Although associated pain is not itself part of the root disorder, managing the pain of musculoskeletal
disorders is a major part of general practice. Of the 14 musculoskeletal studies included, six were for
acute pain, including the dressing of the burn wound [27,28], three were for TKR patients [14,16,29],
one for patients with ankle sprain [30], and the rest of the eight articles were for chronic musculoskeletal
pain patients, including patients with frozen shoulder, SAIS, Neck pain, LBP, and pelvic floor muscle
training [15,17,18,22,24–26]. VR treatment seems to reduce the pain of burn patients, or it could reduce
the use of analgesics [27,28]. No significant difference in all parameters was observed when TKR
and ankle sprain patients received VR treatment as compared to conventional treatment [14,16,29,30].
And there is no MCID for VAS pain in its acute phase [29]. In the included articles, a significant
difference in the main outcome was observed for all patients with chronic pain aside from the research
conducted by Tomas et al. [23].

4. Discussion

Most virtual reality treatment research applications still focus on the VR treatment of central
nervous system problems, such as stroke and cerebral palsy, while only a little research explores the
therapeutic effect of VR treatment on patients with musculoskeletal disorders. At present, there is no
research on the integration of virtual reality for patients with various musculoskeletal disorders and an
analysis of its effects. Therefore, this scoping review searched and integrated multiple musculoskeletal
disorders in VR applications. Analysis showed which patients with musculoskeletal disorders had
better results after VR treatment.

In general, chronic pain usually lasts for more than 12 weeks, while acute pain usually lasts for
4 to 6 weeks [32]. Therefore, patients in the articles included in this study are those who experience
chronic pain due to frozen shoulder (symptoms lasting more than 3 months), SAIS (symptoms lasting
at least 2 months), neck pain (symptoms appear for more than 3 months), and LBP (symptoms persist
for 2 or 3 months) [15,17,18,22–25]. The study on burn wound care included patients with acute pain
due to burns. Fung et al. (2012) included TKR patients in their study under the condition of being able
to apply a full load on the lower limbs after 2 weeks of physical therapy post-surgery. Another research
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made by Koo et al. studied TKR patients after 2 weeks of physical therapy post-surgery followed
by VR treatment. In the preceding two TKR studies, patients belonged to the sub-acute and acute
phase, and the pain that they felt was an acute pain [14,16]. As for another study, VR intervention
was applied from one days to 6 months after TKR (longitudinal study). In the early postoperative
period (3–7 days), VR intervention did not achieve any clinically better analgesic effect than traditional
treatment [29]. The study on ankle sprains mentioned that patients with non-repetitive sprains can
undergo emergency treatment for 4 weeks without pain followed by VR treatment; therefore, this does
not belong to the category of chronic pain. From this systematic review, it was found that subjects
that experienced more effective VR intervention tend to be patients with chronic orthopedic pain,
or those with acute pain due to burn wounds. Patients with TKR and ankle sprains are not chronic
pain patients, and results show that VR treatment is not more effective than other treatments.

Generally, patients suffering from chronic pain have lower levels of fitness than healthy people.
This is because pain can affect the motor control strategies of people. Individuals tend to move in the
least painful way; however, the least painful way is usually to refrain from moving. This causes a
decrease in muscle size and strength; it repeatedly increases pain and stress, eventually producing to a
vicious circle [33]. In the included research articles, the motions designed for patients with chronic
orthopedic disorders are suitable for the joint movements of patients of this type. For example, in
the virtual reality games for patients with frozen shoulder, the actions designed include shoulder
elevation, shoulder IR/ER, and a shoulder abduction action, and suitable WII games are selected for
shoulder impingement patients (such as the tennis game which involves shoulder capsule stretch,
pectoral muscle stretch and shoulder elevation). For patients with other chronic orthopedic disorders,
through somatosensory interactive games with larger movements, patients could try actions which
they could not achieve. Furthermore, people usually focus on pain or impending pain; therefore,
the use of VR is effective in distracting the attention of patients from pain. The distraction produced
by VR reduces pain, induces movement, and promotes exercise. It also motivates patients to move.
Most users describe that their experience of VR was pleasant, and it can relieve pain as well as reduce
anxiety [20,34–36]. Nevertheless, VR treatment done under inadequate supervision may result in less
than expected results [17,30]. VR intervention under supervision can increase the motivation or induce
patients to receive movement training and boost their concentration. This systematic review found
that VR treatment for patients with chronic pain, such as 4 weeks of VR plus modalities (hot pack
and ultrasound) on patients with frozen shoulders produced a significant 8% increase in shoulder
ROM when compared to traditional exercise training plus modalities [15]. Subacromial impingement
syndrome (SAIS) patients underwent 6 weeks of VR training for 45 min/day, twice a week, and
showed a significant improvement of SAIS and scapular dyskinesis symptoms than those in the home
exercise group.

In addition, this result lasted for one month [22]. Another article that studied chronic cervical pain
patients after 5 weeks of VR plus cervical kinematic training (KT) recounted a significant difference
in global perceived change (patient self-reported changes in different areas, such as satisfaction,
self-reported pain differences) when compared to the only KT group. The experienced outcome lasted
for 3 months [18]. One research on low back pain showed that 4 weeks of VR training can alleviate
pain, deep tissue pressure algometry, disability, and fear of low back pain. For the TKR patients, after
one month to six months of VR intervention, the knee function is better than for those who received the
traditional treatment [29]. One of the articles included in this study showed no significant difference
in pain and lumbar spine flexion ROM after comparing 3 days of VR treatment for patients with
lower back pain, and patients without VR treatment [23]. This scoping review shows that chronic
patients may receive at least four weeks of VR treatment in order to experience a significant therapeutic
effect. In addition, VR training seems to have a short-term effect for patients with chronic pain in the
musculoskeletal system [17,18,22,25]. This is consistent with past research [36–38].

The results of this study show that VR treatment with a hand joystick significantly reduces the
pain score of patients when removing dressings from patients with acute burns, or it will reduce the

393



J. Clin. Med. 2019, 8, 791

use of analgesics [27,28]. This is consistent with previous research [39–42]. Hoffman, et al. [40] showed
that the use of VR for patients under severe pain can effectively reduce pain by 41%. It is speculated
that VR can also be used to distract patients from severe acute pain during dressing change. Therefore,
VR can be used to divert attention, thus reducing the use of analgesics.

In summary, VR treatment can reduce pain in acute burn wound care and chronic musculoskeletal
disorders. It can effectively distract patients with chronic pain, and allow them to ignore the cumbersome
rehabilitation training, consequently improving treatment motivation. In addition, VR treatment may
be helpful in the psychological level and the establishment of confidence. For example, patients with
burns or chronic disability may have a tendency to fall into depression because of the long course of
the disorder. The use of VR can release psychological stress and reduce their fear of pain [19].

Virtual reality is also helpful in the control and perception of muscle movements. This systematic
review includes the hard to control PFM, as well as waist and neck movements. The PFM training
research included in this article [26] recommended the simple contraction of the lower abdominal
muscles in the VR group. Previous studies pointed out that the lower abdominal muscles have a
synergistic effect with PFM. Therefore, some scholars have suggested that if the patient does not know
how to apply force during PFM contraction, training on abdominal transverse muscle contraction can
be done to attain the same purpose [43]. Patients in the VR group interacted with the game screen and
performed pelvic movements such as pelvic forward, backward, lateral tilt, and go around motions
according to the easy-to-understand motion instructions provided by the Wii game screen. This made it
possible for patients to understand how to control their pelvic motion, and at the same time, increased
the control and perception of the PFM. The LBP patients included in this article used games that
combined Wii and yoga for their training [24]. LBP patients usually have weak deep core muscles [44].
Yoga promotes the strengthening and relaxation of the waist muscles and ligaments. Through yoga,
the body can be continuously aligned correctly. At the same time, the patients can clearly see their
posture on the screen. The Wii board senses the weight and center of gravity of the body and trains
LBP patients according to the steps in the game screen. For rehabilitation that needs repeated feedback
and learning of exercises, VR can provide enthusiasm. Patients with neck pain can also use VR glasses
to perform target tracking according to the instructions given by the game, and flex, stretch, and rotate
the neck. Patients can adjust neck motion through the instant feedback given by the VR glasses [17,18].
The preceding discussions show that VR can be used to increase the control and training of PFM as
well as the consciousness of waist and neck motion. Moreover, posture can be adjusted through VR
instant feedback.

Depending on the different facilities which possess different visual perception methods, Virtual
Reality can be divided into four types: (a) Desktop VR: Mouse, trackball, and joystick are the main
computer transmission devices and a common PC screen was used as its output; (b) Simulator VR:
In a specific environment, machines and equipment, added to an image screen, provided the Users
simulation results; (c) Projection VR: With a large projection screen, several projectors, and stereo sound
output devices, simulation scenes were projected around the user; (d) Immersion VR: Specific Input
and output devices, such as helmet display, etc., were used in this type of simulation [1]. The result of
the five included articles in the current study seemed to show some effectiveness of the immersion
VR. VR glasses or VR TV output, 3D shuttle glasses or helmet display were used to allow the user to
become fully immersed in the system, and computers were used to provide image or sound feedbacks
(five out of five); Three of the five articles showed Wii (belong to the VR type (a) described as above )
had achieved some effectiveness. Some patients may have nausea and dizziness due to the problems
of the VR device, such as mismatched motion, motion parallax, viewing angle, limited reproduction
of a real environment, and the imperfect simulation of human–world interactions. This condition
occurring may affect its treatment effectiveness [45]. Facing the current economic development and the
increase of the need of clinical care, we believe that it is necessary to explore the clinical effectiveness
and applicability of the VR system. This highlights the importance of the ongoing discussions of the
MCID on pain relief or on function increase in this article. The challenges in using the truly immersive

394



J. Clin. Med. 2019, 8, 791

VR system include nausea or dizziness caused by immersing in the virtual world and investment costs
(facilities, cost, personnel training) [35,45]. All of these also affect whether VR treatment is appropriate
in clinical environment implementation.

Limitations

Because this system review includes first-rate RCT studies, fewer articles that compare the effects
of VR therapy with other interventions on patients with musculoskeletal disorders are available. In
some articles, the lack of raw numeric data makes it impossible to calculate the mean difference between
the experimental and control groups. During the article retrieval process, language was also restricted;
therefore, some language bias might exist. In addition, very few articles contain the minimal clinically
important difference (MCID) on various parameters; hence, further discussion was not made.

5. Conclusions

VR treatment appears to have a significant effect upon pain relief, increased joint mobility, or the
motor functions of patients with chronic painful musculoskeletal disorders. VR seems quite effective
in relieving the pain of patients with acute burns as well. However, there is insufficient evidence
in the current literature; hence, more research is needed to explore the therapeutic effects of VR
treatment on musculoskeletal disorders. In the future, VR games maybe used for more patients with
chronic musculoskeletal injuries. As to whether different types of VR would affect the effectiveness for
rehabilitation results in musculoskeletal disorder patients, this should also be further investigated.
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Abstract: The increasing number of patients receiving home respiratory therapy (HRT) is imposing
a major impact on routine clinical care and healthcare system sustainability. The current challenge is
to continue to guarantee access to HRT while maintaining the quality of care. The patient experience
is a cornerstone of high-quality healthcare and an emergent area of clinical research. This review
approaches the assessment of the patient experience in the context of HRT while highlighting the
European contribution to this body of knowledge. This review demonstrates that research in this area
is still limited, with no example of a prescription model that incorporates the patient experience as
an outcome and no specific patient-reported experience measures (PREMs) available. This work also
shows that Europe is leading the research on HRT provision. The development of a specific PREM
and the integration of PREMs into the assessment of prescription models should be clinical research
priorities in the next several years.

Keywords: Long-term oxygen therapy; home mechanical ventilation; patient-reported experience
measures; quality of care; healthcare; sustainability

1. Introduction

Long-term oxygen therapy (LTOT) and/or home mechanical ventilation (HMV) are well-established
therapies for patients with chronic respiratory failure, such as those with chronic obstructive pulmonary
disease (COPD), neuromuscular diseases, and obstructive sleep apnea (OSA), among others. These
therapies represent key services in the home respiratory therapy (HRT) provided to these patients.
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Increasing numbers of patients receiving HRT are reported not only in Europe but also worldwide [1–5].
Thus, HRT is imposing a major impact on clinical care and healthcare systems. Over the next several
years, the main challenge will be to ensure a sustainable healthcare system to continue to guarantee
access to HRT while maintaining the quality of care.

According to the World Health Organization, quality of care is defined as “the extent to which health
care services provided to individuals and patient populations improve desired health outcomes. In order to
achieve this, health care must be safe, effective, timely, efficient, equitable and people-centered” [6].
A necessary step in the process of maintaining and improving quality is to monitor and evaluate the quality
of healthcare in routine clinical practice. Based on the reactive, disease-focused, and biomedical model,
the indicators of quality have been mainly restricted to traditional clinical metrics. A number of studies
conducted over the last few decades have addressed the beneficial effects of HRT on morbidity, mortality,
and adverse outcomes, as well as the variations in HRT provision among countries [5,7,8]. However, these
metrics alone do not provide a complete picture of HRT quality.

The patient’s experience of treatment is a cornerstone of high-quality healthcare [9]. Only by
analyzing the relational and functional aspects of the patient experience is it possible to assess the
extent to which patients are receiving care that is in line with their preferences, needs, and values.
The integration of the patient experience with healthcare delivery and quality evaluation are key steps
in moving toward patient-centered and personalized care [10]. As Doyle et al. suggested, the patient’s
experience is the third pillar of quality, along with clinical safety and effectiveness [11]. However, it is
only in recent years that patients’ perceptions of healthcare provision have started to receive attention.

This review approaches the assessment of the patient experience in the clinical context of HRT
while highlighting the European contribution to this emerging body of knowledge.

2. Patient Experience in the Context of HRT

The patient experience in the context of HRT is reviewed with a focus on two main areas: (1)
HRT prescription models and the inclusion of the patient experience as an outcome of these models
and (2) methods used to assess the patient experience. To address these two aims, a narrative
review was conducted. The search, although not systematic in nature, included searches in electronic
databases (PubMed, Medline, ISI Web of Knowledge and Google Scholar), as well as hand searches
(expert consultation and a review of the reference lists in the included papers). The databases were
searched between July and December 2018 using topic-related terms, such as oxygen therapy, home
mechanical ventilation, noninvasive mechanical ventilation, home respiratory therapy, home treatment,
chronic respiratory insufficiency, chronic respiratory failure, epidemiology, prescription, quality control,
outcomes, patient experience, patient perspective, carers, caregivers, patient-reported experience
measure, questionnaires, interviews, and focus groups. There was no time restriction in the literature
search, although it was limited to English, Portuguese, or Spanish.

2.1. Prescription Models of HRT

There are a number of studies that have assessed the prescription of HRT. Table 1 summarizes 15
relevant studies on this topic. The majority of the studies (n = 9) were conducted from 2009 onward
and primarily assessed the prescription of HMV (n = 10) [4,5,12–19], followed by LTOT (n = 6) [19–24].
The estimated prevalence of HMV (from 2.5 to 23/100,000 population) and of LTOT (from 31.6 to
102/100,000 population) were variable among distinct regions or countries. The estimated prevalence
of HMV in Europe was 6.6 per 100,000 people, and Portugal was one of the countries with the highest
prevalence [5].

Three studies reported the assessment of HRT prescription at a regional level (Catalan, Spain;
Hong Kong, China; Tasmania, Australia), eight at a national level (Sweden, Canada, Poland, Denmark,
England, Australia, France, Spain), and four at an international level (two countries, seven countries,
13 European countries, 16 European countries).
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Most studies included both children and adult patients in their analysis. Only one of the studies
specifically focused on a pediatric population [18]. Questionnaires, having been used in 10 studies,
were the preferred method of data collection. In five studies, existing databases from HRT registries or
health services were used. Irrespective of the data collection method used, data on users (age, sex,
and diagnosis), type and duration of respiratory therapy, and equipment and interfaces were the most
commonly recorded. None of the 15 studies reported the patient’s experience with HRT.

2.2. Assessment of Patient Experience

Assessing the patient experience has become a common approach to describing healthcare from
the patient’s point of view, evaluating the process of care, and measuring the outcome of care [25–27].
Both quantitative and qualitative methods are being used to assess patients’ perception. Self-reported
questionnaires, individual interviews, and focus groups are among the most frequently used methods
of collecting data.

2.2.1. Patient-Reported Experience Measures

The development of self-reported questionnaires, namely, patient-reported experience measures
(PREMs) and patient-reported outcome measures (PROMs), has exponentially increased in the last
several years. These two types of questionnaires collect information about the patient’s perspective
but with distinct purposes. A PREM evaluates patients’ perception of their personal experience of the
healthcare received, while a PROM assesses the perception of their health status and health-related
quality of life [10,28]. A combination of PROMs and PREMs is essential to fully understand the
performance of healthcare systems. Moreover, both measures are useful to provide a patient-centered
perspective of healthcare, but PREMs are more adequate to assess experience with healthcare.

Distinct instruments to assess the patient’s experience with healthcare are available. Table 2 summarizes
14 instruments designed to assess the patient’s experience with the provision of care in different clinical
settings [29–34], hospital [35–38], primary care [39,40], intermediate care [41], and community [33,41].
The majority of such instruments are generic and designed to be used for a diverse range of health
conditions. However, two of the described questionnaires were specifically developed for patients with
chronic diseases [29,34], and one was intended particularly for patients with COPD [30]. The majority of
PREMs were developed to target adult patients and tested in patients who were at least 15 years old. Only
two developed instruments were tested with the carers of children [31,39]. English is the most common
language used, with some instruments also in Norwegian [31,38,39], Italian [35,41], and Spanish [29].
Most instruments already had some of their psychometric properties explored, namely, their reliability
and validity.

None of the instruments above were specifically designed to assess the patient’s experience with
HRT. However, a recent European Respiratory Society (ERS)/European Lung Foundation (ELF) survey
was conducted across 11 European countries and assessed the attitudes and preferences of 687 patients
on HMV and those of 100 carers [42]. A questionnaire was specifically developed for this study in eight
languages (English, German, Dutch, Spanish, Italian, Portuguese, Greek, and French) and explored
four areas: (1) patients’ demographic and clinical characteristics; (2) issues influencing compliance,
such as interface comfort, abilities to travel, sleep, and socialize with a ventilator, type and technical
functioning of the ventilator (e.g., alarms, ability to operate and change settings, on/off switches, and
electricity consumption); (3) support, training, and education; and (4) requests for improved devices
and support.

Today, it is possible to evaluate a patient’s perception of the HRT received using one of the
described PREMs. Nevertheless, in the near future, the aim should be to develop a specific PREM to
assess patients’ personal experience with HRT.
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2.2.2. Individual Interviews and Focus Groups

Qualitative studies that explore the experience of patients receiving HRT are still limited in the
literature. Nevertheless, the literature review revealed some studies that explored the experience of
patients living with COPD, pulmonary fibrosis, and OSA. These studies specifically focused on patients’
needs and the adaptation process to respiratory therapies. Two studies explored the patient’s experience
with LTOT [45,46], and the others assessed the patient’s experience with non-invasive ventilation [47–51].
These studies were conducted in the United States of America [45,47], New Zealand [48,49], the United
Kingdom [50], Sweden [51], and Spain [46] and included both adult patients and carers. Two reviews
were also found on the needs of patients with COPD and were also used in the present analysis [52,53].

From the analysis of these studies, it was possible to clearly identify education, training, support,
and carer involvement as important key-points in facilitating a patient’s treatment experience and
subsequent adherence. Below, each one of these four key-points is described in detail.

Education: on the basis of the perspectives of patients, it is apparent that education is crucial for
defining clear expectations about the treatment and motivating patient adherence. The main education
topics raised by patients receiving respiratory therapies are related to disease self-management
(e.g., COPD, OSA); physical effects and potential clinical benefits of the respiratory therapy; risks of
not using the respiratory therapy; guidance on the use and function of equipment (e.g., continuous
positive airway pressure (CPAP) devices, oxygen concentrators, how to use pulse oximeters and adjust
flow with exertion); side effects and guidance on its management (skin protection, dry mouth, nasal
congestion, irritated eyes); traveling with equipment; follow-up appointments; and assistance with
financial elements (e.g., how to claim electricity costs) [45,46,49,50].

Training: formal training on appropriate equipment use has been suggested to be an important
strategy for improving adherence [46–51]. Healthcare professionals need to introduce the device, explore
possible practical problems, and give advice/help to solve these problems. In their initial experiences with
respiratory therapy, patients should have a hands-on demonstration for setting up the device, trialing
different masks/pressures, making mask adjustments, conquering different side-effects, and finding the
best position for the tubing or machine (also considering the loudness of the device). Regular follow up
visits or phone calls are important to assess practical problems being experienced (e.g., pressure from
the mask, mask leakage, disturbing noise, and difficulties changing sleeping positions) and to discuss
effective strategies to address them.

Support: establishing a trustworthy relationship with healthcare professionals after the initiation of
respiratory therapy is perceived as helpful by patients, and these relationships positively influence their
adherence [46]. Healthcare professionals need to foster a non-judgmental environment in which patients
have opportunities to ask questions, share concerns and feelings, feel listened to, and feel understood.
This is particularly important following the initiation of therapy [47], as questions or concerns are more
likely to arise during the first days or weeks of treatment [49,52]. These opportunities can arise during
regular follow-up visits, scheduled follow-up phone calls, and through access to a 24-h hotline [47].

Carer involvement: carers provide substantial care (emotional, physical) to the individual on
a daily basis and, most of the time, live in the same house as the patient. On the basis of their
important role in patients’ lives, carer involvement has been found to be essential to patients receiving
HRT [45–48,50–53]. Patients recognize that carers play a major role in their treatment by helping them
manage the disease and adapt to the equipment (e.g., verbal reminders, encouragement, setting up the
machine, making mask adjustments, reassurance of therapy benefits). Carers themselves recognize their
need for information regarding aspects of the disease and benefits of the HRT [47]. Carer involvement
is thus perceived by all stakeholders as an essential component of education and training from the
beginning of treatment [45,47,48,50–53], and it is generally associated with positive results, namely,
the patients’ adoption and adherence to HRT [47,53].
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3. Discussion

This comprehensive review is a first critical step toward the assessment of the patient experience
in the clinical context of HRT. It demonstrates that research in this area is still limited, with no example
of an HRT prescription model that incorporates the patient experience as an outcome and with no
specific PREM available. This review also shows that European countries have been involved in HRT
provision research from an early stage.

Most of the research on the assessment of HRT prescription models has been conducted within
the last decade and mainly in European countries, highlighting the emergent interest and Europe’s
leading position in this area of health research. In addition, HMV has attracted more attention from
the scientific community in comparison with LTOT. Questionnaires were found to be the preferred
method for data collection, however, existing databases from HRT registries or health services have
also been used. Databases in comparison with questionnaires have the advantage of generating more
representative data and may be a method of choice in future studies. The patient experience has not
been examined in the assessment of the prescription models presented. While this reality was expected
from the oldest studies, it was quite a surprising result for those from the last decade. These results
show that, until now, the assessment of patients’ perceptions has not been seen as a priority in the
assessment of prescription models. Unfortunately, this is also a reality in other health contexts and
settings [10]. The Organisation for Economic Co-operation and Development (OECD) and Europe in
“Health at a Glance: Europe 2018” reported critical gaps in the data on patient-reported experience,
and they recommended collecting data on the patient experience from any doctor in ambulatory care
settings [10]. Thus, future studies on the provision of HRT should address this important gap in
the literature.

To address this gap, we need to be aware of the current methods being used to assess the patient
experience. Different instruments used at distinct levels of healthcare are available and described
in this review. These instruments were developed to be completed by adult patients and, in some
cases, by carers of children. In our opinion, although the carers’ perspective is, of course, incredibly
valuable, it should do not replace the children’s experience. The development of PREMs for pediatric
populations is crucial to the collection of information on the experience and outcome of children’s
care. Additionally, as previously mentioned, none of the instruments have been specifically designed
to assess the patient’s experience with HRT. The development of a specific PREM for this health
context should be a research priority in the upcoming years. The most commonly assessed domains
in the described instruments, including the ERS/ELF survey, together with the key facilitators of the
patient’s treatment experience, can be used as important sources of data to inform the development
of a comprehensive instrument. Access to information and support, implementation of effective
and clear communication, active participation in shared decision making, enhanced accessibility and
navigability across the healthcare system for patients and families, particularly across transitional care,
and management of polypharmacy are known to influence the patient experience in other healthcare
settings and could be topics of interest to be included in future PREMs for patients on HRT [54]. Future
studies should explore which of these raised topics are indeed meaningful for patients and carers.

On the basis of qualitative studies, it was found that education, training, support, and carer
involvement were important key-points in facilitating the patient’s treatment experience and adherence.
This knowledge comes mainly from the perspective of adult patients with COPD, pulmonary fibrosis,
and OSA receiving CPAP and from their carers. These studies were conducted in five countries (three
from Europe) [45–53]. Thus, this evidence may not completely apply to the experience of younger
patients (including children) and that of their carers or to patients with other diseases and other
treatment modalities (e.g., Bilevel Positive Pressure Airway, LTOT) and from other countries/continents.
Considering these identified gaps, the experience of other patients receiving HRT could be explored
in future studies. The identified key-points may inform the development process of semi-structured
guides of focus groups or individual interviews to be used in these exploratory studies.
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4. Conclusions

To the authors’ best knowledge, this is the first published work to review the emerging topic
of the patient experience in the clinical context of HRT and give important insights into the status
of this clinical research area while also pointing out possible directions in which to move to realize
patient-centered care. The assessment of the patient experience is in its early stages, and further
research is needed to integrate these measures with routine healthcare delivery and the core set of
healthcare quality indicators, as well as and to drive quality improvements in HRT.
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