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Preface

Aging entails the alteration of multiple mechanisms at the cell and organ level that ultimately

contribute to the functional decline of an organism. As a result, older people experience a complex

condition named frailty, which includes alterations of their physical and psychological abilities,

comprising weakness, lower physical activity, worsening of psychological conditions, and low-grade

chronic inflammation. Frailty has been demonstrated to be a tunable condition, and its onset and

development is correlated with several factors such as socioeconomic background, nutritional habits,

and physical exercise.

The current Issue was motivated by the increase in the older population and the need to deal

with related problems. Recently, there has been significant improvement in sanitary, nutritional, and

socioeconomic conditions, which has led to an increase in life expectancy. However, this lifespan

extension has negative side effects consisting of age-related complications that compromise the quality

of life of older individuals.

The present Issue, dedicated to professionals and translational researchers in the field of aging

medicine, delves into the factors that regulate age-related diseases and frailty and reports on strategies

that promote healthy aging, elucidating how factors connected to one’s lifestyle, including physical

exercise, environmental and economic conditions, and other factors, can modulate the quality of aging.

The aim of this Issue is to contribute further knowledge to the mechanisms underlying frailty and

age-related diseases and propose strategies to improve quality of life in older individuals.

Emiliana Giacomello and Luana Toniolo

Guest Editors
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Randomised Clinical Trial to Analyse the Efficacy of
Eggshell Membrane to Improve Joint Functionality in
Knee Osteoarthritis
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Abstract: Osteoarthritis is a source of chronic pain and disability. Dietary supplements have been
shown to be a more secure option than NSAIDS. Particularly, the eggshell membrane has demon-
strated efficacy in relieving joint pain and stiffness. A clinical trial was designed in which three groups
were assigned to two different doses of this supplement and compared to a placebo control group.
The primary outcome variable was knee pain, which was assessed using a visual analogue scale.
Secondary outcome variables were knee functional ability, quadriceps muscle strength (assessed by
isometric and isokinetic trials), and quality of sleep. All groups showed a significant decrease in
pain perception, although maximum values were obtained in the high-dose group. Isokinetic and
isometric trials showed a significant increase in strength in the high-dose group. Eggshell membrane
showed the potential to reduce pain and stiffness symptomatology. Here, for the first time, two
quantitative variables (mobility and strength of knee joint) were used to accurately evaluate changes
in the quality of life of subjects affected by knee joint pain. The results of this study indicate a dose-
dependent response, which should be taken into account for later use in therapeutics to establish the
correct dosage.

Keywords: knee pain; dietary supplement; stiffness; glycosaminoglycans

1. Introduction

Increasing life expectancy has led to structural changes in current human popula-
tions [1]. Ageing is posing a challenge for increasing care needs due to physical and mental
multimorbidities in the 21st century [2] since evidence that longevity coincides with an
extended period of good health is scarce [3]. In fact, ageing and increased body mass index
(BMI) are leading causes of osteoarthritis (OA) [4].

OA is the most prevalent joint disorder and source of chronic pain and disability
in developed countries [5,6]. This degenerative disease of the joint affects the locomotor
system and is characterised by a loss of articular cartilage, as well as an osseocartilaginous
proliferation of the subchondral and articular margins [7]. About 10% of adult people suffer
some type of moderate to severe OA, and this percentage increases with age and is even
more accentuated in those over 50 to 55 years old [8]. The hips and knees are the joints
most affected by this disorder.

Acute pain is a commonly associated symptom; therefore, pharmacotherapy is in-
dicated as treatment through the use of analgesics and non-steroidal, anti-inflammatory
drugs (NSAIDS) [7,9]. However, most of these treatments have shown limited effectiveness
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and have induced several multiorgan toxicities [10]. Currently, dietary supplements are
commonly used to counteract pain in a combination of hyaluronic acid, glucosamine, and
chondroitin. However, some dietary supplements have also been examined [11,12] and
have been shown to be a more secure option than NSAIDS [13].

Among them, eggshell membrane has demonstrated efficacy in relieving joint pain
and stiffness [14–19]. The eggshell membrane is composed mainly of fibrous collagen
proteins, types I, V, and X. It also contains glycosaminoglycans, such as chondroitin sul-
phate and dermatan sulphate, and hexosamines, such as glucosamine [20]. In addition,
hyaluronic acid has been shown to be present in significant amounts [21]. Therefore,
ESM has been evaluated as a possible treatment for OA as a natural source of an optimal
combination of such compounds [17,19]. Despite the fact that some clinical trials have
demonstrated promising results in improving the functionality of the knee joint [19], some
lack of knowledge still remains regarding dosage.

Therefore, the objective of this study was to determine the efficacy of a food supple-
ment extracted from the internal membrane of the eggshell on joint functionality (knee
functional ability and quadriceps muscle strength) and perceived pain (visual analogic
scale and quality of sleep) in individuals diagnosed with OA, after a consumption period
of eight weeks. Two doses were tested in order to evaluate efficacy in a placebo-controlled
clinical trial.

2. Materials and Methods

A randomised, controlled, double-blind, single-centre clinical trial was designed, in
which three groups were assigned to different doses of an internal membrane, eggshell-
based supplement (Figure 1). This study was conducted in 2018–2019 on 80 patients over
18 years of age with diagnosed knee osteoarthritis and chronic knee pain.

Figure 1. Flowchart representing the different stages of the trial. Randomisation profile shows flow
of patients in the three groups: high-dose (500 mg), low-dose (300 mg), and control group.
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The trial design followed CONSORT guidelines. Written, informed consent was signed
by all participants after approval by the University’s Institutional Science Ethics Committee.
Inclusion criteria were as follows: subjects diagnosed with arthrosis with functional grades
I–III according to criteria from the American College of Rheumatology, Atlanta; persistent
knee pain associated with this pathology, with initial punctuation of at least 30 mm in a
visual analogue scale of 10 cm; and absence of chronic treatment with narcotics, NSAIDs, or
immunosuppressants. Exclusion criteria were as follows: terminal disease; known chronic
inflammatory diseases affecting the musculoskeletal system (rheumatoid arthritis, gout,
pseudo-gout, Paget’s disease, chronic pain syndrome, etc.); other serious illnesses that
would limit the execution of aerobic or resistance exercises (musculoskeletal conditions,
limiting pneumopathy, presence of arrhythmia); body mass index (BMI) above 32; subjects
who, at the time of the study, were being treated with glucosamine, chondroitin sulphate,
collagen, or hyaluronic acid infiltrations, or consuming any supplement indicated for joint
health; subjects under pharmacotherapy (narcotic drugs, steroid anti-inflammatory drugs,
or immunosuppressants); known allergy to eggs; pregnant or breastfeeding women; and
incapacity to understand informed consent.

Treatment consisted of once-daily oral ingestion of 300 mg (low dose) and 500 mg
(high dose) of ESM® eggshell membrane (Torolis Explotaciones, S.L., Navarra, Spain) in
vegetarian capsules that were stored in closed containers at ambient temperature. The
control group consumed a placebo based on encapsulated maltodextrin matching the
weight and aspect of treatment. Eggshell membrane extract was composed mainly of
proteins (>90%), fibrous collagen types I, V, and X (<13%), and elastin (<4–5%). The
extract also contained glycosaminoglycans, such as chondroitin sulphate (<2%); dermatan
and keratin sulphates (<1%); and hexosamines, such as glucosamine (<2%), hyaluronic
acid (<2%), IGF-1 (12 ng/g), TGF-beta (0.75–7.23 ng/g), calcitonin (10–25 ng/g), and
progesterone (0.3–0.33 ng/g). Clinic visits were scheduled for subjects at study initiation
and at the end of 8 weeks following the onset of treatment. Compliance with the treatment
was evaluated during the last visit via patient interview and by counting the number of
unused capsules still remaining. Lifestyle variables included a dietary recall interview of
the previous 3 days before starting the nutritional supplement and the last 72 h before the
end of the 8-week consumption of the product. The level of physical activity was recorded
using the Global Physical Activity Questionnaire (GPAQ), and results were expressed as
MET-min/week. Specific rules were given to subjects about maintaining the same level of
physical exercise during the trial. Weight was registered via bioimpedance.

The primary outcome variable was knee pain which was assessed using a visual
analogue scale (VAS) of 10 cm, defining extreme limits such as ‘no pain at all’ and ‘pain
as bad as it could be’ [22]. Values lower than 4 in VAS meant mild to moderate pain, a
value between 4 and 6 implied the presence of moderate to severe pain, and pain with
values higher than 6 implied the presence of very intense pain [22]. This scale was recorded
before and after strength assessment at both baseline and final visits. VAS scale was also
recorded throughout the 8 weeks at the time the participant awoke each morning through
the completion of a diary. Adverse events were also recorded.

Secondary outcome variables were knee functional ability, quadriceps muscle strength
(assessed by isometric and isokinetic trials), and quality of sleep.

Functional ability was evaluated using the Western Ontario and McMaster Universities
Osteoarthritis (WOMAC) index, through an adapted Spanish version of the WOMAC
questionnaire [23]. This questionnaire determined pain and functional ability. Within the
questionnaire, there are three subscales, 5 questions referring to joint pain, 2 questions on
stiffness, and 17 on functional capacity. Each question is graded from 0 to 4, with 0 meaning
‘none’ and 4 meaning ‘very much’. The WOMAC questionnaire had to be completed before
each of the strength assessments at both visits.

Muscle strength was determined using a Biodex System 3 Dynamometer (Biodex
Medical System, Shirley, New York, NY, USA) in order to assess isometric (straining your
muscles without moving or bending your joints) and isokinetic (performed at a consistent
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speed, which can be increased as you progress) strength of the knee flexors and extensors. It
is important to note that changes in strength should be associated with changes in perceived
pain and not with changes in the physical condition of the muscle. Trials involved two
maximum isokinetic and two continuous maximum isometric repetitions at 60◦/s and
90◦/s on their right leg, respectively. Isokinetic trials collected information about muscle
peak torque (PT, i.e., the maximum force that a muscle group can produce); total work of
the maximum repetition (TWMR, i.e., maximum strength exerted at the time of making the
movement); and total work (TW, i.e., strength exerted during all repetitions to cause the
displacement of the leg and overcome the resistance offered by the isokinetic dynamometer
protocol). Isometric trials assessed muscle peak torque (PT/BW) and maximum average
peak torque (MAPT, i.e., medium torque). Verbal encouragement was provided during the
tests, and adequate rest and recovery times were provided between contractions in order
to minimise fatigue.

Quality of sleep was assessed by the Pittsburgh Sleep Quality Index (PSQI) [24],
which has shown good psychometric properties and validity for application in the adult
population. PSQI evaluated seven domains: subjective sleep quality, sleep latency, sleep
duration, habitual sleep efficiency, sleep disturbances, use of sleeping medication, and
daytime dysfunction over the past month. Each subject self-rated each of these seven areas
of sleep. Each domain is scored based on a 0–3 on the Likert scale: 0 (very good), 1 (good),
2 (poor), and 3 (very bad). The PSQI score was calculated as the sum of the scores, which
varied between 0 and 21. This test was filled in before each of the strength evaluations at
each visit.

ANOVA with repeated measures was used to compare variables that were obtained at
the beginning and end of this trial. All variables were checked for normality. Homogeneity
of variables among groups was also checked in the baseline in order to avoid confounding
variables. Bonferroni correction was used for all comparisons between intervention groups
and control. Type I error rate was set at α = 0.05. Analyses were performed by using SPSS
statistical software v.21.0 (IBM Corp., Armonk, NY, USA, EEUU).

3. Results

A total of 80 out of 120 subjects assessed for eligibility were randomised (see Figure 1
for a trial flow), from which 75 (93.75%) completed this study (36 men and 39 women,
mean age 38.40 ± 13.54 years old). Five individuals did not match the criteria for inclusion
in the trial, and thirty-five individuals refused to participate. Demography information is
provided for each group in Table 1. The placebo group included a total of 26 participants
with a mean age of 41 ± 14.36 years old (10 men and 16 women). The low-dose group
showed an average age of 37.38% ± 12.29 years old (12 men and 12 women). The high-dose
group had an average age of 36.36 ± 13.54 years old (14 men and 11 women). At the
beginning of this study, the percentage of body fat in the control group was 27.75 ± 1.7%,
while for experimental groups, it was 26.89 ± 1.7% (300 mg) and 24.39 ± 1.7% (500 mg).
By the end, the control group registered a body fat percentage of 28.32 ± 1.7%, while the
300 mg and 500 mg consumption groups registered a body fat percentage of 25.98 ± 1.7%
and 24.82 ± 1.7%, respectively. No significant differences were found. BMI (normal
vs. overweight/obesity) did not show significant differences between groups, as well as
between initial and final conditions after ending of this study.

At the beginning of this study, subjects indicated self-medication with NSAIDs in
18.5%, 14.8%, and 19.2% of control, low-, and high-dose experimental groups, respectively.
Although subjects did not report changes in such medication, diary annotations recorded
punctual pain medication in 25% of them.
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Table 1. Demography characteristics of the 75 subjects who finished this study by group.

Control (n = 26) Exp 300 (n = 24) Exp 500 (n = 25) Total

Age (mean ± SD) 41.31 ± 14.36 37.38 ± 12.29 36.36 ± 13.54 38.44 ± 13.54
BMI (mean ± SD) 25.3 ± 4.0 25.4 ± 4.0 24.6 ± 3.0 25.1 ± 3.6

BMI < 25; n (%) 12 (46.2%) 10 (41.7%) 15 (60%) 37 (49.3%)
BMI ≥ 25; n (%) 14 (53.8%) 14 (58.3%) 10 (40%) 38 (50.7%)

Sex; n (%)
Women 16 (61.5%) 12 (50.0%) 11 (44.0%) 39 (52.0%)

Men 10 (38.5%) 12 (50%) 14 (56.0%) 36 (48.0%)

All three groups showed a statistically significant decrease in pain perception by the
end of this study (Table 2). Furthermore, there were significant differences between groups,
as the high-dose group showed a statistically significant reduction in pain with respect to
the control group (Table 2).

Table 2. Visual analogue scale (VAS) for perceived pain, functional capacity by means of the WOMAC
test, and Pittsburgh Sleep Quality Index (PSQI) for each of the visits and doses. Δ represents the
increment from the start to the end of this trial. Significance level for the differences between values
at the beginning and end of this trial.

Control Low Dose High Dose

VAS (p = 0.001)
Initial 4.90 (1.48) 4.67 (1.37) 5.42 (1.48)
Final 3.64 (1.40) *** 2.25 (1.66) *** 1.90 (1.78) ***

Δ −1.269 −2.417 −3.52

WOMAC (p = 0.183)
Initial 25.96 (13.42) 26.29 (15.81) 24.80 (10.92)
Final 20.32 (13.17) ** 16.04 (12.28) *** 14.52 (10.20) ***

Δ −5.64 −10.25 −10.28

PSQI (p = 0.301)
Initial 6.77 (2.82) 6.00 (2.34) 6.60 (3.76)
Final 6.27 (3.14) 5.54 (2.89) 5.00 (3.03) **

Δ −0.5 −0.46 −1.6

Significance levels: *** < 0.001 < ** < 0.01 < * < 0.05.

The evolution of pain perception as soon as a subject awoke during the study period
can be also followed in Table 3. No differences were observed between groups in the
baseline (p > 0.1), registering 4.75 ± 1.16 points (control), 4.69 ± 1.18 points (low dose),
and 5.23 ± 1.32 points (high dose). A progressive decrease in the evolution of pain can
be observed for all groups, and the lowest values on the scale were achieved in the last
week for all groups (Table 3). The control group showed mild to moderate perceived pain
by the end of this study (3.91 ± 2.16 points), although this decrease (1.27 points) was not
significant (p > 0.05). The other two groups registered a significant decrease in perceived
pain, decreasing to 3.13 ± 1.43 points (mild to moderate pain) in the low-dose group, and
decreasing to 2.98 ± 1.51 points (mild pain) in the high-dose group (Table 3). Comparison
of the evolution among the three study groups showed significant differences, and the
high-dose group significantly reduced perceived pain with respect to the control group
(p < 0.014).

The WOMAC results were homogeneous among the three groups at the beginning
of this trial (Table 2). The control group started this study with values of 25.96 ± 2.7
points, while the low- and high-dose groups started with similar values of 26.29 ± 2.7 and
24.80 ± 2.7 points, respectively (p > 0.1). Despite the fact that all three groups showed a
significant decrease in the WOMAC scale score (Table 2), both groups that consumed this
product showed a more pronounced decrease, and therefore an improvement in functional
capacity and quality of life (Table 2).
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Table 3. Weekly mean (standard deviation) of visual analogue scale (VAS) for perceived pain during
the period of study. Δ represents the increment from the start to the end of this trial. Significance
level for the differences between values at the beginning and end of this trial.

Week1 Week2 Week3 Week4 Week5 Week6 Week7 Week8 Week9 Δ

Control 4.75 (1.16) 4.74 (1.72) 4.62 (1.93) 4.52 (2.27) 4.43 (1.88) 4.31 (2.27) 4.13 (2.21) 4.19 (2.29) 3.91 (2.16) −0.835
Low dose 4.69 (1.18) 4.37 (1.45) 3.99 (1.47) 3.77 (1.41) 3.89 (1.17) 3.53 (1.41) 3.62 (1.42) 3.32 (1.57) 3.13 (1.43) −1.559
High dose 5.23 (1.32) 4.93 (1.55) 4.3 (1.74) 4.08 (1.7) 3.84 (1.68) 3.65 (1.81) 3.4 (1.71) 3.23 (1.59) 2.98 (1.51) −2.250 ***

Significance levels: *** < 0.001 < ** < 0.01 < * < 0.05.

Isokinetic and isometric trials showed no significant differences at the beginning of this
study for all variables included (Table 4). Although an increase in strength, measured as PT,
TWMR, and TW, with respect to baseline values, was observed in those groups subjected to
consumption of eggshell membrane product at both doses, the decrease in pain was only
significant in the high-dose group for all the variables studied here, accounting for 7.2, 10.04
and 47.42 N × m, respectively (Table 4). The control group registered a decrease in strength
for two variables (PT = −1.48 N x m and TW = −3.21 N × m), although such results lacked
statistical significance (Table 3). Similar results were found for isometric trials. The high-
dose group showed a significant increase in strength for both PT (25.18 N × m) and MAPT
(20.76 N × m). The low-dose group showed an increase in PT (20.36 N × m) and MAPT
(16.29 N × m), although the latter lacked statistical significance (Table 4). PT registered
non-significant results for the control group that showed a slight decrease (−0.41 N × m),
and MAPT registered a slight increase that also lacked significance (1.01 N × m).

Table 4. Isokinetic trials variables at 60◦/s: muscle peak torque (PT), total work of the maximum
repetition (TWMR), and total work (TW). Isometric trials assessed at 90◦/s: muscle peak torque (PT)
and maximum average peak torque (MAPT). Δ represents the increment from the start to the end
of this trial. Significance level for the differences between values at the beginning and end of this
trial. p values indicate significance level for comparison of groups by the duration of this trial for
each variable. Units were measured in N × m.

Isokinetic at 60◦/s

Control Low Dose High Dose

PT (p = 0.048)
Initial 57.93 (22.36) 62.15 (24.28) 59.28 (26.52)
Final 56.45 (22.66) 62.98 (24.92) 66.48 (28.23)

Δ −1.48 0.83 7.2 ***

TWMR (p = 0.016)
Initial 64.60 (28.48) 68.91 (30.40) 66.89 (31.94)
Final 64.66 (27.73) 70.53 (30.17) 76.93 (35.08)

Δ 0.06 1.62 10.04 ***

TW (p = 0.017)
Initial 294.89 (137.08) 309.38 (150.72) 297.72 (147.07)
Final 291.68 (130.01) 322.61 (144.70) 345.13 (167.64)

Δ −3.21 13.23 47.42 ***

Isometric at 90◦/s

Control Low Dose High Dose

PT (p = 0.018)
Initial 145.41 (61.07) 137.99 (61.16) 146.73 (70.07)
Final 145.00 (61.42) 158.35 (56.72) 171.92 (84.64)

Δ −0.41 20.36 ** 25.18 ***

MAPT (p = 0.016)
Initial 138.16 (58.35) 137.40 (52.22) 141.27 (57.34)
Final 139.17 (59.23) 153.69 (52.52) 161.04 (78.39)

Δ 1.01 16.29 20.76 ***

Significance levels: *** < 0.001 < ** < 0.01 < * < 0.05.

Pittsburgh test scores provided similar scores at the beginning of this trial for all three
groups (Table 2), and no significant differences were found between them. At the end of
the study, the control group kept the same scores. Both treated groups showed a decrease,
though this was higher in the high-dose group (1.6 points) than in the low-dose group
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(0.46 points). These differences observed in the high-dose group were significantly different
from those obtained for the other two groups, indicating an improvement in the quality of
sleep for the high-dose group compared with the other two groups.

Subjects did not report any adverse events related to the consumption of the product
administered.

4. Discussion

Pain due to osteoarthritis is known to induce long-term consequences on health as a
consequence of a lack of exercise [16]. In fact, other comorbidities, such as being overweight
or ageing, could aggravate these consequences and could influence other ones as a result of
immobility due to pain.

Eggshell membrane showed the potential to reduce such symptomatology. Although
all of the groups registered a decrease in perceived pain, both doses used in this study
induced a bigger reduction than in the control group, indicating a relationship between
eggshell membrane consumption and reduction in pain. Such results are compatible with
previous studies that demonstrated the efficacy of this nutraceutical to alleviate knee
pain, symptomatology, and joint functionality [14–19]. These results are higher than those
registered for other supplements such as curcuma [12]. However, dose-dependent efficacy
was registered in our study (Table 2). Despite the fact that all groups showed a reduction in
pain, objective measures of improvement in functional capacity and sleep quality support
such a hypothesis. A 500 mg dose induced a reduction in perceived pain of 1.1 points
more than a 300 mg dose. Furthermore, a slight reduction in functional capacity and an
improvement in sleep quality were also registered for high vs. low doses. All three signs
together indicate an improvement in knee pain, although an increase in the dose used does
not show a proportional effect in these variables.

Reduction in perceived pain was decremental and was observed during the entire
study period, as registered by the information collected as soon as the subject awoke in
the morning. Such a variable registered a significant weekly evolution of pain through the
study for the high dose, showing a final reduction of 0.69 points more than the low dose
(Table 3). Those results are also in agreement with the trials performed in this study. The
WOMAC scale score and quality of sleep index (Table 2) showed a decrease in both groups
of consumers, therefore registering an improvement in functional capacity and quality of
life, although differences between doses were not significant. This is probably due to the
fact that a decrease in pain and a recovery of knee joint functionality perception could
make those two variables (functional capacity and quality of life) improve but only up to a
certain level due to the subjectivity of tests. Perception of improvement could probably be
achieved in both dosages, only showing slight differences between dosages registered by
the tests used.

In fact, such an observation could be in agreement with the results obtained for muscle
strength. All variables studied here registered an increase in both consumption groups,
although a higher dose-dependent effect was registered than for other tests (Table 4). Isoki-
netic trial variables at 60◦/s (PT, TWMR, and TW) show the highest differences: between
four and ten times greater for the higher dose. Isometric trials assessed at 90◦/s (PT and
MAPT) also show significant differences between control and treatment groups, but with
fewer differences between the low and high doses. These results show a significant im-
provement in muscle strength as a result of a reduction in pain perception. Moreover, such
an effect is dose-dependent. Such a conclusion can make a difference when applying the
use of eggshell membranes in therapeutics regarding knee pain; therefore, perceived pain
reduction and functionality increase do not entirely reflect all of the benefits of consuming
eggshell membranes. This could probably be due to the objectivity of muscle strength
assessment through trials compared with pain and functionality tests, which would indi-
cate a physiological improvement and, therefore, a more objective observation about the
outcome of the use of eggshell membranes to treat knee pain.
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Although previous studies addressed the study of the efficacy of eggshell membrane
as a supplement to alleviate knee joint pain [14–18], here, for the first time, two quantitative
variables (mobility and strength of knee joint), as well as qualitative ones (pain, functional
ability, and sleep quality), were monitored to accurately evaluate changes in the quality of
life of subjects affected by this common pathology. Such a variable set extends the findings
of previous studies that have already observed changes in the functionality of knee joints
by measuring the range of moti- on [19]. This study reports an improvement in all of the
variables monitored in those subjects who were consuming eggshell membrane, most likely
resulting from physiological changes in the musculature associated with the amelioration
of knee functionality and a better quality of life due to a reduction in perceived pain.
Moreover, our results also indicate a dose-dependent response, which should be taken into
account for later use in therapeutics to establish the correct dosage.

Author Contributions: Conceptualisation, F.J.L.-R.; methodology, M.S.A.-R., A.J.L.-R., D.V.-M., S.P.-P.
and A.M.G.-M.; validation, M.S.A.-R. and A.J.L.-R.; formal analysis, M.S.-M. and F.J.L.-R.; investiga-
tion, S.P.-P., D.V.-M. and M.S.A.-R.; resources, S.P.-P.; data curation, A.M.G.-M.; writing—original
draft preparation, F.C.; writing—review and editing, F.C. and F.J.L.-R.; supervision, F.J.L.-R.; project
administration, F.C.; funding acquisition, F.J.L.-R. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was performed at UCAM Catholic University of Murcia (Spain) and was
sponsored by Torolis Explotaciones S.L, (Spain).

Institutional Review Board Statement: This study was conducted in accordance with the Decla-
ration of Helsinki and approved by the Ethics Committee) of the Catholic University of Murcia
(protocol code CE031808).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Not applicable.

Acknowledgments: The study product (ESM®) was provided by Torolis Explotaciones S.L. (Spain).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Griffin, J.P. Changing life expectancy throughout history. J. R. Soc. Med. 2008, 101, 577. [CrossRef] [PubMed]
2. The Lancet Public Health. Ageing: A 21st century public health challenge? Lancet Publ. Health 2017, 2, e297. [CrossRef]
3. Beard, J.R.; Officer, A.; de Carvalho, I.A.; Sadana, R.; Pot, A.M.; Michel, J.P.; Lloyd-Sherlock, P.; Epping-Jordan, J.E.; Peeters,

G.; Mahanani, W.R.; et al. The World report on ageing and health: A policy framework for healthy ageing. Lancet 2016, 387,
2145–2154. [CrossRef]

4. Wallace, I.J.; Worthington, S.; Felson, D.T.; Jurmain, R.D.; Wren, K.T.; Maijanen, H.; Woods, R.J.; Lieberman, D.E. Knee osteoarthri-
tis has doubled in prevalence since the mid-20th century. Proc. Natl. Acad. Sci. USA 2017, 114, 9332–9336. [CrossRef]

5. Cross, M.; Smith, E.; Hoy, D.; Nolte, S.; Ackerman, I.; Fransen, M.; Bridgett, L.; Williams, S.; Guillemin, F.; Hill, C.L.; et al. The
global burden of hip and knee osteoarthritis: Estimates from the global burden of disease 2010 study. Ann. Rheum. Dis. 2014, 73,
1323–1330. [CrossRef]

6. Rejas-Gutierrez, J.; Llopart-Carles, N.; García-López, S.; Darbà, J. Disease burden on healthcare by pain severity and usual
analgesic treatment in patients with symptomatic osteoarthritis: A Spanish nationwide health survey. Expert Rev. Pharmacoecon.
Outcomes Res. 2021, 21, 711–719. [CrossRef]

7. Hussain, S.M.; Neilly, D.W.; Baliga, S.; Patil, S.; Meek, R. Knee osteoarthritis: A review of management options. Scott. Med. J. 2016,
61, 7–16. [CrossRef]

8. Bannuru, R.R.; Osani, M.C.; Vaysbrot, E.E.; Arden, N.K.; Bennell, K.; Bierma-Zeinstra, S.; Kraus, V.B.; Lohmander, L.S.; Abbott,
J.H.; Bhandari, M.; et al. OARSI guidelines for the non-surgical management of knee, hip, and polyarticular osteoarthritis.
Osteoarthr. Cartil. 2019, 27, 1578–1589. [CrossRef]

9. Hermann, W.; Lambova, S.; Muller-Ladner, U. Current treatment options for osteoarthritis. Curr. Rheumatol. Rev. 2018, 14,
108–116. [CrossRef]

10. Bindu, S.; Mazumder, S.; Bandyopadhyay, U. Non-steroidal anti-inflammatory drugs (NSAIDs) and organ damage: A current
perspective. Biochem. Pharmacol. 2020, 180, 114147. [CrossRef]

8



Nutrients 2022, 14, 2340

11. Li, X.Z.; Zhang, S.N. Recent advance in treatment of osteoarthritis by bioactive components from herbal medicine. Chin. Med.
2020, 15, 80. [CrossRef] [PubMed]

12. Perkins, K.; Sahy, W.; Beckett, R.D. Efficacy of curcuma for treatment of osteoarthritis. Evid. Based Complement Alternat. Med. 2017,
22, 156–165. [CrossRef] [PubMed]

13. Shep, D.; Khanwelkar, C.; Gade, P.; Karad, S. Safety and efficacy of curcumin versus diclofenac in knee osteoarthritis: A
randomized open-label parallel-arm study. Trials 2019, 20, 214. [CrossRef] [PubMed]

14. Brunello, E.; Masini, A. NEM brand eggshell membrane effective in the treatment of pain and stiffness associated with osteoarthri-
tis of the knee in an italian study population. Int. J. Clin. Med. 2016, 7, 169–175. [CrossRef]

15. Ruff, K.J.; DeVore, D.P.; Leu, M.D.; Robinson, M.A. Eggshell membrane: A possible new natural therapeutic for joint and
connective tissue disorders. Results from two open-label human clinical studies. Clin. Interv. Aging 2019, 4, 235–240.

16. Ruff, K.J.; Winkler, A.; Jackson, R.W.; DeVore, D.P.; Ritz, B.W. Eggshell membrane in the treatment of pain and stiffness from
osteoarthritis of the knee: A randomized, multicenter, double-blind, placebo-controlled clinical study. Clin. Rheum. 2009, 28,
907–914. [CrossRef]

17. Danesch, U.; Seybold, M.; Rittinghausen, R.; Treibel, W.; Bitterlich, N. NEM® brand eggshell membrane effective in the treatment
of pain associated with knee and hip osteoarthritis: Results from a six-center, open-label german clinical study. J. Arthritis 2014, 3,
136. [CrossRef]

18. Hewlings, S.; Kalman, D.; Schneider, L.V. A randomized, double-blind, placebo-controlled, prospective clinical trial evaluating
water-soluble chicken eggshell membrane for improvement in joint health in adults with knee osteoarthritis. J. Med. Food 2019,
22, 875–884. [CrossRef]

19. Kiers, J.L.; Bult, J. Mildly processed natural eggshell membrane alleviates joint pain associated with osteoarthritis of the knee: A
randomized double-blind placebo-controlled study. J. Med. Food 2021, 24, 292–298. [CrossRef]

20. Nakano, T.; Ikawa, N.I.; Ozimek, L. Chemical composition of chicken eggshell and shell membranes. Poult. Sci. 2003, 82, 510–514.
[CrossRef]

21. Ha, Y.W.; Son, M.J.; Yun, K.S.; Kim, Y.S. Relationship between eggshell strength and keratan sulfate of eggshell membranes.
Comparative biochemistry and physiology. Part A Mol. Integr. Phys. 2007, 147, 1109–1115. [CrossRef] [PubMed]

22. Haefeli, M.; Elfering, A. Pain assessment. Eur. Spine J. 2006, 15 (Suppl. 1), S17–S24. [CrossRef] [PubMed]
23. Villanueva, I.; Guzman, I.M.M.; Toyos, F.J.; Ariza-Ariza, R.; Navarro, F. Relative efficiency and validity properties of a visual

analogue vs a categorical scaled version of the Western Ontario and McMaster Universities Osteoarthritis (WOMAC) Index:
Spanish versions. Osteoarthr. Cartil. 2004, 12, 225–231. [CrossRef] [PubMed]

24. Buysse, D.J.; Reynolds, C.F., 3rd; Monk, T.H.; Berman, S.R.; Kupfer, D.J. The Pittsburgh sleep quality index: A new instrument for
psychiatric practice and research. Psychiatry Res. 1989, 28, 193–213. [CrossRef]

9



nutrients

Article

The Combined Effects of Dietary Diversity and Frailty on
Mortality in Older Taiwanese People

Wei-Ching Huang 1,2, Yi-Chen Huang 3, Meei-Shyuan Lee 1,4, Jia-Yau Doong 5, Wen-Harn Pan 6

and Hsing-Yi Chang 1,2,*

1 Graduate Institute of Life Sciences, National Defense Medical Center, Taipei 114201, Taiwan
2 Institute of Population Health Sciences, National Health Research Institutes, Miaoli 35053, Taiwan
3 Department of Nutrition, China Medical University, Taichung 406040, Taiwan
4 School of Public Health, National Defense Medical Center, Taipei 114201, Taiwan
5 Department of Nutritional Science, Fu Jen Catholic University, New Taipei City 242062, Taiwan
6 Institute of Biomedical Sciences, Academia Sinica, Taipei 11529, Taiwan
* Correspondence: hsingyi@nhri.org.tw; Tel.: +886-037-206-166 (ext. 36333)

Abstract: Objective: To assess the prospective association between frailty and dietary diversity on
mortality. Method: This prospective cohort study used the 2005–2008 Nutrition and Health Survey
in Taiwan (N = 330; age ≥ 65 years) and this was linked to the Death Registry where we used the
data that was recorded up to 31 January 2020. Dietary intake information was assessed using a 24-h
dietary recall and food-frequency questionnaire, which were calculated a dietary diversity score
(DDS; range, 0–6) and food consumption frequency. Assessment of frailty phenotypes was based on
FRAIL scale which was proposed by the International Academy on Nutrition and Aging. Results:
Frail older adults had a higher risk of all-cause mortality when they were compared to those with
robust physiologies (hazard ratio [HR]: 3.73, 95% confidence interval [CI]: 2.13–6.52). Frailty and a
lower DDS were associated with a higher risk of mortality (joint adjusted HR: 2.30, 95% CI: 1.11–4.75)
which, compared with a robust physiology and higher DDS, were associated with a lower risk of
mortality. Conclusions: Frailty and a lower DDS were associated with a higher mortality. Prefrailty
and frailty with a higher DDS were associated with a lower risk of mortality when compared with
those with prefrailty and frailty and a lower DDS. These results suggest that eating a wide variety of
foods might reduce the risk of mortality in older adults with prefrailty and frailty.

Keywords: frailty; dietary diversity; mortality; older adults; Nutrition and Health Survey in Taiwan
(NAHSIT)

1. Introduction

Frailty is a medical and complicated geriatric syndrome that is characterized by
multisystem decline that is associated with decreased functional reserves and increased
vulnerability with aging [1]. Most studies define physical frailty by unintentional weight
loss, exhaustion, low physical activity, slowness, and low grip strength [2]. The possible
causes of frailty include physiological, genetic, environmental, and nutritional factors [1].
The results from a systematic review and meta-analysis reported that the prevalence of
frailty and prefrailty increases with age and it appears higher prevalence in upper middle-
income countries, among community-dwelling older adults [3]. With the rapid growth of
the older population, worldwide, frailty requires attention because those with this condition
are at a higher risk of falling, developing a disability, hospitalization, and mortality, and
they require more medical services [4].

Eating a healthy diet is an important non-pharmacological strategy for not only
preventing and improving the variety of non-communicable diseases but also promoting
independence, quality of life, and ultimately healthy aging [5,6]. Studies have explored
dietary patterns [7,8] and dietary quality and how they might affect health or mortality [9].
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A brief dietary measurement method that can predict general health or mortality would
be useful for public health nutrition programs and in a community-dwelling setting. The
dietary diversity score (DDS) is a dietary quality measurement method, which is a simple
and rapid tool that requires no devices or complicated measurements [9,10]. Older adults
with more dietary diversity usually have a better dietary nutrient and energy intake profile
as well as a lower mortality [9].

Our previous study showed that older adults with frailty had a lower dietary diversity,
and those with both had a higher risk of developing worsening cognitive function [11].
A Taiwanese cross-sectional study demonstrated that a dietary pattern with more fruit,
nuts and seeds, tea, vegetables, whole grains, shellfish, milk/yogurt/cheese, and fish was
associated with a reduced prevalence of frailty [12]. It is possible that the cause of frailty
might not just be due to the inadequate intake of individual nutrients or foods. Older adults
with a higher dietary diversity may have a reduced mortality that is related to cognitive
impairment [13], poor appetite [14], and diabetes mellitus [15]. Moreover, the results from a
prospective cohort study demonstrated that a poor diet quality may increase the incidence
of frailty [16], subsequently leading to a higher risk of mortality [17].

It is unknown whether dietary diversity can reduce the mortality that is associated
with frailty. Therefore, the aim of this study was to investigate the prospective associations
of dietary diversity and frailty severity to all-cause mortality in older adults.

2. Materials and Methods

2.1. Participants’ Data Sources

The data were obtained from the Nutrition and Health Survey in Taiwan (NAHSIT)
2005–2008; detailed information on the design and methods of this survey has been pub-
lished elsewhere [18]. A total of 968 older adults (aged ≥ 65 years) completed the household
interviews. There were 330 participants with a national identification (ID) number that
could be used to determine their survival status (Figure 1); participants were followed
up for a median of 11.7 years until 31 January 2020. All participants provided written
informed consent, and this study was approved by the Research Ethics Committee of the
National Health Research Institute (EC1080701-E; Miaoli, Taiwan).

Figure 1. Flow chart for participant selection.

2.2. Frailty

Frailty and prefrailty were assessed using the FRAIL scale to assess frailty which
was proposed by the International Academy on Nutrition and Aging [19]. It has been
validated in previous studies [20]. The FRAIL scale includes five criteria: fatigue, resistance,
ambulation, illnesses, and loss of weight [19]. Fatigue was measured by asking: “how
much of the time during the past four weeks have participants felt tired?” The responses
were measured from 1 (never) to 6 (all the time). Answers of 5 (most of the time) or 6 (all
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the time) were scored as 1; the other answers were scored as 0. Resistance was assessed
by asking the participants how difficult it was to climb a flight of stairs. Responses of
“Yes, limited a little or a lot” were scored as 1. Ambulation was assessed by asking the
participants about the difficulty that they have walking a one block distance. Responses of
“Yes, limited a lot” or “Yes, limited a little” were given a score of 1; the other responses were
scored as 0. Illnesses were assessed by asking the participants if a medical professional had
ever diagnosed them with any of the following illnesses: hypertension, cancer, diabetes,
chronic lung disease, heart disease, asthma, arthritis, stroke, or kidney disease. A report
of five or more illnesses received a score of 1. Weight loss was assessed by asking the
participants if they had lost >5% of their weight in the past year. However, there was no
equivalent variable that was available from the 2005–2008 NAHSIT database. Therefore,
in this study, loss of weight was assessed by the participants who reported unintentional
weight loss in the past month. Responses of “Yes” were given a score of 1. FRAIL scores
ranged from 0 to 5, and these indicated frail (3–5), prefrail (1–2), and robust (0) conditions.

2.3. Dietary Intake Information

Dietary information was obtained by issuing the 24-h dietary recall and simplified food
frequency questionnaire (FFQ). The 24-h dietary recall was used to estimate the nutrient
intake, and the data were used to calculate the DDS [21]. The FFQ contains questions on
the frequency of the consumption of 60 main food items per month/week/day during the
month prior to taking the questionnaire. The validation of a similar simplified FFQ was
previously reported. The Spearman rank correlation coefficients between the 24-h dietary
recall and FFQ data ranged from 0.132 (whole grain) to 0.678 (dairy) for men, and −0.052
(whole grain) to 0.759 (dairy) for women [22].

Dietary quality was assessed using the DDS [10]. It was derived from the 24-h dietary
recall of six food groups including dairy, soybeans/fish/eggs/meat, grain, fruit, vegetables,
and oil/fat/nuts, in accordance with the Taiwanese Food Guides, and yielded a total score
of 6 points. Achieving half of the recommended serving numbers per day of the six groups
was required for a score of one [9]. The method that was used to estimate the serving
numbers of the six food groups is provided in the Table S1. A DDS of >4 and ≤4 were
considered high and low dietary diversity [9], respectively.

2.4. Mortality

The National Death Registry data were obtained from the Health and Welfare Data
Science Center, Ministry of Health and Welfare. The 2005–2008 NAHSIT dataset of
330 participants with valid identification was linked to the National Death Registry to
determine the participants’ survival status; they were followed up until 31 January 2020.

2.5. Statistical Analysis

All data analyses were performed using SAS statistical software (version 9.4; SAS
Institute, Cary, NC, USA). Descriptive statistics are presented as the means ± standard
deviations (SDs) and percentages for continuous and categorical variables, respectively. We
evaluated the distribution of the differences within demographic and frailty severity by
employing the one-way analysis of variance and the chi-square test or Fisher’s exact test.
We calculated the follow-up time from the date of the interview to either the date of their
death or 31 January 2020. The Cox proportional hazards regression model was used to
evaluate the association between frailty severity and all-cause mortality, and the additional
analyses were in accordance with the DDS. However, the sample size was limited for frailty;
thus, to ensure that there was statistical power, we combined the categories of prefrailty
and frailty into “frailty status” in the joint effect analysis.

For all covariates except for body mass index (BMI), less than 6% of the values were
missing and all of them were imputed to the mode value (all covariates were categorical
variables). The proportion of missing values was high for BMI (34.5%). To avoid the
massive imputation for a non-negligible number of participants, the exclusion of those with
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missing data, or the introduction of a bias, we included a missing class into the models for
this variable.

3. Results

The baseline characteristics of the participants are shown by their frailty severity as
shown in Table 1. A total of 330 participants (180 men [54.5%] and 150 women [45.5%])
were included in this study, and the proportions of prefrailty and frailty were 36.1% and
5.8%, respectively. The distribution of frailty severity was similar to that of the original
dataset (Table S2). Frail older adults often had a lower education level, poorer perceived
health and sleep quality, and a higher number of drug treatments. Those with prefrailty
consumed a significantly higher proportion of dietary supplements. It is noteworthy that
when they were compared to those features of men, frail, older women had a higher BMI,
waist circumference, and hip circumference (all p < 0.05; Tables S3 and S4).

Table 1. Baseline characteristics by frailty severity among NAHSIT 2005–2008 older adults (n = 330).

Frailty Severity

Robust Prefrailty Frailty P-Trend

n, % 192 (58.2) 119 (36.1) 19 (5.8)
Gender, % 0.763

Men 56.3 52.1 52.6
Women 43.8 47.9 47.4

Age (years), % 71.8 ± 5.47 73.5 ± 2.20 73.7 ± 5.44 0.008
65–69 42.7 30.3 36.8 0.234
70–74 25.0 26.9 15.8
75–79 22.9 29.4 26.3
≥80 9.38 13.5 21.1

Education, % 0.048
Illiterate 19.8 26.9 36.8

Primary school 60.9 45.4 42.1
High school and above 19.3 27.7 21.1

Smoking, % 35.4 36.2 36.8 0.985
Drink alcohol, % 42.1 37.1 36.8 0.659

Enough money, % 0.811
More than enough 8.47 10.3 5.88

Just enough 56.6 50.0 52.9
difficult 34.9 36.7 41.2

Perceived health status, % <0.001
Good 34.2 24.4 0.00
Fair 54.6 42.6 17.7
Poor 11.2 33.0 82.4

Poor sleep quality, % 7.3 17.2 26.3 0.006
Number of diseases 2.03 ± 1.23 3.86 ± 2.20 5.84 ± 1.68 <0.001

Number of medicines 1.03 ± 1.03 2.06 ± 1.36 3.63 ± 1.95 <0.001
Cognitive impairment¶, % 15.3 22.4 31.6 0.342

Supplement use, % 43.3 62.2 36.8 0.002
BMI (kg/m2) 24.4 ± 3.17 24.6 ± 3.52 26.7 ± 5.48 0.181

Waist circumference (cm) 85.3 ± 10.1 86.2 ± 10.2 91.5 ± 9.11 0.106
Hip circumference (cm) 92.6 ± 6.48 93.4 ± 6.68 96.8 ± 9.70 0.080

DDS (score) 4.74 ± 0.97 4.61 ± 1.10 4.32 ± 1.16 0.069
Abbreviations: NAHSIT, Nutrition and Health Survey in Taiwan; BMI, body mass index; DDS: dietary di-
versity score. Categorical variables are presented as a percentage, and continuous variables are presented as
mean ± standard deviation (SD). General linear model regression and chi-square or Fisher’s exact tests were used
for continuous and categorical variables, respectively. Cognitive impairment¶ was defined by a short, portable
mental status questionnaire (SPMSQ) with ≥3 errors.

The DDS for robust, prefrail, and frail participants were 4.74 ± 0.97, 4.61 ± 1.10, and
4.32 ± 1.16, respectively, but it did not show a significant difference for frailty severity
in this study (p = 0.069). In addition, the mean consumption frequencies of egg, dairy
products, noodles products, breakfast cereals, vegetables, mushroom, fresh fruit, nuts and
seeds, poultry/livestock blood and other parts, and coffee increase with the DDS score.
Those with a lower DDS had consumed less dairy, vegetables and fruits (Table S5).

13



Nutrients 2022, 14, 3825

During the median follow up of 11.7 years, 148 cases of death were recorded in the
National Death Registry. Table 2 shows the associations between frailty severity and the
risk of all-cause mortality. The crude model shows that frail, older people had a higher
risk of mortality when it was compared with that of robust individuals (hazard ratio [HR]:
1.70, 95% confidence interval [CI]: 1.31–2.20). With adjustments for age and sex (Model
1), and additional adjustments for education level, smoking status, alcohol consumption,
monetary status, sleep status, cognitive function, dietary supplement use, number of drugs
that were being used (Model 2), DDS (Model 3), and perceived health status (Model 4), the
HR was 3.31 (1.60–6.84).

Table 2. Association between frailty severity and risk of all-cause mortality in 2005–2008 NAHSIT
older adults (n = 330).

Frailty Severity

Robust Prefrailty Frailty p-Value

All-cause mortality
Deceased/survival (n) 75/117 58/61 15/4

Crude 1.00 1.42 (1.01–2.00) 3.73 (2.13–6.52) <0.001
Model 1 1.00 1.30 (0.92–1.85) 3.80 (2.15–6.71) <0.001
Model 2 1.00 1.42 (0.98–2.07) 5.09 (2.63–9.84) <0.001
Model 3 1.00 1.42 (0.98–2.07) 5.10 (2.63–9.87) <0.001
Model 4 1.00 1.19 (0.80–1.78) 3.31 (1.60–6.84) 0.004

The Cox proportional hazards model was estimated for hazard ratios. Model 1: adjusted for age and sex.
Model 2: Model 1 plus education level, smoking status, alcohol consumption, monetary status, sleep status,
cognitive function, supplement use, and the number of drug treatments that were being used. Model 3: Model 2
plus DDS. Model 4: Model 3 plus BMI.

We merged the categories of prefrailty and frailty into ‘frailty status’ in the analysis.
The combined effects of frailty status and DDS (≤4 and >4) on all-cause mortality are
presented in Table 3. In Model 1, older adults with a frailty status and a lower DDS had
increased risks of mortality (HR: 2.01, 95% CI: 1.26–3.19) than those without frailty and a
diverse diet. Further adjustments for Model 2 and Model 3 covariates did not modify these
findings. Sensitivity analyses (adjusted for Model 1 covariates), excluding participants who
died in the first year of the follow up, provided similar results (HR: 2.25, 95% CI: 1.41–3.59;
p = 0.007 for mortality risk).

Table 3. Association between frailty status (combined prefrailty and frailty) stratified by DDS and
all-cause mortality in 2005–2008 NAHSIT older adults (n = 329).

Frailty Severity

Robust Prefrailty/Frailty

DDS > 4 DDS ≤ 4 DDS > 4 DDS ≤ 4 p-Value

All-cause mortality
Deceased/survival 44/79 31/37 39/43 34/22

Crude 1.00 1.27 (0.80–2.02) 1.50 (0.97–2.31) 2.25 (1.44–3.53) 0.004
Model 1 1.00 1.16 (0.72–1.85) 1.35 (0.88–2.09) 2.01 (1.26–3.19) 0.024
Model 2 1.00 1.05 (0.64–1.74) 1.56 (0.99–2.47) 1.79 (1.07–3.02) 0.062
Model 3 1.00 1.08 (0.54–2.19) 1.30 (0.72–3.74) 2.30 (1.11–4.75) 0.118

Cox proportional hazards model was estimated for hazard ratios. Model 1: adjusted for age and sex.
Model 2: adjusted additionally for education level, smoking status, alcohol consumption, monetary status,
sleep status, cognitive function, supplement use, and the number of drug treatments that were being used.
Model 3: Model 2 plus BMI.

4. Discussion

In this prospective cohort study, we found that frailty which was based on the FRAIL
scale definition can predict mortality among older Taiwanese people, and their survival
may be improved by having dietary diversity. Older adults with a frailty status and a lower
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DDS (DDS ≤ 4) had a higher risk of mortality when it was compared with that of robust
adults or those with a frail status and a higher DDS (DDS > 4).

The systematic review and meta-analysis showed that the FRAIL scale can effectively
identify frailty severity and predict disability among community-dwelling middle-aged
and older people [23]. However, mortality studies on frailty and its severity are still
limited [24]. We found that the FRAIL scale can predict the risk of mortality, and these
findings did not change after adjustments were made for several covariates. In addition,
the prevalence of prefrailty and frailty was 35.8% and 3.9%, respectively, among NAHSIT
2005–2008 participants (Table S2). Our previous study used representative data from the
2014–2016 NAHSIT of 1115 participants (aged ≥ 65 years), and found that the prevalence
of prefrailty and frailty was 37.3% and 6.2%, respectively [11]. These results demonstrate
that the prevalence of prefrailty and frailty is on the rise in Taiwan, and thus, it needs
special attention.

We conducted the analysis by sex and found that frail, older women, but not men,
had a higher BMI. These findings were consistent with a French longitudinal study of
1593 non-institutionalized older people that were aged ≥65 years. The results demonstrated
that older women were approximately 2-fold more likely to be frail when they were obese,
but there was no such correlation in men [25]. Moreover, a higher BMI was inversely
associated with skeletal muscle mass, muscle strength, and bone mass, which may have
been due to adipose tissue involvement in the complex bone-muscle interaction [26].
Therefore, older adults should maintain both a stable weight (BMI 24–26.9 kg/m2) and also
skeletal muscle mass to prevent frailty and subsequent disability and mortality [27,28].

In a Japanese prospective cohort study of 666 community-dwelling older adults, a
“sugar and fat” dietary pattern had a positive association with frailty [29]. The consumption
of a high sugar or fat diet has been shown to increase mitochondrial dysfunction and
inflammation [30]. It may increase proteolysis and reduce skeletal muscle protein synthesis,
and further reduce muscle function and strength [31]. Frailty may be the result of tissue
damage that is caused by a poor antioxidant ability [32]. It has been suggested that frail,
older adults tend to have a poor appetite or anorexia [33]. These diets were characterized by
reducing the intake of certain food groups (e.g., protein-rich food and fruit and vegetables),
and these adults often have a lower DDS, which typically infers the consumption of higher
amounts of sugar and fat (e.g., refined foods and fatty meats) [14,33,34]. These aging-related
overall dietary quality changes may increase the risk of frailty [16,35] and mortality [14,36].

The consumption of a single food or supplement alone cannot improve frailty [37].
Studies have been shown that dietary diversity is inversely associated with frailty [11,38].
Also, dietary interventions have been shown to improve frailty severity, which when they
are combined with resistance training, lead to a great improvement in frailty severity [39].
Antioxidant polysaccharides from food sources such as vegetables, fruits, cereals, beans,
mushrooms, tea, milk products, and shellfish are associated with antioxidant function [40].
Moreover, in this study, older adults with a higher DDS demonstrated a higher consump-
tion frequency of vegetables, fruit, cereals, dairy products, and mushrooms (Table S5).
Nevertheless, we did not find an association between dietary diversity and frailty severity
in this cross-sectional study, but the DDS showed that there is a long-term protective effect.
This study had some limitations. First, frailty and dietary data were collected at a baseline,
which cannot assess the effects of the changes that occur or determine the causality of frailty.
Second, we used one 24-h dietary recall test to measure the DDS, which may not completely
capture the long-term DDS. Therefore, the composite responses from the FFQ were used
to support the validity of the DDS from one 24-h dietary recall test in this study of the
older adults. We have provided the distribution of food intake frequency as determined
by the DDS in the Table S5. Moreover, these estimates, even though there is less variation
in them, still illustrate our point, and the effect that they have may have been underesti-
mated. Third, only 330 people with a valid identification could be linked to mortality. The
information about mortality could be biased. The strength of this study is that it was a
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cohort study, with comprehensive socio-demographic characteristics as well as dietary and
nutritional information.

5. Conclusions

In this prospective study, older adults with frailty had an increased risk of mortality.
Higher dietary diversity might reduce the risk of mortality in older adults with prefrailty
and frailty. Dietary diversity has health benefits. Health promotion interventions should
emphasize the importance of eating a variety of foods, especially for older adults who tend
to have reduced food intakes, and especially for those with a lower DDS who consume less
dairy, vegetables and fruits. Further studies are needed to examine this association and
investigate whether combined dietary and exercise interventions can reduce frailty and
mortality in older adults.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu14183825/s1, Table S1: The definition of a serving for six food
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(n = 968); Table S3: Baseline characteristics by frailty severity among NAHSIT 2005–2008 older men
(n = 482); Table S4: Baseline characteristics by frailty severity among NAHSIT 2005–2008 older women
(n = 486); Table S5: Distributions of food intake frequency by DDS among NAHSIT 2005–2008 older adults
(n = 329).
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Abstract: As people get older, their nutritional status deteriorates, resulting in increased vulnerability
to chronic diseases. The adoption of a healthy lifestyle has been linked to improved health throughout
the aging process. The current study aimed to assess nutritional behaviors, dietary patterns, and
physical activity among middle-aged and older adults in Saudi Arabia. An electronic questionnaire
was completed between September and November 2021 by 419 participants aged 45 years and older.
Of those, 65% reported that nutrition was important to them and 19% stated that they were consuming
a healthy diet. Participants reported consuming an average of around 6 servings/week each of fruit
and vegetables, with mean intake scores of 5.92 ± 0.25 and 5.57 ± 0.22, respectively. It was reported
that around 3 servings/week of red meat, 4 servings/week of poultry, and 1 serving/week of fish
were consumed, with mean intake scores of 2.65 ± 0.13, 4.34 ± 0.16, and 1.36 ± 0.08, respectively.
Most of the participants (60%) reported being inactive. Middle-aged and older adults living in Saudi
Arabia have poor dietary patterns and nutritional behaviors. Education and guidance on nutrition
are needed for this population to help them improve their diet and lifestyle.

Keywords: older adults; middle-aged; nutrition behavior; dietary pattern; physical activity

1. Introduction

The percentage of the world’s population that is elderly is growing rapidly, and it is
expected that there will be 1.4 billion adults aged 60 years and over by 2050 [1]. According
to the United Nations 2021, in Saudi Arabia, the percentage of the country’s population
that is elderly increased from 4.5% in 2010 to 5.9% in 2020, and this is estimated to further
increase in the coming years [2]. This ageing of the population comes with challenges that
need to be considered by governments and health services, including an increased risk of
chronic illnesses and co-morbidities, and consequent increased healthcare costs.

As people get older, their nutritional status deteriorates as a result of several physio-
logical and social age-related changes. Deteriorated digestive function, loss of muscle mass,
impaired functional status, loss of appetite, poor oral health, depression, social isolation,
and poor economic status are some examples of changes that often accompany aging,
which, in turn, result in poor health outcomes such as increased vulnerability to chronic
diseases, infections, physical disability, and cognitive impairments [1,3,4]. Healthy aging
refers to the maintenance of physical and cognitive health with a reduced risk of chronic
diseases with aging [5]. The link between a healthy lifestyle and healthy aging has recently
been extensively studied [6,7]. The adoption of healthy habits such as the consumption of
a balanced diet and engagement in physical activity has been shown to be associated with
improved overall health and functional capacity in old age [8].

The quality of one’s diet is one of the key factors that can be modified to prevent the
development of chronic diseases with aging. A previous study that assessed the intake of
Saudi adults aged 15 and older showed that only a small percentage of the Saudi population
met the Saudi dietary guidelines [9]. However, there is still a paucity of studies that assess
the dietary behavior of middle-aged and older adults’ in Saudi Arabia. Therefore, to help
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fill this gap in the research, the current study aims to assess nutritional behaviors, dietary
patterns, and physical activity in middle-aged and older adults in Saudi Arabia.

2. Materials and Methods

2.1. Study Design

This cross-sectional study was approved by the Unit of the Biomedical Ethics Research
Committee at King Abdulaziz University (Jeddah, Saudi Arabia) (reference no. 426-21). A
convenience sample of 419 participants was recruited electronically and asked to complete
an online questionnaire. All study participants gave their consent to participate in this
study at the beginning of the online questionnaire.

2.2. Participants and Recruitment

The inclusion criteria were being a male or female citizen or resident of Saudi Arabia
aged ≥45 years or older. Between September and November 2021, the study participants
completed an electronic questionnaire. The questionnaire was created via Microsoft Forms,
version Microsoft 365 (Microsoft Corporation, Redmond, WA, USA) and distributed on
WhatsApp (Facebook, Inc., Menlo Park, CA, USA) and Twitter (Twitter, Inc., San Francisco,
CA, USA). WhatsApp was used to share the questionnaire link with the authors’ relatives
and friends so that they could participate in the study and share the questionnaire link
with their own contacts. The study’s information and participation link were also posted
on Twitter, and to reach a wider group of people from various regions of Saudi Arabia, the
link to the questionnaire was promoted.

2.3. Questionnaire

This online questionnaire was intended to assess dietary and nutritional behaviors and
physical activity in middle-aged and older adults in Saudi Arabia. To improve the quality
of the questionnaire, three nutrition experts (MSc and PhD holders) reviewed the ques-
tionnaire in terms of relevance, clarity, simplicity, and ambiguity, and their comments on it
were taken into account. Modifications and changes that were made included correcting
linguistic and grammatical errors, rewording, and adding options to some questions regard-
ing participants’ sociodemographic characteristics and dietary patterns. For pre-testing,
the revised questionnaire was shared with four persons aged 45 and over (who were not
included in the main study) so that they could check the understandability of the questions
and answers, and they could assess the average time needed for completion. Changes
were then made based on the pre-testing’s feedback, including revising and reformulating
some questions and their options. As a result of these amendments, the final version of the
questionnaire, which needed around 15 min to complete, consisted of four main sections.
It was created and distributed in Arabic. Participants were provided with information
regarding the study at the beginning of the questionnaire, including the study’s main aims
and inclusion criteria, the confidentiality of the data being collected, and the expected time
needed to complete the questionnaire.

In section one, participants’ socio-demographic data were collected, including age,
gender, nationality, marital status, city of residence, work status, educational level, monthly
income, living status, presence of chronic disease, and smoking status. Participants’ an-
thropometric measurements, including self-reported weight in kilograms and height in
centimeters, were also collected. Both measurements were then used to determine their
body mass index (BMI).

In section two, participants were asked about how important nutrition was to them
and to rate the healthfulness of their diet by selecting one of the following options: im-
portant/healthy, somewhat important/somewhat healthy, or not important/not healthy.
Questions about whether they received any dietary advice or information related to dietary
intake and the source of the advice were also included. Regarding nutrition facts labels,
participants were asked about how frequently they read such labels when buying new food
products and, if they indicated that they did not read them, why not.
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In section three, participants were asked about their consumption of certain food
groups, including starch, fruits, vegetables, milk and dairy products, red meat, poultry,
fish, and legumes. For each food group, participants indicated the frequency of their
consumption of the group by choosing one of the following options: I do not eat it at all,
1–3 times/month, 1 time/week, 2 times/week, 3 times/week, 4 times/week, 5 times/week,
6 times/week, 1 time/day, or 2 or more times/day. Second, they were asked about the
estimated portion size they would eat each time they consumed a given food group and
were given the following answers to choose from: I do not eat it at all, <1 portion, 1 portion,
2 portions, 3–4 portions, or 5 or more portions. For each food group, participants were
provided with examples of food items and the estimated size of one portion (e.g., starch:
1/2 cup cereals or 1 slice bread or 1 potato; fruits: 1 fruit or 1/2 cup juice or dried fruits;
vegetables: 1 cup fresh or 1/2 cup cooked; milk and dairy products: 1 glass or cup or
1 slice of cheese; red meat/poultry/fish: 30 g; and legumes: 1 cup). To enable a better
understanding of the portion sizes, pictures of the size of one portion were given for each
food group.

In section four, participants were asked whether they performed physical activity.
They were also asked about the frequency and type of physical activity they performed per
week, and those who did not perform any type of physical activity were asked why not.

2.4. Data Analysis

The frequency of intake of each food group and the portion size consumed each
time a given food group was consumed were all converted to the number of servings
consumed per week. The frequency of the food groups’ intake data was coded as follows:
I do not eat it at all = 0, 1–3 times/month = 0.5, 1 time/week = 1, 2 times/week = 2,
3 times/week = 3, 4 times/week = 4, 5 times/week = 5, 6 times/week = 6, 1 time/day
= 7, or 2 or more times/day = 14. Data about the portion size consumed each time of
consumption were coded as the following: I do not eat it at all = 0, <1 portion = 0.5, 1
portion = 1, 2 portions = 2, 3–4 portions = 3, or 5 or more portions = 5. To obtain the number
of servings consumed each week, the scores of frequency were multiplied by the scores
of the consumed portion sizes. Then, the consumption of each food group was rated on a
7-point scale. A score of 0 was given when no consumption was reported, a score of 0.5
when <1 serving/week was reported, a score of 1 when 1 serving/week was reported, 2
for 2–3 servings/week, 4 for 4–6 servings/week, 7 for 7 servings/weeks or 1 serving/day,
and a score of 14 when ≥14 servings/week or more or ≥2 servings/day were reported.

2.5. Sample Size Calculation

The study sample size was computed by using Raosoft® software, version 2004 (www.
raosoft.com/samplesize.html) (Raosoft, Inc., Seattle, WA, USA) (accessed on 12 November
2021). The required sample size was calculated based on the population living in Saudi
Arabia (aged ≥45 years old) as reported by the Saudi General Authority for Statistics in
2020 [10]. The anticipated frequency is 50%, with a 95% confidence level, a 5% margin error,
and a design effect of 1; therefore, a minimum sample of 385 participants was required to
be enrolled.

2.6. Statistical Analysis

A statistical analysis was performed using Minitab® statistical software, version 19
(Penn State University, State College, PA, USA). The Anderson–Darling test was used to
evaluate the distribution of the variables. Categorical data were expressed as a number
and a percentage, and continuous data were expressed as mean and standard deviation.
Differences between categorical variables were assessed with the Chi-square test. The
Kruskal–Wallis test was used to test the differences between continuous variables. A
p value of <0.05 was considered to be statistically significant.
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3. Results

3.1. Characteristics of the Study Participants

This study’s questionnaire was completed by 419 participants. Table 1 presents the
general characteristics of the population studied. Forty-six percent of the participants were
aged 45–54 years old, 66% were males, 91% were Saudis, and 63% of them were from the
Western Region of Saudi Arabia. The majority of the participants were married (86%), lived
with others (62%), and received university-level education (61%). Forty-four percent of the
recruited participants were retired, while 38% of them were employed. Most of them had
monthly incomes higher than 10,000 Saudi riyals (66%).

Table 1. General characteristics of the study participants (n = 419) 1.

Variables N %

Age (years)

45–54 194 46
55–64 169 40
≥65 56 14

Mean ± SD 55.5 ± 7

Gender

Male 278 66
Female 141 34

Nationality

Saudi 382 91
Non-Saudi 2 37 9

Region

Western Region 262 63
Central Region 98 23
Eastern Region 33 8

Northern Region 9 2
Southern Region 17 4

Marital status

Single 24 6
Married 362 86
Divorced 21 5
Widower 12 3

Living situation

Living alone 158 38
Living with others 261 62

Education level

High school education or less 81 19
University education 253 61

Higher education 85 20

Work status

Employed 161 38
Freelance job 27 7

Retired 184 44
Unemployed 47 11
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Table 1. Cont.

Variables N %

Income (SR)

<2000 37 9
2000–5000 34 8
5000–7000 23 6

7000–10,000 48 11
>10,000 277 66

Main medical diagnosis

No diseases 153 37
Heart diseases 144 34

Respiratory disorders 25 6
Gastrointestinal diseases 29 7

Cancer 10 3
Renal disorders 9 2
Liver disorders 4 1

Diabetes 102 24
Iron deficiency anemia 19 4

Osteoporosis 29 7
Others 3 23 5

Smoking

Yes 93 22
No 257 61

Ex-smoker 69 17

BMI category 4

Underweight 4 1
Normal 84 20

Overweight 171 41
Obese 160 38

1 Data presented as number and percentage. 2 Non-Saudis including Egyptian, Palestinian, Yemeni, Sudanese,
and Jordanian. 3 Other diseases including hypothyroidism, gout, and multiple sclerosis. 4 Self-reported weight
and height used to calculate the BMI. The BMI categories are underweight (<18.5 kg/m2), normal weight
(18.5–24.9 kg/m2), overweight (25.0–29.9 kg/m2), and obese (≥30 kg/m2). Abbreviations: SD, standard deviation;
SR, Saudi Riyals; BMI, body mass index.

Regarding the participants’ main medical diagnoses, 37% reported that they were
not suffering from any medical disorder, and 34% reported that they had heart diseases.
Most of the participants were nonsmokers (61%). Forty-one percent of them reported being
overweight and thirty-eight percent being obese.

3.2. Dietary Behavior Self-Evaluation

The majority of the study participants (65%) reported that nutrition was important
to them. A significant difference was seen with monthly income (p < 0.05). However, no
differences were found with other variables. Regarding participants’ self-evaluation of
the healthfulness of their diet, most of them (66%) stated that their diet was somewhat
healthy and 19% stated that they were consuming a healthy diet. Significant differences
were seen with age and monthly income (p < 0.05), whereas other variables such as gender,
marital status, living situation, education, and work status showed no associations. The
participants’ nutrition behavior self-assessment is presented in Table 2.

Sixty percent of the study participants reported that they had received dietary advice
or information related to their dietary intake previously, with half of them (50%) stating that
the source of this advice was from a health specialist, including dietitians and physicians.
A quarter (25%) of those who reported that they had previously received dietary advice
indicated that the source of the advice was from social media platforms such as Instagram,
Twitter, Snapchat, and Facebook (Figure 1).
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Table 2. Nutrition behavior self-assessment (n = 419) 1.

Variables
How Important is Nutrition for You?

How Would You Rate the Healthfulness of Your
Overall Diet?

Important
Somewhat
Important

Not Important Healthy
Somewhat

Healthy
Not Healthy

Total (%) 65 30 5 19 66 15

Age (years)

45–54 122 (29) 59 (14) 13 (3) 30 (7) 125 (30) 39 (9)
55–64 110 (26) 52 (12) 7 (2) 38 (9) 116 (28) 15 (4)
≥65 40 (10) 15 (4) 1 (0) 14 (3) 34 (8) 8 (2)

p-value 0.517 0.022

Gender

Male 184 (44) 84 (20) 10 (2) 56 (13) 180 (43) 42 (10)
Female 88 (21) 42 (10) 11 (3) 26 (6) 95 (23) 20 (5)
p-value 0.173 0.865

Marital status

Single 14 (3) 8 (2) 2 (0) 5 (1) 13 (3) 6 (1)
Married 239 (57) 108 (26) 15 (4) 72 (17) 240 (57) 50 (12)
Divorced 9 (2) 9 (2) 3 (1) 5 (1) 12 (3) 4 (1)
Widower 10 (3) 1 (0) 1 (0) 0 (0) 10 (3) 2 (1)
p-value 0.090 0.412

Living situation

Living alone 101 (24) 52 (12) 5 (1) 29 (7) 110 (26) 19 (5)
Living with others 171 (41) 74 (18) 16 (4) 53 (12) 165 (40) 43 (10)

p-value 0.294 0.346

Education

High school or less 51 (12) 24 (6) 6 (3) 18 (4) 51 (12) 12 (3)
University education 160 (38) 79 (19) 14 (2) 46 (11) 168 (40) 39 (9)

Higher education 61 (15) 23 (5) 1 (0) 18 (4) 56 (14) 11 (3)
p-value 0.319 0.906

Work status

Employed 107 (26) 45 (11) 9 (2) 27 (6) 105 (25) 29 (7)
Freelance Job 18 (4) 9 (2) 0 (0) 6 (2) 17 (4) 4 (1)

Retired 120 (29) 56 (13) 8 (2) 39 (9) 122 (29) 23 (5)
Unemployed 27 (6) 16 (4) 4 (1) 10 (2) 31 (8) 6 (2)

p-value 0.698 0.806

Income (SR)

<2000 19 (5) 14 (3) 4 (1) 10 (2) 22 (5) 5 (1)
2000–5000 22 (5) 8 (2) 4 (1) 7 (1) 20 (5) 7 (2)
5000–7000 14 (3) 8 (2) 1 (1) 3 (1) 13 (3) 7 (2)

7000–10,000 26 (6) 16 (4) 6 (1) 4 (1) 32 (8) 12 (3)
>10,000 191 (46) 80 (19) 6 (1) 58 (14) 188 (45) 31 (7)
p-value 0.011 0.038

BMI category 2

Underweight 2 (0) 2 (0) 0 (0) 0 (0) 2 (0) 2 (0)
Normal weight 53 (13) 26 (6) 5 (1) 23 (5) 54 (13) 7 (2)

Overweight 110 (26) 53 (13) 8 (2) 35 (8) 115 (28) 21 (5)
Obese 107 (26) 45 (11) 8 (2) 24 (6) 104 (25) 32 (8)

p-value 0.959 0.068
1 Data presented as number and percentage. 2 Self-reported weight and height used to calculate the BMI. The
BMI categories are underweight (<18.5 kg/m2), normal weight (18.5–24.9 kg/m2), overweight (25.0–29.9 kg/m2),
and obese (≥30 kg/m2). Differences between the three groups were assessed via Chi-square test. Abbreviations:
SR, Saudi Riyals; BMI, body mass index.
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Figure 1. Participants’ sources of dietary advice (n = 252).

Regarding reading nutrition facts labels when buying new food products, around half
of the participants (51%) stated that they did not read the labels. Unclear fonts and designs
and a lack of interest in knowing the nutritional content of food products were two of the
most common reasons reported for not reading the nutrition facts label (Figure 2). For
those who stated that they read the labels (49%), 53% of them said that they read it most of
the time, 29% that they sometimes read it, and only 18% that they always read the labels.

Figure 2. Reasons for not reading nutrition facts labels (n = 419).

3.3. Dietary Intake Assessment

Table 3 shows the scores of the weekly intake of different food groups based on the
frequency and quantity consumed. Across all study participants, the mean score for starch
intake per week was 8.09 ± 0.24. There were no variables associated with starch intake
(p > 0.05). With regard to fruits, the total mean score of weekly intake was 5.92 ± 0.25.
Age, living situation, work status, and income were significantly associated with fruit
consumption (p < 0.05). The mean score of vegetable intake was 5.57 ± 0.22, with age and
gender being the variables associated with vegetable intake (p < 0.05). The total mean
score of weekly intake of milk and dairy product was 5.56 ± 0.23. There were no variables
associated with intake of milk and dairy products (p > 0.05). In terms of intake of red meat
and poultry, the mean weekly intake scores were 2.65 ± 0.13 and 4.34 ± 0.16, respectively.
Gender, marital status, work status, and income were variables associated with red meat
and poultry intakes (p < 0.05). The mean score for weekly fish intake was 1.36 ± 0.08. Age,
gender, marital status, work status, and income were all significantly associated with fish
intake (p < 0.01). With regard to legumes, the total mean score of the intake per week was
2.03 ± 0.12. Gender and income were the variables that were found to be significantly
associated with legume intake (p < 0.05).
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3.4. Physical Activity Assessment

Out of 419 participants, 167 (40%) reported that they performed physical activity, with
97 participants (58%) performing physical activity at least 5 times a week. Different types
of physical activity were performed by the study participants, including walking (69%),
swimming (9%), resistance exercise (6%), cardio exercise (4%), cycling (3%), running (3%),
yoga (2%), and other types of physical activities (4%), such as football and dancing. For
those who reported not performing physical activity (60%), the majority of them (27%)
stated that they did not have any specific reason for not performing physical activity
(Figure 3).

Figure 3. Reasons for not performing physical activity (n = 252).

4. Discussion

The association between diet and health status among older adults has been exten-
sively assessed in previous studies. It has been shown that nutrition plays an important
role in promoting health and preventing disease in this population [11]. However, in Saudi
Arabia, the nutritional and dietary behaviors of middle-aged and older adults are not well
identified. Hence, conducting this study is an important initial step to better understand
the dietary patterns and behaviors of this population group, and will allow the influence of
diet on the development of diseases to be better assessed in the future. Overall, the current
study has shown that middle-aged and older adults living in Saudi Arabia are adopting
poor dietary patterns and nutritional behaviors.

The majority of this study’s participants (95%) reported that nutrition and consuming
a healthy diet were important or somewhat important to them, and a large percentage
(85%) rated the healthfulness of their diet as healthy or somewhat healthy. Similarly, Gille
et al., who assessed eating patterns and behavior in the Swiss middle-aged and elderly
population, reported that 96% of the participants said that nutrition and healthy eating
were important to them, with the majority overrating their diet as healthy [12].

Most participants in this study reported that they had previously received dietary
advice and reported that dietitians and physicians were the first ones to be consulted in the
event of any dietary concern. Dietitians are known for their experience in nutrition and
dietetics and their extensive knowledge and training in this regard, and, as such, they were
expected by the public to be the first source of dietary advice [13]. Consistent with previous
studies, health professionals have been shown to be the most preferred source of dietary
advice [14,15]. Recent studies have reported the increased use of social media platforms for
health information [16,17]. Although people usually perceive the lack of accuracy in the
information obtained from the internet and social media, speed, cheapness, and ease of
access could be potential factors for those looking for nutrition information [18]. This is
in line with the current study’s findings, which showed that a quarter of the participants
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accessed nutritional information by the use of social media platforms. These results suggest
the importance of adopting new strategies to provide appropriate nutrition information by
health professionals. For instance, virtual consultations can be used by dietitians as a more
convenient and quick approach in place of face-to-face appointments.

Around half of the participants in the present study reported reading nutrition facts
labels when buying new food items, with only 18% of those stating that they always read
them. In contrast, a recent study was conducted among Saudi adults aged 18 years and over
that showed that 62% of the studied population reported using nutrition facts labels when
buying food products [19]. A possible explanation for the lower percentage of nutrition fact
label usage in this study is due to the age of the recruited participants. In fact, 54% of this
study participants were aged 55 years old and older, while the majority of the other study
participants were younger, with only 7% of them aged 56 years or older. The influence
of aging could be one of the factors that affect participants’ ability to understand or to
interpret the information provided in the labels, which, in turn, will reduce the use of the
information of food labels [20]. The present study supports this explanation and showed
that unclear fonts and designs and difficulty in understanding the content of nutrition facts
labels limited the use of the nutrition facts labels by a large number of the participants. This
highlights the need to use other formats that might enhance consumers’ comprehension
of the information provided on nutrition facts labels. Additionally, campaigns to increase
awareness of how to use the information provided in the labels could be conducted, thereby
guiding the consumer toward healthier and better food choices.

One of the main aims of the current study was to assess the dietary patterns of the study
population based on the frequency and quantity of consumption of different food groups.
This study showed that the average fruit and vegetable consumption was six servings
a week each, which is much lower than the intake recommended by the World Health
Organization (WHO), which recommends at least five servings of fruits and vegetables to
be consumed on a daily basis [21]. The low consumption of fruits and vegetables in this
study population could be due to several barriers that might affect their consumption rates
as they age. These factors include social isolation, poor dental health, and increased disease
susceptibility [22]. Age was one of the factors affecting the consumption of fruits and
vegetables in this study, with higher intakes at older ages. Similarly, it has been previously
shown that individuals tend to increase their fruit and vegetable consumption as they
age [22–24]. Fruits in Saudi Arabia are costly, and this could deter a large number of the
population from purchasing fruits on a regular basis, particularly those with low monthly
incomes [9,25]. This was reported in this study, where those with an income of higher
than 10,000 riyals per month (around $2600), consumed significantly more servings of
fruits compared with those with a lower income. An American study that assessed the
effect of income on older adults’ eating patterns showed that those with low and medium
incomes consumed significantly fewer fruits than those with higher incomes [26]. For that
reason, it was previously estimated that increased income along with reduced fruit prices
would likely lead to an increase in the rate of fruit consumption in the world’s elderly
population [27].

Recent studies have highlighted the importance of protein adequacy for preserving
muscle mass and function [28]. However, the adverse impact of meat overconsumption,
red meat in particular, has been reported and it has been shown that moderation is the
key for healthy aging [29]. Participants in this study exceeded the WHO-recommended
weekly intake of red meat and poultry [21] while fish intake was below the WHO’s recom-
mendations with an average weekly intake of three servings of red meat, four servings of
poultry, and one serving of fish. Gender significantly influenced red meat, poultry, and
fish consumption in the current study, with higher scores for men. This finding is in line
with Saudi studies that have assessed dietary pattern in Saudi adults and shown that red
meat and fish consumption was higher in men compared to women [9,30]. This could be
explained by the fact that women often show greater dietary knowledge and therefore
make better food choices than men [31,32]. Moreover, intakes of red meat, poultry, and
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fish were influenced by other factors in this study population, including monthly income.
The average consumption was higher in those with higher monthly incomes, and this was
similarly reported previously [33,34].

In Saudi Arabia, the prevalence of inactivity has always been a challenge to public
health, as was shown in a study that assessed the performance of physical activity among
adults aged 15 years old and over living in Saudi Arabia and showed that performance of
physical activity was low and decreased with age, with around 88% of the population aged
45 and over reporting being inactive [35]. The present study supports this finding, showing
a low level of physical activity, with 60% of the study participants stating that they did not
perform physical activity.

Despite the importance of the present study in providing insight into nutritional
behaviors and dietary patterns in middle-aged and older adults in Saudi Arabia, the
study has some limitations. To allow for larger sample size recruitment and to obtain
responses from various demographic populations, data in the current study were collected
by distributing the questionnaire electronically. However, this approach could introduce
a slight bias in the study results as it might not represent the actual sociodemographic
structure of the entire population in Saudi Arabia. Another limitation is that participants in
this study were asked to self-report the frequencies and quantities of different food groups’
intake rather than measuring the actual dietary intake, and this could increase the chance
of intake misreporting.

5. Conclusions

Adopting healthy habits has been linked with improved health and wellbeing as
people get older. Middle-aged and older adults living in Saudi Arabia seem to have poor
dietary patterns and nutritional behaviors. While the majority of this study population
considered nutrition to be important to them, a great percentage of them reported not
using nutrition facts labels, having poor consumption levels of fruits, vegetables, fish,
and legumes, and engaging in little physical activity. Therefore, implementing effective
strategies to enhance knowledge of the importance of nutrition among the older population
is needed. Nutrition education and guidance are warranted for middle-aged and older
adults to help them improve their dietary choices and overall lifestyles as they get older.
Likewise, there is a need for further studies assessing the actual dietary intake of different
food group populations in Saudi Arabia with larger sample sizes, as well as comparisons
with Saudi dietary recommendations.
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Abstract: This study aimed to develop and test a causal relationship among perceived self-efficacy
(PSE), health literacy (HL), access to COVID-19 preventive material (ACPM), social networks (SN),
and health-promoting behaviors (HPBs). Multistage stratified random sampling was used to recruit
250 older adults with noncommunicable diseases (NCDs) from Thai urban and rural communities.
The data were collected with self-reported questionnaires. Data analyses used descriptive statistics
and structural equation modeling. The results indicated that participants in urban communities had
higher PSE, ACPM, HL, SN, and HPBs than rural participants. The fitness parameters of the modified
model (χ2 = 71.936, df = 58, p-value = 0.103, χ2/df = 1.240; root mean square error of approximation
(RMSEA) = 0.031; standardized root mean square residual (SRMR) = 0.042; goodness of fit index
(GFI) = 0.964; normed-fit index (NFI) = 0.964; comparative fit index (CFI) = 0.993) indicated its suitabil-
ity as the research model. HPBs were directly positively influenced by PSE (β = 0.40, p < 0.001), ACPM
(β = 0.24, p < 0.001), HL (β = 0.19, p < 0.01), and SN (β = 0.01, p < 0.05). Therefore, taking all predicting
variables together could explain 81.0% of the variance in HPBs. Multidisciplinary healthcare teams
could use these findings to establish proper interventions or healthcare activities to increase HPBs
among older adults, particularly in this era of the “new normal”.

Keywords: COVID-19 pandemic; health-promoting behaviors; older adults; nutrition; NCDs

1. Introduction

The coronavirus disease 2019 (COVID-19) began a pandemic at the end of December
2019 and has caused severe damage to cities around the world [1]. Vaccination with the
accelerated COVID-19 vaccine has been mandated worldwide to prevent the spread of
COVID-19 [2,3]. However, the development and spread of the Delta and Omicron vari-
ants of COVID-19 could reduce the effectiveness of the vaccine and jeopardize efforts to
contain the pandemic [4,5]. After approximately 3 years, 642 million people have had
confirmed cases of COVID-19, and there have been 6.62 million deaths across the globe. In
Thailand, there has been a cumulative total of 4.7 million people with confirmed cases and
33,285 deaths due to COVID-19 [6]. Since it began, the COVID-19 pandemic has had an im-
pact on all people and in diverse areas, including the economy, society, and
health-related well-being [7].

Numerous studies have found that older adults were disproportionately affected by
COVID-19 during the global Omicron wave [8]. Older adult populations were regarded as
being at greater risk of developing serious illness from COVID-19 than were younger peo-
ple [9]. Prior risk analyses also revealed that older adults with noncommunicable diseases
(NCDs), such as chronic kidney disease, diabetes, cancer, and heart conditions, might be
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more susceptible to developing severe illness [9]. However, several countries, including
Thailand, have attempted to prevent and control the spread of COVID-19 by promoting
healthy lifestyle behaviors, such as hand washing, mask wearing, social distancing, and
avoiding crowded places [10]. In the “new normal” of the post-COVID-19 period, the Thai
government has helped people realize that healthy lifestyles are the key to resilience in the
fight against COVID-19 and numerous other health threats [10]. Health promotion aims to
improve the health of all generations at all times, rather than just focusing on emergencies;
however, COVID-19 may aid in driving the message home [11].

Health-promoting behaviors (HPBs) are particularly important for older adults with
NCDs because they are effective methods of maintaining appropriate self-care. They also
actively promote health-related well-being and better quality of life [12]. Pender’s health
promotion model is regarded as an essential tool for determining health status, preventing
disease, and enhancing health and well-being throughout a person’s lifetime [13], especially
for epidemic control measures (e.g., social distancing, self-isolating, or home-sheltering)
that disrupt the delivery of various types of health services. A global survey by the World
Health Organization revealed that health treatments and prevention services for people
with NCDs were significantly reduced or discontinued due to the COVID-19 pandemic [14].
A sustained and prolonged epidemic may affect HPBs, thereby diminishing the efficacy
of COVID-19 controls and making it more difficult to maintain the lifestyles and well-
being of older adults with NCDs [15,16]. These factors related to recent events have led
to older adults becoming more aware of individual and public health. Improving HPBs
by maintaining good health through stress management and a diet of foods that boost
immunity can help protect this population from contracting this and other viruses.

Although several studies assessed HPBs during the first and second waves of the
COVID-19 outbreak, most previous studies focused on the HPBs of hospitalized pa-
tients [17] and community-dwelling older adults [12,18]. Empirically, prior studies re-
ported that factors associated with HPBs among older adults include perceived self-
efficacy (PSE) [12,19], health literacy (HL) [20,21], access to COVID-19 preventive material
(ACPM) [20], and social networks (SN) [18]. Consequently, these elements need to be ac-
counted for when considering HPBs among this population. To the best of our knowledge,
no study has captured any causal relationships or conducted a comparative study of urban
and rural communities of older adults with NCDs with regard to HPBs in the new normal
post-COVID-19 period. Consequently, this gap must be filled through the discernment of
a causal relationship of HPBs that addresses these specific variables in older adults with
NCDs. We selected the factors that can be modified by healthcare providers, including
PSE, HL, ACPM, and SN, as the influencing factors of HPBs. With those selections, this
study aimed to compare these variables between rural and urban older adults with NCDs
as well as develop and test a hypothesized causal model of HPBs among older adults
with NCDs who lived in rural and urban Thai communities post-COVID-19. In this new
normal, it is necessary to have a better understanding of these factors and how they affect
HPBs and other people, especially when there are differences, in order to guide and es-
tablish interventions that improve health and well-being among older adults in different
residential areas.

2. Materials and Methods

2.1. Research Design

The cross-sectional research design allowed this study to determine the consistency
of the causal relationship model for PSE, HL, ACPM, SN, and HPBs using empirical
data and examine the effects of these factors on HPBs among older adults with NCDs
(see Figure 1). The data from “Determinants of the Health-Promoting Behaviors among
Community-Dwelling Older Adults with Non-Communicable Diseases during the New
Normal Post-COVID-19 Era” was used to obtain the aims of the present study.
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Figure 1. Research framework for the study.

2.2. Setting and Participants

Thailand defines an older adult as a person aged 60 years or older [22], and the urban
and rural communities are classified according to residential areas [23]. The participants
in this study were older adults with NCDs from Ubon Ratchathani city municipality
(urban communities) and Huaruea and Nong Khon sub-districts (rural communities) in
Ubon Ratchathani province in northeast Thailand and were recruited for this study via
multistage stratified and simple random sampling selections. The study sample com-
prised (1) Thai older adults aged 60 years or more who had been (2) diagnosed with
one or more NCD (i.e., vascular disease, heart disease, chronic obstructive pulmonary
disease, diabetes, hypertension, cancer, and obesity) and (3) who could understand and
communicate in Thai. Participants who were unable to complete the questionnaire due to
visual/sensory/auditory abnormalities or who were unwilling to participate in this study
were excluded. The number of possible sample sizes needed for a study with the structural
equation model ranges from 100 to 800 [24]. We determined a suitable sample size using
G*Power software version 3.1.9 [25] and determined that the effect size was 0.15 [26], with
an alpha level of 0.05 and a power of 0.80. We added 30% to counterbalance any incomplete
questionnaires and missing data, resulting in a final sample size of 250.

2.3. Research Instruments

The following six research instruments were used to collect the data:
Sociodemographic Data Form. This form, developed by the researchers, included four

multiple choice or open-ended questions asking about the participant’s age, sex, monthly
income, and type of NCD.

Health Literacy Scale (HLS). This measure was originally developed in Thai by the
Health Education Division [27]. It comprises 10 items, and each item is answered on a
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4-point ratings scale, with scores ranging from 1 (strongly disagree) to 5 (strongly agree).
The total score is 10–50, and mean scores are divided into four levels: bad (10–19), fair
(20–29), good (30–39), and very good (40–50), with higher scores indicating higher levels of
literacy on health [27]. The psychometric properties of the HLS were tested and found to be
valid and reliable [27]; the Cronbach’s alpha coefficient of this scale was 0.90 for this study.

Lubben Social Network Scale (LSNS-6). This measure was originally developed by
Lubben et al. [28] and comprises six items with two subscales: family and friendships. Each
item is answered on a 6-point rating scale with scores ranging from 0 (none) to 5 (9 or more).
The total score is 0–30, and mean scores are divided into two levels: social isolation (0–12)
and social engagement (13–30), with higher scores indicating more social engagement [28].
After the construct validity of the LSNS-6 was tested using confirmatory factor analysis
(CFA), six items with two subscales remained and fit with the empirical data [28]. The
Cronbach’s alpha coefficient of the LSNS-6 in this study was 0.88.

Self-Rated Abilities Scale for Health Practice (SRAHP). This measure was originally
developed by Becker et al. [29]. It comprises 28 items with 4 subscales: nutrition, stress
management, exercise, and health practice. Each item is answered on a 5-point ratings
scale, with scores ranging from 0 (not at all) to 4 (completely). The total score is 0–112, and
mean scores are divided into three levels: low (0–37), fair (38–74), and high (75–112), with
higher scores indicating a higher level of self-efficacy [29]. After the construct validity of
SRAHP was tested using CFA, four factors remained and fit with the empirical data [29].
The Cronbach’s alpha coefficient of SRAHP in this study was 0.95.

Access to COVID-19 Preventive Materials (ACPMS). This measure was originally
developed in Thai by Yodmai et al. [20]. It comprises 5 items, with each item answered on a
3-point rating scale. Scores range from 0 (no or not sure) to 1 (yes), with a total score range
of 0–5. The mean scores are divided into two levels: bad (0–2) and good (3–5), with higher
scores indicating greater access to COVID-19 preventive materials [20]. Psychometric
properties of ACPMS were tested and found valid and reliable [20]. The Cronbach’s alpha
coefficient of ACPMS in this study was 0.76.

Health-Promoting Behaviors Scale (HPBS). This measure was originally developed by
the Thai Health Education Division [27]. It comprises 19 items with 7 subscales: nutrition,
exercise, smoking, alcohol drinking, stress management, rational drug use, and preventing
COVID-19 infection. Each item is answered on a 5-point rating scale, with scores ranging
from with 1 (not at all) to 5 (completely). The scores of HPBs are divided into four levels:
bad (<60%), fair (60–69%), good (70–80%), and very good (>80%), with higher scores
represent more HPBs. The Cronbach’s alpha coefficient of HPBS in this study was 0.75.

2.4. Data Collection

After submitting the required permission to participate and informed consent, eligible
participants were able to access the self-reported questionnaire between 10 September
and 10 November 2022 during the “new normal” post-COVID-19 era. Participants took
approximately 30–40 min to answer all of the questions, and a total of 250 participants
completed the questionnaire (100%).

2.5. Data Analyses

Statistical Package for Social Sciences (SPSS) version 25.0 and AMOS (analysis of
moment structure) software were used for data analyses. The demographic data and all
variables were assessed using descriptive statistics. Pearson’s correlation and Spearman’s
rank correlation coefficient were used to examine the relationships between the measured
variables. The independent t-test was used to compare the differences between rural and
urban older adults with NCDs with regard to PSE, HL, ACPM, SN, and HPBs. Additionally,
a structural equation model (SEM) was used to determine the causal relationships. Prior to
the data analysis, all relevant assumptions were met. The fit of the hypothesized model was
assessed based on several criteria, including (a) chi-square test (χ2, p > 0.05); (b) normed
chi-square (χ2/df ) with the desired value of <3; (c) the value of the root mean square

36



Nutrients 2023, 15, 101

error of approximation (RMSEA), which was ≤0.05; (d) the value of the comparative fit
index (CFI), which was ≥0.90; (e) the normed-fit index (NFI), which was ≥ 0.90; (f) the
value of standardized root mean square residual (SRMR), which was ≤0.08; and (g) the
goodness-of-fit index (GFI), which was ≥0.90 [30]. The significance level was set at p < 0.05
for all analyses.

3. Results

3.1. Characteristics of Participants

The demographic data for the 250 participants revealed the following: 63.60% were
female, 52.80% were aged 60–69 years (mean = 69.61, SD ± 7.47), 82.80% were gener-
ally uniformly spread on monthly income of less than USD 143 (mean = USD 132.14,
SD ± 239.20), and 65.60% participants were living with hypertension. In addition, partici-
pants’ ages, education levels, and monthly income were positively significant with HPBs
(p < 0.05), as shown in Table 1.

Table 1. Participants’ demographic data.

Characteristic

Health-Promoting Behaviors

p-Value
Urban

(n = 125)
Rural

(n = 125)
Total

(n = 250)

n (%) n (%) n (%)

Sex
Female 92 (73.60) 67 (53.60) 159 (63.60) 0.446

Age (years): Mean ± SD 70.59 ± 7.44 68.63 ± 7.41 69.61 ± 7.47 0.018
60–69 55 (44.00) 77 (61.60) 132 (52.80)
70–79 54 (43.20) 34 (27.20) 88 (35.20)
>80 16 (12.80) 14 (11.20) 30 (12.00)

Monthly income (US dollars): Mean ±
SD 193.58 ± 321.05 70.69 ± 64.91 132.14 ± 239.20 0.026

<143 92 (73.60) 115 (92.00) 207 (82.80)
144–286 10 (8.00) 10 (8.00) 20 (8.00)
286–429 6 (4.80) 0 (0.00) 6 (2.40)

>430 17 (13.60) 0 (0.00) 17 (6.80)

Type of NCDs (Yes) * 0.176
Heart disease 9 (7.20) 11 (8.80) 20 (8.00)

Vascular disease 15 (12.00) 8 (6.40) 23 (9.20)
Diabetes 67 (53.60) 46 (36.80) 113 (45.20)

Hypertension 82 (65.60) 82 (65.60) 164 (65.60)
Cancer 1 (0.80) 1 (0.80) 2 (0.80)

Chronic obstructive pulmonary disease 0 (0.00) 3 (2.40) 3 (1.20)
Obesity 9 (7.20) 2 (16.0) 11 (4.40)

NCDs = noncommunicable diseases, SD = standard deviation. * This measure permitted multiple answers.

3.2. Perceived Self-Efficacy, Health Literacy, Access to COVID-19 Preventive Material, Social
Networks, and Health-Promoting Behaviors among Urban and Rural Older Adults with NCDs

In this study, the participants had high levels of PSE (mean = 76.48, SD ± 17.55),
and the SN indicated higher social engagement levels (mean = 15.08, SD ± 5.59). HL
(mean = 37.28, SD ± 6.37), ACPM (mean = 37.28, SD ± 6.37), and HPBs (mean = 67.44,
SD ± 7.51) were also all at good levels. In comparisons of the mean of PSE, HL, ACPM,
SN, and HPBs, it was found that PSE, HL, ACPM, SN, and HPBs were significantly higher
among participants who lived in urban communities than those in rural ones. We also
found that all domains of PSE and HPBs were significantly higher for urban dwellers than
rural respondents (see Table 2).
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Table 2. Perceived self-efficacy, health literacy, access to COVID-19 preventive material, social
networks, and health-promoting behaviors among urban and rural older adults with NCDs.

Variables Interpretation
Urban

(n = 125)
Rural

(n = 125)
Total

(n = 250) p-Value
Mean SD Mean SD Mean SD

Perceived self-efficacy (PSE) High 80.54 17.7 72.42 16.50 76.48 17.55 <0.001
Nutrition self-efficacy High 21.09 4.92 19.67 4.17 20.38 4.61 0.014
Stress management self-efficacy High 20.12 4.24 17.93 4.28 19.02 4.39 <0.001
Exercise self-efficacy Fair 18.55 5.63 15.12 5.87 16.83 5.99 <0.001
Health practice self-efficacy High 20.77 4.47 19.69 4.70 20.23 4.61 0.064

Health literacy (HL) Good 37.50 6.78 37.06 5.94 37.28 6.37 0.586
Access to COVID-19 preventive material (ACPM) Good 4.46 0.92 3.08 1.30 4.14 1.18 <0.001
Social networks More social engagement 15.16 5.93 14.99 5.24 15.08 5.59 0.813
Health-promoting behaviors (HPBs) Good 68.13 7.16 66.73 7.81 67.44 7.51 0.141

Nutrition Good 18.91 2.79 18.28 2.97 18.59 2.89 0.084
Exercise Fair 6.11 2.12 6.08 1.84 6.09 1.98 0.899
Smoking Very Good 9.19 1.77 8.69 1.94 8.94 1.87 0.036
Alcohol drinking Very Good 4.61 0.90 4.53 0.98 4.57 0.94 0.505
Stress management Fair 5.23 1.04 5.78 1.28 5.50 1.19 <0.001
Rational drug use Very Good 9.89 1.85 9.67 2.21 9.78 2.04 0.387
Preventive COVID-19 infection Very Good 14.17 1.67 13.68 1.57 13.93 1.64 0.019

3.3. Structural Model

An SEM was used to evaluate the causal relationships based on the constructed
framework and the null hypothesis. The results revealed that the obtained fit indices
were χ2 = 556.163, df = 85, p-value = 0.000, χ2/df = 6.543; RMSEA = 0.149; SRMR = 0.166;
GFI = 0.773; NFI = 0.719; CF = 0.749. We found the causal relationship model indicated
that some statistical criteria were at unacceptable levels based on the empirical data [30].
Therefore, the model fit needed to be modified by adjusting the errors of several observed
variables to allow relationships between them to increase the fit index values to an accept-
able level.

After the adjustment, the model fit of HPB indices were acceptable, with the empirical
data of χ2 = 71.936, df = 58, p-value = 0.103, χ2/df = 1.240; RMSEA = 0.031; SRMR = 0.042;
GFI = 0.964; NFI = 0.964; and CFI = 0.993. The model explained 81.0% of the total variance
in HPBs among the older adults with NCDs in our study (see Table 3 and Figure 2).

Table 3. The direct, indirect, and total effects among the variables in the study.

Dependent Variables R2 Effects
Independent Variables

ACPM PSE SN HL

HL 0.72

DE −0.03 * (−0.85) 0.81 *** (13.41) 0.11 * (2.14) –

IE – – – –

TE −0.03 * (−0.85) 0.81 *** (13.41) 0.11 * (2.14) –

HPBs 0.81

DE 0.24 *** (3.55) 0.40 *** (4.32) 0.01 * (0.91) 0.19 ** (2.36)

IE −0.01 * (−0.09) 0.15 ** (1.61) 0.02 * (0.39) –

TE 0.23 *** (3.46) 0.55 *** (5.92) 0.03 * (0.51) 0.19 ** (2.36)

χ2 = 71.936, df = 58, p-value = 0.103, χ2/df = 1.240; RMSEA = 0.031; SRMR = 0.042; GFI = 0.964; NFI = 0.964; CFI = 0.993

ACPM = access to COVID-19 preventive materials, PSE = perceived self-efficacy, SN = social networks, HL = health
literacy, HPBs = health-promoting behaviors, DE = direct effect, IE = indirect effect, TE = total effect. * p < 0.05,
** p < 0.01, *** p < 0.001.
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Figure 2. Causal relationship model of HPBs among the older adults with NCDs in our study.

The standardized coefficients of the final model of HPBs showed that HPBs among
older adults with NCDs was directly influenced positively by PSE (β = 0.40, p < 0.001),
ACPM (β = 0.24, p < 0.001), HL (β = 0.19, p < 0.01), and SN (β = 0.01, p < 0.05). Therefore,
all of the predicting variables were kept in the model and, all together, could explain 81.0%
of the variance in HPBs.

Regarding indirect causal effects on HPBs, the results of the final model revealed that
the three predictors of PSE (β = 0.15, p < 0.01), SN (β = 0.02, p < 0.05), and ACPM (β = −0.01,
p < 0.05) indirectly affected HPBs via HL. The finding showed that HL was a mediator of
HPBs among older adults with NCDs. In addition, the three variables altogether explained
72.0% of the variance in HL.

4. Discussion

To the best of our knowledge, this is the first study to directly examine the associations
between the levels of PSE, HL, ACPM, SN, and HPBs and compare those variables in older
adults with NCDs. This study also aimed to develop and test a hypothesized causal model
of HPBs among older adults with NCDs who lived in Thai rural and urban communities
during the “new normal” post-COVID-19 era.

In this study, we also determined the causal relationship, and our findings revealed
that PSE is the most influential factor affecting HPBs among older adults with NCDs. This
is because PSE increases an individual’s self-confidence and self-care skills; thus, people
with higher PSE can improve their HPBs [13]. The results of this study are consistent with
prior studies reporting PSE influences on HPBs among older adults in Thailand [12], Ko-
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rea [21], Indonesia [31], and the United States [32]. PSE is a significant factor in improving
motivation and, thereby, engagement in HPBs among older adults with NCDs. This means
that individuals with higher PSE scores are better able to motivate themselves to engage
regularly in HPBs [33]. A recent systematic review of self-efficacy and self-care among
people with hypertension revealed that there were 21 studies across the globe, including
in Africa, Asia, Australia, Europe, the Middle East, and the United States, reporting that
higher PSE was related to self-care behaviors, such as physical activity, dietary changes,
and medication adherence [34]. The findings also revealed significantly higher PSE scores
in urban communities than in rural areas. The current findings are in line with previous
studies that older adults who have a high level of PSE could improve their ability to per-
form HPBs. In fact, it has been found that older Thai adults with hypertension who live in
urban areas have higher PSE and HPB scores than their peers in rural areas [12].

Additionally, we found that HL was directly affected by HPBs among older adults
with NCDs. These findings support Do and colleagues’ multi-institutional study that ex-
amined HL and health behaviors among older adults during the COVID-19 pandemic [35].
They found that HL was associated with health-related behaviors, which included 8% more
healthy eating behaviors (95% CI: 1.04–1.13), 4% more physical activity (95% CI: 1.01–1.08),
and 9% less depression (95% CI: 0.87–0.94) [35]. From Nutbeam’s perspective, an individ-
ual’s HL is defined as their ability to comprehend, access, and select health information
based on their attitudes and motivations for appropriate self-care and HPBs [36,37]. A
prior study supports our findings showing that HL was associated with HPBs and it was
the combination of all dimensions of HL—comprehension, accessibility, reading skills,
evaluation, and decision-making—and their behaviors could explain 58.0% of the variance
in HPBs [17]. Still, many studies have reported that adequate levels of HL were associ-
ated with appropriate HPBs [38,39]. Additionally, older adults with adequate HL have
been found to promote and encourage their behaviors regarding complex health issues,
especially during the COVID-19 pandemic. Although adequate HL has been continuously
associated with HPBs during the COVID-19 pandemic in various countries, studies in some
contexts have shown the opposite findings, where older adults with adequate HL were not
associated with COVID-19 preventive behaviors [20]. The effect of HL on HPBs among
older adults with NCDs warrants further examination.

ACPM directly affected HPBs among older adults with NCDs in this study. This
finding may be related to the fact that individuals with good accessibility to COVID-19
prevention materials are more likely to have better HPBs, especially during the COVID-19
pandemic. Our findings are consistent with Pechrapa and colleagues [40], who found that
older adults in urban areas with good ACPM could access health information, health
services, and COVID-19 preventive materials. To prevent and control the spread of
COVID-19, the Thai government and healthcare agencies provided some COVID-19 pre-
vention materials, including face masks and soap or alcohol for hand washing to residents
of Thailand; however, some people were unable to access free COVID-19 prevention ma-
terials. Interestingly, most participants of this study had a monthly income of less than
USD 143, which is lower than the average income in Thailand [41]. Thus, it could affect
HPBs among older adults who do not have access to preventive materials for COVID-19,
particularly older adults in rural communities with lower ACPM. During the new normal
of the COVID-19 era, lifestyle and health behaviors changed due to pandemic control
measures, significantly affecting older adults with NCDs, particularly people living in
poverty [42]. However, health behaviors and disparities in access to healthcare need to be
addressed to improve HPBs among all older adults with NCDs [15].

SN also had a positive direct effect on HPBs in our study, in which most of the
participants had more social engagement. A previous study supports our findings that
older adults who receive good support from family and friends are associated with good
COVID-19 preventive behaviors (OR: 2.05, 95% CI: 1.10–3.82) [20]. Maintaining physical
and mental well-being throughout life and into old age, SN contributes to HPBs and
quality of life [43]. A recent integrative review of factors associated with HPBs during
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the COVID-19 pandemic revealed that more social engagement with SNs was associated
with HPBs among older adults [44]. These findings have been supported with a prior
SEM study that examined the factors affecting HPBs among older women in Korea [45].
Social support, including positive social interactions, was an influential factor with a direct
effect on HPBs in older women [45]. These findings could explain why social support for
older adults is essential for encouraging participation in social activities and maintaining
positive relationships and interactions with families, relatives, and peers to establish SNs
and improve mental well-being and quality of life [46]. Additionally, SNs are a positive
resource that can be obtained through social interactions with family and friendships that
enable an individual to live as fully as possible despite any current health conditions [47].
However, many studies revealed that an individual’s lack of SN ties increased their risk of
several diseases, morbidity, and mortality [48,49].

The main strength of the current study is its originality, as it was the first study to
develop and test a hypothesized causal model of HPBs among older adults with NCDs
who lived in Thai urban and rural communities during the new normal post-COVID-19
era. Participants’ ages, education levels, current occupations, and monthly income were
positively associated with HPBs. The findings also showed that older adults with NCDs
living in urban communities had statistically significantly higher PSE and ACPM scores
than older adults in rural communities. Furthermore, HPBs among older adults with NCDs
were directly influenced positively by PSE, ACPM, HL, and SN, which could explain 81.0%
of the variance in HPBs. These findings highlight significant factors influencing HPBs
among urban and rural older adults with NCDs in this transition period of the new normal
post-COVID-19 era that health policymakers and healthcare providers can apply to develop
proper interventions and healthcare activities according to the local community’s needs
and cultural contexts.

There are some limitations to this study. First, the cross-sectional nature limits our
ability to establish cause and effect of HPBs among urban and rural older adults with
NCDs during the new normal post-COVID-19 era. Second, we collected data using self-
reported questionnaires in older adults, and bias in this survey is possible. Third, we
did not explore HPBs of older adults in different types of NCDs; future research should
compare the different types of older adults with NCDs or focus on specific types of NCDs
(e.g., hypertension, diabetes, or heart failure). Finally, the data were collected from only
one province in Thailand due to budgetary limitations; thus, caution should be used when
generalizing these results to other regions.

5. Conclusions

The current study showed that the PSE and ACPM of older adults with NCDs in urban
communities were higher than in rural communities. The causal model of HPBs among
these populations obtained a good fit with empirical data, which highlighted that PSE,
ACPM, HL, and SN directly affect HPBs. Notably, healthcare providers should consider all
significant factors to develop comprehensive interventions or healthcare activities for HPBs
among older adults with NCDs according to their needs and cultural contexts. Attention
should be paid to health behaviors and disparities in both urban and rural communities
that affect HPBs among older adults with NCDs in order to encourage HPBs for as long as
possible in old age.
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Abstract: Age-related macular degeneration (AMD) has a strong genetic basis, but environmental
factors such as smoking and a healthy diet can decrease the genetic fate by up to 50%. Current
guidelines for clinical management include recommendations for a healthy lifestyle and antioxidant
supplementation. However, many ophthalmologists do not inform their patients of this AMD-
beneficial lifestyle. An important reason is the lack of trust that transition of lifestyle will be feasible
in persons of advanced age and lack of methodology to measure lifestyle or its biological effects.
To address these issues, we set up the lifestyle intervention study AMD-Life. It aims to investigate
whether personalized risk-profiling (including genetic testing) and/or additional coaching can
motivate patients to change their lifestyle. It also explores which biomarkers best reflect lifestyle
change beneficial for AMD. The first year is a three-arm, self-contained open-label randomized
clinical trial. A total of 150 AMD patients aged 55–85 years were randomized into three arms:
(A) merely standard recommendations; (B) A conditions plus personalized risk profiling based on
genetics and lifestyle, (C) B conditions plus coaching. The second year tests sustainability of lifestyle
changes without active intervention. AMD-Life can provide further insight into the relevance of
these interventions for the clinical management of AMD.

Keywords: age-related macular degeneration; lifestyle; nutrients; Mediterranean diet; genetic testing;
personalized risk-profiling; gut microbiome; behavioral change technique; coaching

1. Introduction

Age-related macular degeneration (AMD) is a leading cause of blindness in the elderly
of the Western world. Currently, more than 196 million people worldwide have AMD,
and global aging will increase the number of affected persons to 288 million by the year
2040 [1,2]. The prevalence of early and intermediate AMD is ~20% in people aged over
65 years. These stages are characterized by the presence of yellow-white deposits (drusen)
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under the retinal pigment epithelium (RPE) and/or pigment changes, usually occurring
without visual implications. The prevalence of the vision-disabling late AMD ranges
from 3% in individuals aged 65 years to ~13% in those over 90 years [3]. This stage is
characterized by either macular neovascularization (MNV, neovascular or wet AMD) or
loss of RPE and photoreceptors (geographic atrophy, GA, or dry AMD) in the macular area.
The transition from intermediate to the late stage of the disease occurs with a frequency of
3–6% per year [4]. Within 10 years, this will increase up to ~60%. The current therapeutic
options for wet AMD are anti-VEGF injections, which improve vision drastically in the
short term but often fail to protect against severe vision loss in the long term [5]. Therapy
for GA has recently made progress with regimens controlling the complement pathway,
but this still needs confirmation in real-world studies [6,7].

The genetic architecture of AMD has been mostly uncovered. Several years ago, a large
genome-wide association study reported association with 52 common genetic variants in
34 loci [7]. The variants represented prominent pathways such as the complement cascade,
lipid homeostasis, and extra-cellular matrix. A genetic risk score (GRS) that aggregated
risks of these common variants showed a discriminative accuracy of 0.84 to correctly
identify a person with late AMD [8]. In addition to common variants, many rare variants
have been identified in genes involved in complements [9], collagen [10], coagulation
pathways, and metalloproteinases [11]. Remarkably, although AMD is now one of the best
genetically characterized complex diseases [7], genetic testing for AMD is still mostly a
scientific enterprise and not a routine assessment in clinical practice. An important reason
for this is the position of ophthalmic professional organizations, which do not advise
genetic testing for AMD until treatment for specific disease-associated genotypes has been
established.

Environmental factors also play a significant role in disease pathogenesis; in particular,
smoking [12–15], dietary patterns [16–18], and physical activity [19] have been associ-
ated. We recently showed that persons in the most unfavorable tertile of these lifestyle
variables had an increased risk of late AMD by at least two-fold [8]. Reduction of the
risk is possible with nutrients that have antioxidative properties and polyunsaturated
omega-3 fatty acids [16,20,21]. International dietary guidelines (United States, Canada,
Germany, France, United Kingdom, The Netherlands, Japan, e.g.) recommend less meat
and more plant-based dietary patterns including vegetables, fruit, whole grains, legumes,
nuts and seeds, and (fatty) fish [22]. These recommendations are comparable with the
Mediterranean diet pattern [23,24] and are also in line with the advice of the UN Food and
Agriculture Organization and the World Health Organization [22,25]. However, data show
that adherence to these recommendations is low [16,26,27]. In the Rotterdam Study, we
recently investigated recommended minimum intake values (RMIV) of vegetables, fruit,
and fish and the risk of AMD [16]. We found that only 4% of the participants consumed the
recommended amounts of foods. However, those who did showed a significant decreased
hazard ratio by more than half of incidence of advanced AMD. Two large clinical trials
(AREDS 1; AREDS 2) provided evidence that supplementation with antioxidants and zinc
can also significantly reduce disease progression [28,29]. Novel is the finding that intestinal
microbiota [30] are associated with AMD, which may mediate the association with dietary
factors [5,17,30], oral supplements [29], and other environmental factors [29].

Most preferred practice patterns for AMD recommend lifestyle measures, but the
information provided to patients and adherence tend to be poor. Up to 60% of patients
do not take oral supplements or use them incorrectly, and smoking cessation or long-term
dietary changes are often not achieved [31–34]. One reason may be that retinal specialists
do not convey the message adequately due to limited time, knowledge, or doubts about
effectiveness [33–37]. This refutes the current view that healthcare professionals should
play a significant role in motivating patients to change habitual patterns or behaviors that
pose significant health risks. How does one motivate patients to take action and change
behavior? A recent insight is that, at certain times, patients appear to be more receptive to
behavioral change and lifestyle advice than usual [36,37], for example, when a disease has
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been diagnosed, they have received abnormal test results, or have been confronted with a
high genetic risk. These are called ‘teachable moments’ and may be considered as optimal
timing to start lifestyle counselling [36,37].

In the current AMD-Life trial, we aim to investigate which strategy is most successful
in motivating patients to change the behavior that is driving them to vision loss: receiving
only general information on risks and benefits, receiving detailed information about per-
sonalized risks and targets for change, or receiving coaching based on behavioral change
technique (BCT) [38,39] and motivational interviewing (MI) [40,41]. We also aim to explore
whether biomarkers in blood and the gut microbiome can be used to monitor lifestyle and
lifestyle change, which can then be used to motivate patients further. This article provides
the rationale and design of the study.

2. Materials and Methods

2.1. Study Design and Population

AMD-Life is a 2-year lifestyle intervention trial. The first year is a self-contained
open-label randomized clinical trial with 3 intervention arms. The second year aims to
investigate the sustainability of improved lifestyle without active intervention. Patients
visit the research center 3 times: at baseline, month 12, and month 24. Ethical approval was
obtained from the Medical Ethical Committee at Erasmus MC (MEC-2018-063). AMD-Life
is registered at ClinicalTrials.gov (registration identifier: NCT05667441).

This study is designed as an inception phase study. We set up the main elements,
test our assumptions and feasibility, check procedures, and focus on adherence, reporting
participant and physician experience for the three different strategies tested, specifically
targeting long-term behavior change.

Sample size calculation indicated that 50 eligible subjects per group would be sufficient
to detect an effect size of 0.25 for adherence to lifestyle recommendations after the 12-month
intervention (alpha: 0.05, power: (1-beta err prob.): 0.8897, calculated by G*Power).

Recruitment for the study started 2 August 2021 and is expected to end 1 July 2023.
Participants are made aware of the study by their attending physician at outpatient clinics
(OPC) of Erasmus MC Rotterdam, the Rotterdam Eye Hospital, Radboudumc, in Nijmegen,
and other hospitals in the Netherlands. Interested candidates can apply online through the
website: www.maculadegeneratie.nl (accessed on January 2023) with the apply button for
participation, or by email or telephone.

Inclusion criteria: age between 55 years and 85 years, a diagnosis of intermediate
AMD or unilateral late AMD, as determined by multimodal imaging and approved by the
EyeNED Reading Center.

Exclusion criteria: participation in other intervention studies for AMD; living in
retirement homes (because of difficulty in implementation of diet); dementia; macular
pathology other than AMD; liver and kidney insufficiency; persons who are illiterate and
have no independent trusted person with them to explain the informed consent form.

Prior to the study, all potential participants are informed and asked to provide written
consent. Subsequently, participants are invited to visit the research center. Eligible par-
ticipants are randomly assigned using a block-wise randomization procedure (in a 1:1:1
ratio) to one of three study arms. The assignment is by means of a computer-generated
table with a random number sequence. This table gives a random order of allocation to the
‘Treatment Group’. The order is by date and time of the first study visit and stratified by
gender and age categories (55–64, 65–74, 75–85). The first 125 participants are randomized
per block (sets) of 6, and the remaining 25 per sets of 3. The researchers are blinded for
randomization.

2.2. Interventions

The AMD-Life study tests three study arms, which each represent a different strategy
to stimulate and increase adherence to a healthy lifestyle: (A) patients receive standard
recommendations and supplements free of charge; (B) as in A, but patients additionally
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receive personal risk profiling based on phenotype as well as genetic and environmental risk
factors; (C) as in B, but patients additionally receive professional coaching. The schematic
overview of inclusion, exclusion, the three arms, and the follow-up is shown in Figure 1.

Figure 1. Flow-chart of the AMD-Life study design. Inclusion and follow-up of study participants in
each study arm. Three study arms test different strategies to stimulate and increase adherence to a
healthy lifestyle. After 12 months, the study arms end, and a single follow-up moment at 24 months
is scheduled for assessment of sustainability of lifestyle change.
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2.2.1. Group A

Standard recommendations plus AREDS 2 and Omega 3 supplementation (‘standard
care’)—n = 50. At the baseline visit, an experienced trial nurse informs the participant
of personal outcomes of the measurements performed at the research center and of the
standard AMD lifestyle recommendations. Participants also receive this information in
a letter. The recommendations include refrain from smoking, perform regular physical
exercise, strive for BMI < 25, and increase the intake of the dietary food groups of (green
leafy) vegetables, fruit, (fatty) fish, and legumes. The Mediterranean Diet pattern is used as
guidance for recommendations (for a more detailed description see Table 1). Participants
receive oral supplements with antioxidants according to the AREDS 2 formula and Omega
3 forte fish oil free of charge (Table S1).

Table 1. Mediterranean diet score instrument (MeDiet).

Criteria for Included in
Questions 0.5 point 1 Point LF Scoring

1 Do you use olive oil as the main
culinary fat? Yes

√

2
How much olive oil do you consume per

day (incl. oil used for frying, salads,
out-of-house meals, etc.)?

2–3 tbsp ≥4 tbsp
√

3 How many grams of vegetable (incl. raw
or as a salad) do you consume per day? 200–400 g ≥400 g

√

4
How many fruit units (incl. natural fruit

juices) do you consume per day?
(units of 80 g each)

2 ≥3
√

5 How often do you eat meat? <1 p/d

6

If you consume meat, what kind of meat
do you consume most of the time?

Do you preferentially consume lean
meat: chicken, turkey, or rabbit meat,

instead of red meat: veal, pork,
hamburger, or sausage?

Both equally
often lean meat

√

7 How many servings of meat do you
consume per week? <100–150 g

√

8
How many servings of butter, margarine,

or cream do you consume per day?
(1 serving: 12 g)

<12 g
√

9
How many sweetened and/or

carbonated beverages do you drink
per day?

<1 gl
√

10
How many glasses of red wine do you

consume per week?
(1 glass = 124 mL)

≤3 gl

11
How many grams of legumes do you

consume per week?
(450 g per week = 65 g per day)

300–450 g ≥450 g
√

12

How many servings of fish or shellfish
do you consume per week?

(1 fish = 100–150 g or 4–5 units of
shellfish = 200 g)

150–300 g ≥300 g
√
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Table 1. Cont.

Criteria for Included in
Questions 0.5 point 1 Point LF Scoring

13

How often per week do you consume
fatty fish?

(Salmon, tuna, herring, eel,
sardines, mackerel)

1 p/w

14
How many times a week do you eat

sweets or pastries such as cakes, cookies,
and biscuits?

<3
√

15
How many servings of nuts (including
peanuts) do you consume per week?
(1 serving = 30 g = about a handful)

30–89 g ≥90 g
√

16

How many times per week do you
consume vegetables, pasta, rice, or other

dishes seasoned with sofrito (sauce
made with tomato and onion, leek, or
garlic and simmered with olive oil)?

1 ≥2
√

Short questionnaire to assess adherence to the 16-point MeDiet. Abbreviations: LF, Lifestyle Form; incl., including;
etc., et cetera; tbsp, tablespoon; g, gram; p/w, per week; p/d, per day; gl, glass.

2.2.2. Group B

Standard care plus personalized risk profiling—n = 50. Participants receive a per-
sonalized risk profile for motivational purposes. They are informed about their AMD
genetic risk (low, medium, high, very high) based on the GRS, risk of progression, and
the potential gain from lifestyle improvement. The four lifestyle factors of smoking, BMI,
diet, and physical exercise are graded using a 13-point easy-to-use lifestyle scoring form
(Figure S1 - page 1); participants receive their personal grades and can check their room
for improvement.

2.2.3. Group C

Standard care plus personal risk profiling plus coaching—n = 50. Participants receive
coaching based on MI and the stages of BCTs using the AMD-Life coaching model (Figure 2):
determination of awareness, motivation, perseverance and discipline, and goal setting.
Depending on the stage and/or need of the participant, several tools, information leaflets,
documents with assignments, and tables (e.g., specific foods and levels/concentrations
of beneficial AMD-nutrients) are provided to the participant to enhance awareness and
stimulate habitual change. Coaching sessions take place online by a 15–20 min videocon-
ference twice a month for the first 2 months, followed by once a month for the following
10 months.

After an intervention of 12 months, all study participants visit the research center,
after which the participants form a single group to observe the sustainability of lifestyle
improvements. At this point, Group A receives insights into their lifestyle changes over
the first year and is informed about their genetic risk, similarly to groups B and C, who
received this information at month 0 (Figures S1 and S2). At month 24, the study ends with
a third visit to the research center.

2.3. Avoiding Attrition Bias

Multiple strategies are employed to reduce attrition in all three arms, including an
effective recruitment process, brief and informative encounters with staff members, a good
tracking system to facilitate participant contact, anti-oxidant and fish oil supplementation
free of charge, and the development of a trusting and collaborative relationship between
researchers and participants.
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Figure 2. AMD-Life coaching model. The AMD-Life coaching model reflects an upwards spiral
to learn from each relapse. Included in the model are: ‘the 3 questions’ at baseline to determine
awareness, motivation, perseverance and discipline, and goal-setting; a model for Behavioral Change
Technique (BCT), the transtheoretical model of change (determining of ambivalence/assessment of
status), adapted with permission from Prochaska and DiClemente [39,41]; and a model for motiva-
tional interviewing (MI), increasing/recognizing of ‘change talk’ through DARN-CAT, adapted with
permission from Miller and Rollnick [40]. Depending on the stage and/or need of the participant,
several tools, information leaflets, documents with assignments, and tables (e.g., specific foods
and levels/concentrations of beneficial AMD-nutrients) can be used and/or provided to enhance
awareness and stimulate habitual change.

If a participant wishes to withdraw from the study intervention, a telephone call
is made prior to withdrawal to discuss the reason and possible solutions. If there is
no solution, the reason for withdrawal is documented in the participant records for the
subsequent analysis and the interpretation of the results.

2.4. Data Collection and Measurement

Data collection is performed at month (mo.) 0, 3, 6, 9, 12, and 24. Outcome variables,
data collection, measurements, and time points are depicted in Figure 3.
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Figure 3. Data collection in AMD-Life. All study participants have the same measurements, irrespec-
tive of the study arm. Abbreviations: RC, research center; AMD, age-related macular degeneration;
VA, best-corrected visual acuity; RE, refractive error; MPOD, Macular Pigment Optical Density; IOP,
intra-ocular pressure; FP, fundus photography; OCT, optical coherence tomography; OQ, online
questionnaire; WHI-FA, Women’s Health Initiative Physical Activity Questionnaire; 389-FFQ, food
frequency questionnaire; MeDiet, Mediterranean Diet Score; BMI, body mass index; DBS, dried
blood spot.

2.4.1. Ophthalmologic Examination

At mos. 0, 12, and 24, participants undergo a comprehensive ophthalmologic exam-
ination consisting of measurement of best-corrected visual acuity (VA); refractive error
(TopCon TRK-2P objective refractometer); Macular Pigment Optical Density (MPOD; MPS
II); intra-ocular pressure (IOP; non-contact tonometer); fundus photography, OCT, and
OCTA (3D macula, 3D optic disk, wide, and angiography with T Topcon Triton plus,
Topcon 3D OCT 2000-plus; Topcon TRC 50EX with a NIKON D7100 camera).

Features and stages of AMD are classified by grading of multimodal images according
to a modification of WARMGS (CFP) [42] and IN-OCT (OCT) consensus by 4 experienced
human graders. Quantification of lesions are determined using Deep Learning algorithms
developed and available at EyeNED Reading Center [42–45].

2.4.2. Genetic Factors

Subjects provide a saliva sample for DNA analysis 1 month prior to visiting the
research center. Genotyping is performed for known common AMD risk variants, rare
variants associated with AMD, and mutations in AMD-mimicking genes. The genotyping
platform used is the Illumina Global Screening version 3 MD array with a custom content
containing >3500 probes for detecting rare variants and mutations (GSAv3MD-GOALLv1)
in CFH (n = 198), CFI (n = 90), C3 (n = 71), C9 (n = 20), ABCA4 (n = 1239), TIMP3 (n = 9),
PRPH2 (n = 71), BEST1 (n = 27), CTNNA1 (n = 37), and MFRP (n = 2). Total genetic risk
score (GRS) for common variants is calculated by the following formula for GRS, where Gi
represents the genotype of variant i and βi represents the effect size of variant i (natural
logarithm of the fully conditioned odds ratio of the minor allele of variant i), based on the
GWAS of the International Age-Related Macular Degeneration Genomics Consortium [7].
Genotypes were coded as 0, 1, or 2 or, if the genotype is available from imputation, based
on the number of minor alleles. Detailed information on SNPs used in GRS calculation is
available at (Table S2). GRS is subsequently stratified into tertiles based on the distribution
of GRS in the EYE-RISK cohort as Low (GRS < −0.057), Intermediate (GRS > −0.057 &

52



Nutrients 2023, 15, 602

< 1.131), or High (GRS > 1.1131) genetic risk [8]. High GRS is then stratified in equal
proportion into High and Very High (GRS ≥ 3).

2.4.3. Covariates

All questionnaires used in the AMD-Life study are digital/online. The participants
receive an e-mail with a secure link to the online questionnaires, and data are entered
directly into the AMD-Life database.

Social Demographics

We ask about baseline social demographic factors by means of a short questionnaire at
mo. 0. This includes gender, age, education, eye disorders, family history of AMD, occupa-
tion, presence of comorbidity (such as diabetes, cardiovascular disease, hypertension), and
living area (6-digit postal code).

Anthropometric Data

Anthropometric data are measured and collected at the research center at mos. 0, 12,
and 24. Body measurements, including height, weight, and waist and hip circumference,
are measured in kilograms and centimeters. Weight and height are used to estimate the
body mass index (BMI = weight/(height)2). Blood pressure, systolic and diastolic, are
measured, using an automatic sphygmomanometer. Hypertension is defined as a systolic
blood pressure ≥ 140 mmHg or a diastolic blood pressure ≥ 90 mmHg.

2.4.4. Biochemical Measurements

To explore whether biological markers in body specimen are associated with lifestyle
change and may be used as a guide star, we draw blood by vena puncture (mos. 0, 12, 24)
and by finger-prick (mos. 0, 6, 12, 24), and ask the participant to collect feces (mos. 0, 12, 24).

Vena Puncture

Biochemical measurements such as anti-oxidants, fat soluble vitamins, minerals, fatty
acids, lipids, complement factors, and inflammatory markers are sampled from serum,
EDTA plasma, and whole blood obtained by vena puncture. All samples are prepared for
each required analysis according to standard methods. Aliquots are stored (−80 ◦C) for
later analysis.

Finger-Prick

To assess whether results from finger prick measurements performed at home may
also be used as biological markers of adherence, we ask participants to collect dried whole
blood spots (DBS) on a 903 protein saver card from Whatman (mo. 6 at home, mos. 0, 12, 24
at RC) [46,47]. Finger-prick biomarkers assays include anti-oxidants, fat soluble vitamins,
minerals, and fatty acids.

Collecting Feces

To measure diversity and composition (i.e., alpha and beta diversity and single taxa)
of the fecal microbiome over time, we ask participants to collect a sample of their feces at
home at three time points: mos. 0, 12, and 24. Participants receive a feces collection kit with
all necessary materials. The sample is collected using a preservative and stored at –80 ◦C
upon arrival at the research center for later analysis. Medication use (such as antibiotics) is
registered as well (yes/no; if yes, which).

2.4.5. Lifestyle Factors
Smoking

Smoking habits are assessed by questionnaire at mos. 0, 3, 6, 9, 12, and 24. Questions
include smoking of cigarettes, cigars, tobacco pipe: yes, currently/yes, but quit/no never/;
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year of smoking cessation; number of cigarettes/cigars/pipe per day; number of years of
smoking.

Dietary Assessment and Supplement Use

A 389-item food frequency questionnaire (389-FFQ) developed for Dutch adults [48,49]
is used to measure dietary behavior at mos. 0, 12, and 24. The 389-FFQ records frequency
of each intake as times per day, per week, or per month. The portion sizes are in grams
per day (g/day). Nutrient intake data are calculated using the Dutch Food Composition
Tables [50], in close collaboration with the Department of Human Nutrition, Wageningen
University, the Netherlands. The 389-FFQ was validated against other dietary assessment
methods, and adequate ranking of participants according to food and nutrient intake
was demonstrated [48,49,51,52]. Oral supplement use (yes or no) is measured using self-
reported questionnaires at different time points.

Adherence to Mediterranean diet is scored in two ways: (1) analysis of data from the
389-FFQ; (2) analysis of data from the validated 14-point MeDiet screening instrument [53,54]
at mos. 0, 3, 6, 9, 12, and 24. The 14-point MeDiet screening instrument is a modified version of
the original standardized Mediterranean Diet Score (MDS) [23,24]. We added two additional
questions to this instrument in our version (Table 1).

The 16-point MeDiet is used as part of the lifestyle form that is available for groups B
and C. In the lifestyle form, outcomes of 13 out of the 16 questions, as indicated in Table 1,
are used.

Physical Activity

Physical exercise is assessed using the validated ‘Women’s Health Initiative (WHI)
Physical Activity Questionnaire’ [55] at mos. 0, 12, and 24. The WHI Physical Activity
Questionnaire is a common instrument and has previously been used in several AMD
studies [19]. The questionnaire contains questions on walking, cycling, gardening, various
sports, and housekeeping, according to time spent in light, moderate, and vigorous activity.

Feasibility and Acceptability

To assess feasibility and acceptability, we ask participants about their own experience
with AMD, their experience with the recommendations, and depending on the intervention
group, we ask about their experience with the personalized risk score and additional
coaching (mos. 3, 6, 9, 12, and 24) by a short questionnaire.

Assessment of Change in Habitual Behavior

All coaching sessions (Group C) are recorded by video and registered in the AMD-Life
database. Reporting includes motivation, goal-setting for change, self-confidence according
to the AMD-Life coaching model (which aims to reflect an upwards spiral), and learning
from potential relapses (Figure 2). In order to start the coaching process, we ask the par-
ticipants at baseline to fill out a short questionnaire regarding (1) receiving information;
(2) motivation, perseverance, and discipline; and (3) acceptance that unbeneficial but often
enjoyable habit patterns need to change. Participants rank their motivation, perseverance,
and discipline on a visual analogue scale (VAS) from 0 to 10 (with 0 representing no/lowest,
5 moderate, and 10 highest motivation, perseverance, and/or discipline). Subsequently,
individual lifestyle goal(s) on one (or more) of the four lifestyle components (smoking,
food pattern, weight, and/or physical activity) are defined. The following steps deter-
mine ambivalence/assessment status: the stages of change model (the transtheoretical
Model of Change) [39,41]; and the ‘DARN-CAT’ motivational interviewing model (increas-
ing/recognizing of ‘change talk’ using the six signs in the individual’s language) [40,41].
The contents of the coaching depend on the stage and/or need of the participant and
lifestyle assessments. Documents with assignments and tables (e.g., specific foods and
levels/concentrations of beneficial AMD-nutrients) are provided to enhance awareness
and stimulate habitual change during these individual coaching sessions.
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To measure, score, and visualize progression or relapse, and to enhance adherence
during the coaching sessions, we developed a 13-point easy-to-use lifestyle scoring form
(Figure S1) and a visualization form (Figure S2) for follow up. Both forms include the total
GRS (Figure S1 page 2) and lifestyle information. Lifestyle risk estimates are based on
validated studies (i.e., smoking, BMI, MeDiet (13 items), physical activity). Each healthy
outcome receives a point. The total score can range from 0 to 13, in which high scores
represent an AMD-healthy lifestyle (Figures S1 and S2).

The lifestyle score form is used at baseline for group B and C, and at each additional
time point (mos. 0, 3, 6, 9, 12, and 24) for Group C. At the second (mo. 12) and third (mo.
24) visit at our research center, all participants receive the complete lifestyle score form and
visualization thereof at mos. 0, 12, and 24, respectively. For a more detailed description, see
the Supplementary Materials.

3. Study Outcomes

The study outcomes are as follows: adherence to lifestyle recommendations; identify
change over time in biomarkers from blood related to AMD lifestyle determinants; the fea-
sibility and acceptability of participants compared across the three intervention strategies,
as based on quantitative and qualitative data.

3.1. Primary Study Outcome

Improvement of the overall lifestyle score was measured by the 13-point form (see
previous paragraph and Figure S1: Lifestyle scoring form), which is based on the question-
naires inquiring about smoking habits, BMI, MeDiet, and physical activity taken at baseline
and 12 months (see previous paragraph data collection and measurement).

3.2. Secondary Study Endpoints of AMD-Life

Improvement of the overall lifestyle score at 24 months.
Change of levels of blood biomarkers from serum/plasma and finger-prick at 12 and

24 months.
Personal feasibility and acceptability of lifestyle change measured by questionnaires

at 3, 6, 9, 12, and 24 months.
Changes in macular pigment optical density as measured with MPOD at 12 and

24 months.
Changes in quantification of features (e.g., drusen) and stage of AMD as measured on

multimodal images at 12 and 24 months.

Other Study Parameters

Other study parameters are as follows: age, gender, blood pressure, hypertension,
education and socioeconomic factors, comorbidity such as cardiovascular disease, medica-
tion, genetic susceptibility of AMD evaluated by GRS, major risk and protective variants,
and rare variants.

3.3. Statistical Analyses

To compare baseline characteristics between treatment groups we will use the Chi
square test and ANOVA. We will conduct longitudinal analysis on the primary and sec-
ondary outcomes, with treatment groups as independent variables. To account for cluster-
ing within the individual due to repeated measurements, we will use mixed-effects models.
We will conduct ‘intention to treat’ analysis and per protocol as a sensitivity analysis.

All statistical analyses will be carried out using R, version 3.5.3 (R Core Team, 2016)
and SPSS Statistics, version 29.0.0.0 (IBM, Armonk, NY, USA).

4. Discussion

Achieving sustainable lifestyle change in AMD patients is challenging in daily practice.
The goal of the AMD-Life study is to define the best strategy to accomplish awareness and
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sustainable compliance to recommendations by participants diagnosed with AMD. The
study is a 1 year, three-arm (group A, B, and C), self-contained open-label randomized
clinical trial, followed by an observation period in year 2.

An important strength of our study is the very detailed exploratory investigation,
such as the block-wise randomized design, the close monitoring of participants, and the
extensive questionnaires about the major lifestyle exposures for AMD, smoking, dietary
pattern, BMI, and physical activity. We use the validated 389-dietary FFQ to measure
dietary behavior and to record frequency of each intake as times per day, per week, or per
month. Thereby, we are able to calculate different dietary pattern scoring methods, such as
the Mediterranean diet score to achieve insight on adherence to food categories, and we are
able to calculate single nutrient intake. The 16-point MeDiet screening instrument allows
quick analysis of food intake and prompt determination of recommendations for change.
Smoking is a well-established risk factor, but an infrequent exposure in this age-category;
BMI and physical activity are less well established for AMD, but obesity and sedentary
behavior are much more prevalent. An approach that combines these four exposures is
likely to be more successful than a focus on only one exposure. Other strengths include
extensive phenotyping of AMD features and a large set of other covariates for analysis,
including biomarkers. The biomarker panel that will be assessed is very extensive, with the
goal of exploring associations related to lifestyle and AMD. It involves complement factors
in the active and nonactive state, oxidative stress markers, and markers of inflammation,
lipids, anti-oxidants, fat soluble vitamins, minerals, and fatty acids. When confirmed, these
biomarkers can serve as guidance and motivation for lifestyle change. The patient will be
‘in control’ of his/her own disease and have a better understanding of the consequences
for the risks of his/her behavior.

Potential limitations of this study are the relatively small number of study participants.
This study is designed as a pilot (inception phase) study. During this phase, we will set
up the main elements, test our assumptions and the feasibility, check procedures, focus on
adherence, and report participant and physician experience for three different strategies
for stimulating a healthy lifestyle in AMD patients, specifically targeted at long-term
behavioral change. Another limitation is the use of self-reported physical activity. More
objective measurements could be obtained using triaxial accelerometers. A disadvantage of
block randomization is that the allocation of participants could result in selection bias [56].
To reduce this bias, investigators are blinded to the randomization procedure.

Meta-analyses show that motivational interviewing (MI) is effective for decreasing
alcohol and drug use in adults and adolescents, and evidence is accumulating in other areas
of health, including smoking cessation, improving adherence to treatment and medication,
and diabetes management [57–60]. The AMD-Life study will assess if coaching based
on the behavioral change technique (BCT) [38,39] and MI [40,41] can be of additional
value to change habitual behaviors and adhere to the AMD recommendations. Because
implementation of a lifestyle coaching program in AMD management will be challenging,
we evaluate changes in habitual behavior and assess adherence at different time points
(mos. 3, 6, 9, and 12); this will provide useful information for the implementation of lifestyle
coaching programs.

Over 200 clinical trials are taking place targeting various processes in the pathogenic
pathway (e.g., complement activation). Aside from the direct costs, these trials also take
a toll on patients, which need to be enrolled in large numbers and adhere to these trials
without a warranty of benefit. It is not a secret that 90% of drug candidates in clinical trials
fail, and patients who have entered trials before are usually excluded from new ones. If
trials manage to be successful, new drugs rarely have the potential to reduce the risk of
disease progression by half. Lifestyle intervention has this potential. AMD-Life, when
validated, will provide the evidence that lifestyle changes can be achieved in persons at
risk of AMD progression.

The psychological and social impact of AMD on quality of life is significant, and
health-care costs related to vision loss are expected to increase exponentially over the
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following years [61]. Annual costs of care and treatment of AMD in Europe currently
exceed €75 billion; macroeconomic costs related to visual disability can be up to €100 billion.
The AMD-Life study fits well within the changing paradigm of patient and healthcare
management. In general, clinical focus is moving from medical treatment of end-stage
diseases to preventative actions at early stages. Insight into which strategy (A, B, or C)
will stimulate preventative actions and adherence to clinical recommendations will not
only slow down disease progression but also support wider clinical application of lifestyle
intervention and subsequently lower patient burden and health care costs.

5. Conclusions

Patients at risk for AMD show low general adherence to healthy diets or regular
intake of supplements. ADM-Life was set up to research and assess in clinical application
whether adherence improves if patients experience a direct reward or receive feedback of
the benefits of their behavior change to general health. The ultimate goal is to reduce the
risk of late AMD and thereby improve individual lives and reduce blindness and huge
health care costs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15030602/s1, † Summary of the AMD-Life team members;
Tabel S1: Oral supplements (AREDS 2 formula & Omega 3 forte fish oil) provided to participants
in AMD-Life study for 1 year; Tabel S2: Single Nucleotide Polymorphisms used for AMD-Life
GRS calculation; Figure S1: Three page, easy-to-use scoring form used in the AMD-Life study to
inform participants on their lifestyle and genetic risk and to stimulate lifestyle change; Figure S2:
Visualization of the lifestyle scoring over time. The overview graph visualizes the current status of
the lifestyle and enables to display follow up measurement.
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Abstract: Background: To examine the relationship between the frequency of physical activities
and food product consumption with body composition change after two years in a sample of older
people. Methods: Body composition, mass change, frequency of physical activity, and food products
consumption were measured. Depression severity, health self-assessment, cognitive function, and
demographic data were included as confounders. Results: There were no significant changes in
body composition except for a reduction in visceral fat level within two years (p < 0.05). Drinking
beer and eating sweets a few times per week were associated with a significant increase in body
fat percentage (p < 0.05). Drinking green or white tea more frequently than a few times per year
was related to an increase in body fat (3.18 to 3.88%, p < 0.05). Contrarily, daily consumption of
coffee was related to a decrease in body fat (p = 0.029). Subjects who ate sweets once a week or more
frequently consumed coffee more often. Conclusions: More frequent drinking of beer or of green or
white tea and consumption of sweets were related to an increase in body fat percentage, while daily
coffee consumption was related to a decrease in body fat percentage after two years in older, healthy
subjects. Noteworthily, the frequencies of food product consumption are interrelated.

Keywords: diet; aging; exercise; geroprotectors; healthspan; network analysis

1. Introduction

Aging is the main risk factor for most chronic disorders and conditions that decrease
health span [1]. Over the past 40 years, obesity has become more common, especially
among individuals 60 to 74 years old [2]. Biological mechanisms related to aging are highly
complex [3]. Furthermore, it seems that aging and multiple chronic disorders share common
mechanisms [1]. These might include (mal)adaptation to stress, loss of proteostasis, stem
cell exhaustion, metabolism derangement, macromolecular damage, aberrant epigenetic
modifications, and inflammation [4]. Obesity is linked to impairment and the aggravation
of chronic conditions such as type 2 diabetes, cardiovascular disease, and osteoarthritis in
older persons [5]. The inflammatory environment that is present in obesity and metabolic
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syndrome is present in age-related disorders including sarcopenia, frailty, and dementia as
well; as a result, these two sets of pathologies feed off of one another [6–9].

In addition to the interrelationship of pathologies with each other, there are frequent
interrelationships between two or more health behaviors of individuals that have a positive
or negative effect on health depending on the type of behavior. For example, a study
conducted in Japan by Yamauchi et al. (2007) [10], which included older individuals and
sought to examine the relationship between physical activity and healthy dietary habits,
reported a positive correlation between these two health behaviors. Thus, many studies
report positive combined practices (i.e., a link between positive health behaviors), as shown
in a study by Hu et al. [11], in which a high level of physical activity, adequate diet, and
rest were reported in combination by a large proportion of participants. The reasons why
the practice of one health behavior may influence the practice of another health behavior
are not entirely clear and remain to be explored; however, self-efficacy theory is often cited
as an important factor in this matter. When a person succeeds in changing one lifestyle
behavior, he or she becomes more confident in practicing other healthy behaviors [12].

The network approach is an important approach to deeper identification and explana-
tion of the various relationships. Numerous studies can be found in the literature dealing
with the application of the network approach in different fields of medical sciences [13,14].
According to Havey [15], a network refers to various structures consisting of variables rep-
resented by nodes and the relationships (formally called edges) between nodes. A network
refers to different structures made up of more or less interconnected variables. Therefore,
networks allow us to have a deeper understanding of how interconnected variables are
placed and affect an individual’s health state. Networks evolve and respond to the changes
that the variables undergo, and these complex systems of connectivity between variables
can only be revealed by network analysis [15].

This study aims to examine the relationship between the frequency of physical activi-
ties and food product consumption with body composition (body fat percentage, skeletal
muscle, mass, and visceral fat) changes within two years in a sample of older people.

2. Materials and Methods

2.1. Study Group

A regional TV and radio marketing campaign, health-related lectures at Collegium
Medicum University, several older people’s organizations in Bydgoszcz, day care facilities
for the elderly, and various senior meeting groups were used to recruit participants for this
study. Information on the research included a description of an opportunity to undergo
free of charge physical, physiotherapeutic, nutritional, social, and cognitive examination
for participants 60 years of age and older. Participants were recruited for the current study
between November 2015 and February 2018.

The only exclusion criterion from the study was age under 60. The examination was
conducted in the Department of Geriatrics, Collegium Medicum University Hospital in
Bydgoszcz, Poland. The study was approved by the Ethics Committee, Ludwik Rydygier
Memorial Collegium Medicum in Bydgoszcz, Nicolaus Copernicus University, Torun (KB
340/2015). Written, informed consent was obtained from all participants.

2.2. Assessment Methods
2.2.1. Body Composition Analysis

Analyzing body composition and body mass was performed using the Tanita BC-
545 body fat analyzer. When being weighed, participants wore light clothing. Accuracy
in weighing was 0.1%. Bioelectric impedance analysis (BIA) was used to quantify the
body composition indices of body fat (%), visceral fat (units), and muscle mass (kg). All
parameters were measured using built-in algorithms. Whole-body fat and lean mass
measurement using Tanita BC-545 have a good agreement in comparison to dual energy
X-Ray absorptiometry [16]. The error of measurement using BIA might be related to
nutrition status, tissue temperature, and hydration [17]. As examinations lasted for about
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three hours per patient, subjects were reminded to take food and drink with them and
consume them if needed. In addition, an opportunity to use the toilet with a reminder
was provided. Participants were instructed to stand with electrodes on their feet and their
hands. Respondents provided information on their height to shorten the time spent on
examination; body mass index (BMI) was calculated using WHO norms [18]. Normal body
type was chosen for all participants.

2.2.2. Activity Level Questionnaire

Utilizing a previously detailed questionnaire, the frequency of current physical, men-
tal, and social activities was evaluated [19]. Questions involved the following physical
activities: short walks around the house, long walks, gymnastics, cycling, running/jogging,
swimming, skiing, team games, sailing, horse riding, Nordic walking, tennis/table tennis,
dancing, and work on a garden plot or mushroom collection. The following questions
on the frequency of food product consumption were asked: drinking beer, green/white
tea, red wine, vodka, and other 40% (80-proof) alcohols, and eating chocolate, sweets, fish,
coffee, vegetables, and fruit. Frequency was coded into seven categories (“never”, “once a
year”, “several times a year”, “1–2 times a month”, “once a week”, “a few times a week”,
and “daily”).

2.2.3. Depression Severity and Health Assessment

The Geriatric Depression Scale (GDS), composed of 15 items, was utilized as a depres-
sion screening tool [20]. It has been demonstrated that this form can be useful in very old
persons with and without cognitive impairment [21]. Questions concerned the quality of
life (e.g., do you feel full of energy?), current circumstances (e.g., do you feel that your
situation is hopeless?), daily activities (e.g., have you dropped many of your activities and
interests?), mental health (e.g., do you feel happy most of the time?), and outlook on life
(e.g., are you basically satisfied with your life?). A GDS-15 score ranges from 0 to 15 points,
with a higher score reflecting greater severity of depressive symptoms

In addition, subjects were asked to carry out a self-assessment of their current health
state on a 10-point scale, with 10 meaning a perfect state of health.

2.2.4. Cognitive Function Assessment

The Montreal Cognitive Assessment (MoCA) was used to measure general cognitive
function [22]. The MoCA evaluates each major cognitive function domains, including
executive function, short-term memory recall, and visuospatial abilities. The former domain
was examined by a mini-form of TMT B, a phonemic fluency task, and a two-item verbal
abstraction task. MoCA scores range from 0 to 30 points, with a higher score denoting
better global cognitive function.

2.2.5. Demographic and Occupation-Related Data

A number of years spent on education was measured using a self-report question-
naire. Occupational status was at first categorized as follows: white-collar worker, a
white-collar worker in a managerial position, owner of a craft/entrepreneurial enterprise,
military/policeman/other uniformed service, seller/employee of trade, farmer in an in-
dividual farm, physical worker (qualified), and unskilled worker. Then, the last three
categories were unified as “low occupational status” and the rest as “high occupational
status”. Eventually, a dichotomous variable with the highest occupational status achieved
during the course of the respondent’s career was created [19].

2.3. Statistical Analysis

Dependent t-tests were used to analyse whether assumptions were met; otherwise,
Wilcoxon tests were used to compare results from repeated measurements (before vs.
after two years). To calculate effect sizes and their confidence intervals [−95%; 95%] for
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dependent comparisons as well as to create violin plots, the ggstatsplot package [23] was
used.

Linear regression models were performed using Jamovi [24]. Changes in the body
composition indicators were treated as dependent variables. Sets of behaviours related to
the frequency of physical activities or product consumption were treated as predictors. Sex
(being female), presence of high occupation status, age, years of education, MoCA and GDS
scores, and current health status self-assessment were used as covariates in the regression
models.

Alluvial diagrams and frequency tables were created using Jamovi with the easyallu-
vial and ClinicoPath packages [25,26].

Network graphing was performed using the qgraph package [27] in R [28]. The
correlation results used for creating network plot were corrected using the False Discovery
Rate (FDR) with a 0.9 cut-off.

3. Results

Overall, 205 subjects (40 males) were examined at the baseline and re-evaluated after
two years. The mean age of the participants after the two year follow-up assessment was
69.67 years (−95% CI = 68.85; 95% CI = 70.5, range 60–88). The BMI of subjects was (mean
± SD) 27.54 ± 4.44 kg/m2 during baseline vs. 27.45 ± 4.3 kg/m2 after two years. The
frequencies of BMI categories are shown in Table S1. In total, 173 participants (86%) were
characterized by high occupational status. Every participant had undertaken work during
at least some period of their life; therefore, there were no participants in the unemployed
subgroup.

There were no significant changes in body composition within two years in the
examined subjects except for the visceral fat level. No changes were observed in body
weight (71.70 ± 19.03 kg during baseline vs. 70.6 ± 17 kg after 2 years, p = 0.758) (Figure 1A),
nor were changes in muscle mass observed (43.55 ± 8.2 kg during baseline vs. 43.60 ± 7.1
kg after 2 years, p = 0.743) (Figure 1C). Body fat percentage did not change in a statistically
significant or practically significant manner (median ± IQR (34.80 ± 10.45 % during
baseline vs. 34.80 ± 9.88 % after 2 years, p = 0.713) (Figure 1D). Visceral fat level, on the
other hand, was reduced significantly (10 ± 0.25 units during baseline vs. 9 ± 0.27 units
after 2 years, p = 0.00000003, r = 0.55, CI 95%) (Figure 1B) [0.43, 0.66].

A relatively high variance in body mass changes as well as in its composition was
noted; see Figure 1. Therefore, linear regression was applied to build a model to find
significant predictors of body composition changes. Changes in body fat (%), skeletal
muscle mass (kg), and visceral fat (units) within two years served as predicted variables.
Table S2 shows the confounders included in the models. Tables S3 and S4 show a list of
physical activities and diet product consumption frequency included in the regression
models as dummy variables. Figures S1–S3 show the frequency and its change over a
period of two years for physical activities (Figure S1), selected food products (Figure S2),
and alcohol consumption (Figure S3). In the case of tennis, team games, sailing/riding on
a horse, and skiing, the frequency of participants who were undertaking those activities
was relatively small; therefore, these activities were omitted from further analysis. In
addition, the number of categories was reduced to combine “never” with “once a year”
and “several times per year” in one group. In the case of fish consumption, there were only
two instances of the “daily” category; therefore, these were added to the “a few times per
week” subgroup.
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Figure 1. Changes in body mass and composition within two years: (A) change in body mass (kg) vs.
after 2 years, (B) change in visceral fat (units) vs. after 2 years, (C) change in muscle mass (kg) vs.
after 2 years, (D) change in body fat (%) vs. after 2 years. The shape of the violin graph corresponds
to the distribution of values. The median value is illustrated by the horizontal black line inside the
box, and the green dots connected by dashed grey lines show the results of individual participants.
The arithmetical mean value is illustrated by the dark red dots connected by a light red line.

Table 1 presents results from a model that explained changes in body fat percentage
based on food product consumption frequency (Adjusted R2 = 0.17, F = 1.91, p = 0.003).
Drinking beer a few times per week was associated with a significant increase in body
fat percentage in comparison to subjects who drink beer “never” to “a few times per
year” (an increase of 8.99%, p = 0.013). Vodka and other 40-proof alcohol and red wine
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consumption frequency were not significantly associated with body fat percent changes
(p < 0.05). Subjects who consumed sweets a few times per month, once a week, a few times
per week, or daily noted an increase in body fat percentage in comparison to subjects who
consumed sweets ”never” to ”a few times per year” (increase in body fat of 5.41% (p = 0.023),
4.96% (p = 0.021), 4.45 % (p = 0.038), and 4.83% (p = 0.035), respectively). Participants who
drank coffee a few times per week had a significantly higher increase in body fat percentage
in comparison to subjects who consumed coffee daily (3.88% of body fat increase, p =
0.029). Subjects who consumed green or white tea ”never” to ”a few times per year” saw a
decrease in body fat percentage in comparison to subjects who consumed green or white
tea daily (−3.18 % of body fat, p = 0.028). Males gained 5.06% body fat in comparison to
females (p < 0.001) (Table 1).

Table 1. Food product consumption frequencies as predictors of changes in body fat percentage
within two years.

95% Confidence Interval

Predictor Estimate SE Lower Upper t p

Intercept a 20.34 11.91 −3.22 43.89 1.71 0.090
Sex [F]:

0–1 5.04 1.46 2.16 7.92 3.46 <0.001
High OS [presence]:

0–1 −0.72 1.77 −4.23 2.78 −0.41 0.684
Age [years] −0.13 0.09 −0.31 0.04 −1.50 0.136
MoCA [pts] −0.08 0.15 −0.37 0.21 −0.53 0.596
GDS [pts] −0.20 0.21 −0.61 0.22 −0.95 0.345

Health status assessment
currently [pts] −0.30 0.35 −0.99 0.39 −0.86 0.390

Education [years] −0.08 0.16 −0.39 0.24 −0.47 0.638
Drinking beer [freq]:

3–0 0.41 1.39 −2.35 3.16 0.29 0.771
4–0 0.67 2.47 −4.21 5.56 0.27 0.786
5–0 8.99 3.59 1.89 16.08 2.51 0.013

Chocolate [freq]:
3–0 −3.01 1.77 −6.51 0.49 −1.70 0.091
4–0 −2.15 1.76 −5.62 1.32 −1.22 0.223
5–0 −3.41 1.80 −6.98 0.15 −1.89 0.060
6–0 −0.29 2.37 −4.99 4.41 −0.12 0.903

Sweets [freq]:
3–0 5.41 2.35 0.75 10.06 2.30 0.023
4–0 4.96 2.12 0.77 9.16 2.34 0.021
5–0 4.45 2.13 0.24 8.66 2.09 0.038
6–0 4.83 2.27 0.35 9.31 2.13 0.035

Fish [freq]:
0–4 0.80 1.64 −2.45 4.05 0.49 0.627
3–4 −0.58 1.31 −3.17 2.01 −0.44 0.658
5–4 0.27 1.54 −2.79 3.33 0.17 0.862

Coffee [freq]:
0–6 2.85 2.08 −1.26 6.96 1.37 0.173
3–6 2.75 2.70 −2.59 8.09 1.02 0.310
4–6 −1.29 2.88 −6.99 4.41 −0.45 0.654
5–6 3.88 1.76 0.40 7.37 2.20 0.029

Green and/or white tea
[freq]:

0–6 −3.20 1.42 −6.02 −0.39 −2.25 0.026
3–6 −1.86 1.89 −5.60 1.88 −0.98 0.328
4–6 0.44 1.95 −3.42 4.30 0.23 0.821
5–6 −0.49 1.48 −3.41 2.43 −0.33 0.738
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Table 1. Cont.

95% Confidence Interval

Predictor Estimate SE Lower Upper t p

Red wine [freq]:
3–0 −2.48 1.26 −4.97 0.01 −1.97 0.051
4–0 1.59 1.96 −2.30 5.47 0.81 0.420
5–0 −0.22 2.39 −4.95 4.51 −0.09 0.926
6–0 −0.07 5.00 −9.96 9.81 −0.01 0.988

Vegetables and fruit [freq]:
4–3 −5.95 6.85 −19.49 7.60 −0.87 0.387
5–3 −7.49 6.57 −20.49 5.51 −1.14 0.257
6–3 −7.55 6.40 −20.21 5.11 −1.18 0.240

Vodka and other 80-proof
alcohols [freq]:

3–0 0.31 1.43 −2.52 3.13 0.21 0.831
4–0 −1.40 2.26 −5.87 3.07 −0.62 0.536
5–0 10.20 7.00 −3.64 24.05 1.46 0.147
6–0 6.58 7.07 −7.41 20.57 0.93 0.354

a: reference level; 0: never/once a year/several times per year; 3: 1–2 times per month; 4: once a week; 5: several
times per week; 6: daily.

Table S3 includes the frequency of physical activities, while Table S4 shows the fre-
quency of food product consumption included in the regression analysis. Table S5 presents
results from a model that explained changes in muscle mass in kilograms based on food
product consumption frequency (Adjusted R2 = 0.16, F = 1.83, p = 0.006). Drinking beer a
few times per week was related to a decrease in muscle mass in comparison to drinking
beer never to a few times per year (−5.5 kg, p = 0.043). Sweets consumption one to two
times per month was related to a decrease in muscle mass in comparison to consuming
sweets never to a few times per year (−3.59 kg, p = 0.047). Contrarily, drinking red wine
one to two times per month was related to an increase in muscle mass in comparison to
drinking red wine never to a few times per year (1.88 kg, p = 0.049). For the rest, food
product consumption frequency was not a significant predictor of changes in muscle mass
within the two years (Table S2). Males lost a mean of 4.03 kg less of skeletal muscle mass in
comparison to females (p < 0.001) (Table S5).

Table S6 presents results from a model that explained changes in units of visceral fat
based on food product consumption frequency (Adjusted R2 = 0.08, F = 1.37, p = 0.096).
Food product consumption frequency was not a significant predictor of visceral fat within
the two years (Table S6).

Tables S7–S9 present results from models that explained changes in body fat percentage
(Table S7), muscle mass in kilograms (Table S8), and visceral fat in units (Table S9) in relation
to the frequency of physical activities. The models were not statistically significant, nor
were particular predictors related to physical activity frequency (p > 0.05).

Figure 2 and Tables S10–S13 show the relationship between the change in body fat
percentage over two years presented as a binary value (increased vs. decreased) in compar-
ison with the frequency of food products period denoted as significant within the same
in the linear regression model. Overall, older participants who noted an increase in body
fat percentage within two years seemed to drink beer more frequently during this period
(Table S10); 39 % of those who noted a body fat decrease consumed beer a few times per
year or less frequently, compared to 33 % of participants who noted a body fact increase
(Table S10). Of patients who drank green or white tea never to several times per year, n = 21
(12% of the total sample) noted an increase in body weight (Table S11). Table S12 shows
that daily consumers of coffee, n = 59 (33% of the total sample) noted an increase, while
n = 79 (44% of the total sample) noted a decrease in body fat percentage within two years.
Table S13 shows that in participants who ate sweets never to several times per year, 6%
noted a decrease in body fat percentage, while 2% noted an increase.
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Figure 2. Alluvial diagram showing the relationship between the presence of body fat (BF) change
with the frequency of selected food products consumption.

In addition, as can be seen in Figure 2, the frequencies of consumption of products
related to body fat percent change within two years in this study seem to be interrelated.
For instance, 28 % of participants drank green or white tea a few times per year while
drinking coffee daily (Table S14). Contrarily, 22 % of participants drank both beverages
daily (Table S14). In addition, there seems to be a positive relationship between sweets and
coffee consumption; subjects who ate sweets the most frequently (once a week or more
frequently) more often consumed coffee daily (Table S15). For instance, 6 % of participants
ate sweets a few times per year and drank coffee daily; however, 21%, 22%, and 21% of
participants drank coffee daily and consumed sweets once a week, a few times per week,
or daily, respectively (Table S15).

As a part of the exploratory approach, we performed a network analysis between the
examined factors (Figure 3). Interestingly, the change in the percentage of body fat was
negatively related to the change in skeletal muscle mass. The created network confirmed
the presence of multiple intra-group relationships meaning that there were many positive
relationships between the frequency of consumption of particular food products and other
food products as well as between particular physical activities and other physical activities.
Interestingly, after FDR, only three edges were indicating inter-group relations between
food consumption and physical activity frequency: the frequency of consumption of green
tea was positively related to short walks, and the frequency of sweets consumption was
negatively related to the frequency of running/jogging. A negative relationship between the
frequency of drinking vodka and other 80-proof alcohols with running/jogging frequency
was noted, in that a higher frequency of strong alcohol consumption was associated with a
lower frequency of running (Figure 3). In addition, high occupational status was related to
more frequent running/jogging, Nordic walking, and consumption of red wine (Figure 3),
while being female was related to a lower frequency of beer consumption.
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Figure 3. Network analysis of the relationship of body composition change with the frequency of
physical activities, food products consumption, demographic data, cognitive function, depression
severity, and health self-assessment. Nodes were grouped according to pre-specified groups, to
which each variable belongs. Illustrated graphs are weighted, with green edges showing positive
weights and red edges showing negative weights. The color saturation and the width of the edges
are proportional to the absolute weight and scale relative to the strongest weight in the graph. OS—
occupational status; MoCA—Montreal Cognitive Assessment; GDS—Geriatric Depression Scale.

4. Discussion

In the current study, no significant changes in body weight, muscle mass, or body
fat percentage were observed. However, a significant reduction in visceral fat level was
noted. Changes in all body composition measurements observed within two years were
characterized by relatively high variance. The frequencies of food products consumption
are interrelated. For instance, subjects who ate sweets the most frequently (once a week or
more frequently) consumed coffee daily more often. Such a network relationship between
particular behaviours was observed in previous studies as well. For instance, Mattioli et al.
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noted good adherence to the Mediterranean diet and high levels of physical activity in a
group of women with high coffee consumption [29].

4.1. Body Composition Trajectory in Older People

As body composition has a significant impact on disease development and physical
dependence, there is great interest in understanding the progression of body composition
changes to help prevent or at least mitigate them [30]. Numerous studies have evaluated
or determined this progression of body composition changes, providing important results.
For example, a study conducted by Visser et al. [31] aimed to assess changes in body
composition in healthy older people over 60 years of age with a two-year follow-up,
finding that older adults had an average change in body composition of 1–2% of total
body mass (a decrease of 0.3% in men and 0.4% in women was reported), fat-free mass,
appendicular lean soft tissue mass (ALST), and total fat mass after the two-year follow-up.
There was a decrease in fat-free mass of 1.1% and in appendicular soft tissue mass (ASLT)
of 0.8% in men, which was accompanied by an increase in total fat mass of 2.0%, while in
women a decrease in body mass of 0.6% was reported after two years, with no change in
ALST or body fat mass. Thus, the results of their study showed that men have a clear loss
of ASLT compared to women and that men are at higher risk of loss of muscle function
compared to women. Another longitudinal study conducted by Raguso et al. [30] aimed
to assess body composition changes in people over 65 years of age (74 healthy men and
66 women) with a three-year follow-up period. A decrease in soft tissue lean tissue (FFST)
and appendicular skeletal muscle mass (−0.3 ± 1.4 and −0.2 ± 2.2 kg, respectively) and an
increase in body fat (0.6 ± 2.2 kg) were observed.

4.2. Physical Activities and Product Consumption Frequency as Predictors of Skeletal Muscle Mass

In the current study, drinking beer a few times per week was related to a decrease
in muscle mass in comparison to drinking beer never to a few times per year. Sweets
consumption one to two times per month was related to a decrease in muscle mass in
comparison to consuming sweets never to a few times per year. Contrarily, drinking red
wine one to two times per month was related to an increase in muscle mass in comparison
to drinking red wine never to a few times per year. The frequency of physical activities was
not related to changes in body composition. Somewhat contrary to the results observed in
the current study, higher muscle mass was related to a lower percentage of total and trunk
fat in individuals who are [30]. Indeed, the role of physical activity and diet in maintaining
lean body mass in older subjects has been underlined numerous times in the literature [32].
A recent meta-analysis showed that a resistance exercise training program was effective in
inducing skeletal muscle hypertrophy in subjects 75 years of age and older [33].

4.3. Effects of Food Product Consumption Frequency on Changes in Body Composition within
Two Years

In the current study, more frequent drinking of beer and of green or white tea as well
as sweets consumption were related to a higher increase in body fat percentage within two
years. Daily coffee consumption was related to a lower increase in body fat percentage in
comparison to consumers who drank coffee a few times per week. More frequent drinking
of beer and consumption of sweets was related to a decrease in skeletal muscle mass over
two years. Contrarily, drinking red wine one to two times per month was related to an
increase in muscle mass in comparison to drinking red wine never to a few times per year.

In the current study, it was observed that consuming sweets a few times per month,
once a week, a few times per week, or daily was related to an increase in body fat percentage
in comparison to consuming sweets never up to a few times per year. In the current
paradigm on weight and body composition management, it seems that the balance between
caloric intake and output is the most important factor. For obese people, daily calorie
restriction is a tried-and-true primary weight-loss method [34]. No significant differences
have been shown in weight loss induced by a year-long low-fat diet vs. a low-carbohydrate
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isocaloric diet [35]. If the results of the above-described study can be replicated, then a lack
of practical differences between the quality of diets with the same caloric deficit might lead
to the development of a very flexible approach to obesity treatment. Presumably, if patients
were allowed to choose their diet type, this could be related to specific product abundance
(for instance, a relatively higher amount of carbohydrate-rich food in a low-fat diet). Such
an approach might eventually lead to higher adherence to the diet, thereby increasing its
efficacy.

However, it seems that the intake the certain food products and their consequences
can indirectly influence the above-mentioned balance. In the current study, participants
who drank coffee a few times per week had a higher increase in body fat percentage in
comparison to subjects who consumed coffee daily. Subjects who consumed green or white
tea never to a few times per year saw a decrease in body fat percentage in comparison to
subjects who consumed green or white tea daily. Polyphenols in green tea might lead to a
reduction in chronic inflammation of the liver and gastrointestinal tract and could change
the gastrointestinal microbiota [36]. Modulation of the gut microbiota might in turn be
related to body composition changes [37]. Contrary to our observation, tea and its compo-
nents have been shown to decrease both body fat stores and body mass [36]. Presumably,
there are independent mechanisms of epigallocatechin and caffeine from tea leaves that
have synergistic effects on weight loss [36]. In line with our results, it has been shown that
ingestion of coffee might lead to a decrease in storing of fat in the body due to inhibition of
the multiplication of adipocytes, modulation of the activity of transcription factors taking
part in lipid production, and the alternation of gut microbiota [36]. Nevertheless, two
things should be noted about the results of the current study. First, the above-mentioned
relationships between the frequency of tea and coffee consumption and body composition
changes were characterized by a small effect size. Second, these relationships might in
fact be spurious ones. It seems unlikely that the consumption of green or white tea or
coffee has a physiologically significant effect on body composition per se. Presumably,
the effects of the frequency of consumed products on body composition changes might
be indirect, through modulation of gut microbiota and other mechanisms, which would
eventually be related to modulation of kilocalories intake and/or expenditure, and in turn
to changes in body composition. The results of previous studies have shown that decreased
carbohydrate availability due to fasting or a ketogenic diet (KD), metabolic consequences of
an intense physical exercise session, or impaired insulin signaling might lead to increased
production of ketone bodies (KBs) [38]. KDs appear to reduce appetite, which in turn
leads to a decrease in kilocalorie intake [39–42]. In addition, it has been proposed that KBs
could lead to the modulation of circadian rhythms, including appetite, sleep, and hormone
release [43]. Nevertheless, more studies on the potential anorexigenic effect of KD and
associated mechanisms are needed [43]. Because of the potential risk of KD and limited
evidence on its application in type 2 diabetes, caution in the application of KD has been
advised [44]. Therefore, further studies should assess the differences between different
types of diets (i.e., those low in carbohydrates vs. those relatively high in carbohydrates)
with the same caloric deficit.

4.4. Study Limitations

In the current study, only self-reported recall of the frequency of food product con-
sumption and physical activity was measured, without any indication of the quantity or
quality. Future longitudinal studies conducted in Poland should measure more factors
related to participants’ behaviour.

In the current study, we used a body composition measurement based on a bioelectrical
impedance device. This technology has several limitations in estimating body composition
with high accuracy [43]. In further studies, it would be best to accompany this method with
body composition and structure measurement using dual-energy X-Ray absorptiometry or
magnetic resonance imaging and waist-to-hip ratio.
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Further studies should be conducted on a larger sample size and should allow for
adding more confounding factors into models, including effects of pathology, diagnosis,
and treatment of chronic disorders. Characteristics of diet should be examined (plant vs.
animal origin). Moreover, a larger sample might lead to higher frequencies in particular
categories of qualitative variables, leading to more balanced data. For instance, it is a
high need to examine the effects of unemployment and types of occupation related to
no or restricted opportunities to consume regular meals during shifts, as these could be
indirectly related to prolonged intermittent fasting during work time. As the R2 values of
created models are notably small in the current study, further studies should extend the
list of examined behaviors. In addition, the effect sizes of relationships between behaviors
of older participants with body composition change should be provided together with
a discussion on the practical and clinical significance of the results. It should be noted
that behaviors denoted in the current study as statistically significant in relation to body
composition change in older people may not necessarily be practically meaningful due to
potential low effect sizes and/or problems with adherence of the subjects to interventions.

As we mentioned in our previous study [19], we did not measure the method of coffee
preparation in the currently analysed sample. The method used for coffee preparation might
affect both the quality and quantity of substances introduced upon consumption [27,45].
Nevertheless, based on population data available in Poland, it can be predicted that the
vast majority of coffee was prepared using espresso prepared under pressure in a machine
or by pouring hot water over coffee (coffee in a glass or cup, without filtering, with coffee
grounds) [46].

As highlighted in one of our previous studies, there is an urgent need for further
longitudinal studies and the incorporation of a more representative sample with a higher
proportion of males [19].

5. Conclusions

In the current longitudinal study, in which older participants were examined during
the baseline and after two years, we have observed the following:

1. No significant changes in body weight, muscle mass, or body fat percentage were
observed.

2. A significant reduction in visceral fat level was noted. Changes in all body composi-
tion measurements were characterized by relatively high variance.

3. More frequent drinking of beer, drinking of green or white tea, and consumption
of sweets were related to a higher increase in body fat percentage within two years.
Daily coffee consumption was related to a lower increase in body fat percentage in
comparison to consumers who drank coffee a few times per week.

4. More frequent drinking of beer and consumption of sweets was related to a decrease
in skeletal muscle mass within two years. Contrarily, drinking red wine one to two
times per month was related to an increase in muscle mass in comparison to drinking
red wine never to a few times per year.

5. Drinking beer a few times per week was related to a decrease in muscle mass in
comparison to drinking beer never to a few times per year. Consuming sweets one
to two times per month was related to a decrease in muscle mass in comparison to
consuming sweets never to a few times per year. Contrarily, drinking red wine one
to two times per month was related to an increase in muscle mass in comparison to
drinking red wine never to a few times per year

6. Frequency of physical activities was not related to changes in body composition.
7. The frequencies of food product consumption are interrelated; for instance, subjects

who ate sweets the most frequently (once a week or more frequently) were more often
daily consumers of coffee.
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Abstract: Resveratrol is a natural polyphenol utilized in Chinese traditional medicine and thought
to be one of the determinants of the “French Paradox”. More recently, some groups evidenced its
properties as a calorie-restriction mimetic, suggesting that its action passes through the modulation
of skeletal muscle metabolism. Accordingly, the number of studies reporting the beneficial effects
of resveratrol on skeletal muscle form and function, in both experimental models and humans, is
steadily increasing. Although studies on animal models confer to resveratrol a good potential to
ameliorate skeletal muscle structure, function and performance, clinical trials still do not provide
clear-cut information. Here, we first summarize the effects of resveratrol on the distinct components
of the skeletal muscle, such as myofibers, the neuromuscular junction, tendons, connective sheaths
and the capillary bed. Second, we review clinical trials focused on the analysis of skeletal muscle
parameters. We suggest that the heterogeneity in the response to resveratrol in humans could depend
on sample characteristics, treatment modalities and parameters analyzed; as well, this heterogeneity
could possibly reside in the complexity of skeletal muscle physiology. A systematic programming
of treatment protocols and analyses could be helpful to obtain consistent results in clinical trials
involving resveratrol administration.

Keywords: resveratrol; skeletal muscle; clinical trials

1. Introduction

Resveratrol (RES) is a natural polyphenol found in grapes, berries and peanuts
(Figure 1). Utilized in Chinese traditional medicine, in more recent times, RES is thought to
be one of the determinants of the so-called “French Paradox” [1]. This is an epidemiological
observation that evidences a low mortality rate from cardiovascular diseases among people
in France despite their diet rich in saturated fats [2]. At the beginning of this century, after
the demonstration that RES can prolong the lifespan in several organisms by interacting
with the Silent Mating Type Information Regulator 1 (SIRT-1) pathway [3–5], some groups
evidenced its properties as an exercise and calorie-restriction mimetic [6]. After extensive
research, it is now suggested that RES’s action is the result of the modulation of skeletal
muscle cell metabolism and the improvement of mitochondrial quantity and quality, insulin
sensitivity and motor function [7,8].

RES has been demonstrated to perform multiple functions at the level of the skeletal
muscle, such as the modulation of cell metabolism, inhibition of protein catabolism and
protection against cellular stress, thanks to its ability to interact with several signaling
pathways [9,10]. Concisely, RES has been demonstrated to exert its metabolic effects mainly
via the activation of adenosine monophosphate (AMP)-activated protein kinase (AMPK)
and the consequent modulation of a signaling cascade involving SIRT-1, forkhead box
O1 (FoxO1), nuclear factor erythroid-2-related factor 2 (Nrf2) and other effectors [10].
Successively, RES has been shown to regulate cyclooxygenases [11], to directly or indirectly
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scavenge reactive oxygen species (ROS) and nitrogen reactive species (RNS) [10] and to act
as a phytoestrogen [12–14].

Figure 1. Structures of trans-resveratrol and cis-resveratrol.

Although studies exploiting experimental models ascribe to RES a good potential to
ameliorate skeletal muscle structure, function and performance [15,16], trials on humans
still do not provide clear-cut information. Actually, in addition to the heterogeneity of
protocols (sample number, dose and length of treatment, age, sex and health conditions), it
should be considered that skeletal muscle function is achieved thanks to the orchestration
of its distinct components, such as the neuromuscular junction (NMJ), muscle fibers,
connective sheaths, tendons and vessels, which could be differently influenced by RES
administration [17].

The present manuscript will provide an overview of the experimental evidence sup-
porting RES action in the distinct components of the skeletal muscle and will summarize
and discuss the recent literature on human trials that investigate the effects of RES on
skeletal muscle form and function.

2. Resveratrol Can Affect Distinct Skeletal Muscle Components

Skeletal muscle contraction is initiated by the nervous system with the generation of a
signal that travels through motor neurons to the NMJ, inducing the release of acetylcholine,
which binds to receptors on the sarcolemma of the muscle fiber. This action starts a pro-
cess, the excitation–contraction coupling, that leads to the filaments sliding and muscle
contracting. Skeletal muscles are attached to bones and other structures via tendons, al-
lowing movement and respiration. Although the main component of the skeletal muscle is
represented by myofibers, an optimal physical performance depends on the integration
of several histological and anatomical structures with different roles in skeletal muscle
contraction. Attesting to the need for efficient coordination between myofibers and asso-
ciated tissues to achieve optimal skeletal muscle function, studies on aging and muscle
unloading demonstrate that the loss of muscle strength is considerably greater compared
to the associated alteration to the muscle mass [18–20]. This divergence could be ascribable
to modifications to the NMJ, connective sheets, tendons and blood vessels, which work
together to guarantee optimal contraction performance [17]. Consequently, the efficient
improvement of skeletal muscle function in different physio-pathological conditions re-
quires a strategy capable of targeting multiple muscle structures [17]. In this context, RES,
initially reported to modulate the form and function of the skeletal muscle cell [9], has been
demonstrated to be a pleiotropic molecule able to interact with different muscle structures,
as summarized below.

2.1. Resveratrol and Skeletal Muscle Fiber

RES has been reported to act on myofibers by modulating metabolism, catabolism
and oxidative stress. As largely reported, RES interacts with the AMPK-SIRT-1 pathway to
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trigger several signaling pathways, which induces a general myofiber remodeling similar
to that seen by exercise training and calorie restriction.

RES induces the expression of genes involved in mitochondrial biogenesis and ox-
idative phosphorylation through the peroxisome proliferator-activated receptor gamma
coactivator-alpha (PGC-1-alpha) [7]. As a result, muscle fibers from treated animals have
better oxidative profiles and/or present more oxidative type I fibers, which are resis-
tant to fatigue [7,21]. In turn, mitochondrial activity and PGC-1-alpha modulation have
been demonstrated to be strictly associated with better fatty acid oxidation and lipid
metabolism [7].

RES has been shown to modulate glucose metabolism by improving glucose up-
take in several experimental models. As a result, mice on a high-fat diet supplemented
with RES have lower circulating levels of insulin and improved glucose tolerance com-
pared to the control group [7,8], diabetic rats display a better glucose tolerance upon RES
treatment [22,23] and, more interestingly, preliminary studies confer to RES potential as an
antidiabetic molecule in humans [24].

Despite the presence in the literature of conflicting data, it is suggested that RES may
prevent muscle wasting in different conditions. Actually, RES has been shown to inhibit
protein degradation in several in vitro models [9] by interfering with nuclear factor kappa
beta (NF-kB) activation and nuclear translocation, inhibiting the signaling pathway that
contributes to muscle mass loss [25]. Accordingly, RES supplementation has been shown to
attenuate age-dependent fiber area decrease [26]. Interestingly, the administration of RES
in rats undergoing hindlimb suspension did not prevent fiber atrophy during the period of
disuse, but it increased the cross-sectional area of type II fibers in response to reloading,
most probably by reducing pro-apoptotic signals [27].

2.2. Resveratrol and the NMJ

The NMJ is the point of communication between the motor neuron and the skeletal
muscle cell, and it is the site for the transmission of action potential to activate contraction.
The integrity of the NMJ is perturbed in neuromuscular disorders and in skeletal muscle
aging and disuse [20,28–30], with a consequent loss of its organization, fragmentation and
degeneration, contributing to reduced muscle performance. Already in 2006, Lagouge
and collaborators [7], based on the evidence that RES improved the motor coordination
and traction force in mice fed on a high-fat diet, suggested that RES could modulate
neuromuscular communication. Later, analogously to the reported evidence that calorie
restriction and exercise can attenuate age-dependent NMJ modifications [31], RES was
reported to slow aging of the NMJ by reducing its fragmentation and denervation [32].

Although the molecular pathways regulating the NMJ-specific domain targeted by
RES remain quite unexplored (the research in PubMed with the words “resveratrol neuro-
muscular junction” issued only five results), several research articles exploring RES effects
on nervous tissue reveal significant neuroprotective action. Actually, in various experimen-
tal models, RES administration has been shown to reduce nerve cell senescence [33] and to
ameliorate oxidative stress [34], endoplasmic reticulum stress [35] and inflammation [36],
thereby improving locomotor function. This evidence suggests that RES has the potential
to target the presynaptic component of the NMJ. Further work is needed to understand if
and how RES can target the postsynaptic domain of the skeletal muscle cell.

2.3. Resveratrol, Connective Sheaths and Tendons

Connective sheaths and tendons are formed by an insoluble scaffold of the extracellular
matrix (ECM), rich in collagen and elastic fibers, proteoglycans, glycoproteins and laminins,
which is synthesized by fibroblasts. Connective sheaths serve as structural support for
muscle fibers; participate in lateral and longitudinal force transmission; host immune
system cells, satellite cells, nerves and capillaries; and form a strict connection with bones
to displace the different parts of the skeleton [37].
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In general, ECM homeostasis is maintained by the fine regulation of the production of
its components and the activation of degrading enzymes [18]. In the context of a muscle, the
presence of continuous excitation–contraction cycles requires an appropriate remodeling of
the ECM, which can be highly impacted by exercise, age and pathological conditions [37].
For example, in aging individuals, the ECM undergoes fibrotic changes that lead to an
increase in skeletal muscle stiffness, strength loss and injury predisposition [19,38]. More-
over, attesting to the crucial role of connective sheaths, muscle contraction can be impaired
in ECM-specific disorders but also in apparently unrelated pathologies that result in con-
nective tissue impairment [39]. For instance, patients affected by Ehlers–Danlos syndrome
often display neuromuscular involvement [40]. Although these subjects experience skeletal
muscle symptoms such as pain, fatigue and cramps, they have normal skeletal muscles,
suggesting that muscle symptoms depend on the associated connective tissue [41]. Inter-
estingly, patients affected by chronic kidney disease present reduced muscle performance
accompanied by fibrosis, capillary rarefaction and weakness, which can be partially re-
verted by dialysis [39,42].

The effects of RES on the ECM are quite conflicting, which may be due to the different
biochemical properties of the ECM in different tissues and the experimental models tested.
It has been suggested that RES may modulate both the deposition and the degradation of the
ECM components. RES has been shown to increase collagen deposition, improving wound
healing and neovascularization after laparotomy in rats [43] but also to reduce cardiac
fibrosis in several experimental models via the diminution of ECM component deposition
and the regulation of metalloproteinase (MMP) activity [44]. In the context of skeletal
muscle, there are few observations. Gliemann and collaborators reported that RES inhibits
the training-induced expression of the metallopeptidase inhibitor-1 (TIMP-1) and reduces
the levels of thrombospondin-1 (TSP-1), and they interpreted these data as an inhibition of
the proangiogenic response and capillarization [45]. Considering the metalloproteinase-
inhibiting function of TIMP-1 and the role of TSP-1 in promoting fibrosis [46], it could be
hypothesized that RES plays an antifibrotic role also in the skeletal muscle.

Interestingly, because RES is a pleiotropic molecule and ECM is a highly elaborate and
plastic tissue structure, modifications to connective sheaths could also depend on indirect
RES actions, such as the scavenging of ROS, inhibition of the production of advanced
glycation end products (AGEs), improvement of the inflammatory response and regulation
of hormones [47].

2.4. Resveratrol and Skeletal Muscle Vascularization

In the skeletal muscle, microcirculation is responsible for the delivery of oxygen, nu-
trition and hormone molecules to and from muscle fibers and for the removal of heat
and waste products [48]. To these aims, within the skeletal muscle, fiber type, fiber
size, oxidative capacity and capillarization are strictly regulated to adapt to physiological
needs [48–50]. Attesting to its crucial role, reduced capillarization impacts oxygen supply
to muscles, contributing to exercise intolerance. Accordingly, poor capillarization levels
are observed in hypertensive conditions, concurrent with metabolic dysregulation [51] and
associated with lower muscle performance in older adults [52].

Based on the idea of the capillary bed as a target to improve skeletal muscle health,
there is a growing interest in RES’s potential to modulate capillarization, because studies in
humans and animal models have provided promising results regarding both the skeletal
muscle [53,54] and the cardiovascular system [55].

As suggested by Diaz and collaborators [56], the impact of RES on blood vessels is
ascribable to a multilevel action, which starts from molecular regulation, passes through
a biochemical response and converges to bring better blood supply to the tissue. RES
has been shown to positively regulate vasculature through several mechanisms. It has
been suggested that RES promotes angiogenesis via thioredoxin-1, heme oxygenase-1 and
vascular endothelial growth factor (VEGF) [57] and regulates vasodilation by scavenging
ROS and modulating nitric oxide synthesis. RES inhibits NFkB activation, leading to the
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reduction of inflammation markers and cytokines [53,58,59]. Ultimately, the improvement
of capillarization in the skeletal muscle can also be credited with secondary effects, such as
a decrease in fibrosis of the associated connective tissue [39,42] or an improvement in the
cardiac hemodynamic properties, as shown in RES-treated diabetic rats [60].

3. Resveratrol and Skeletal Muscle in Clinical Trials

3.1. Search Strategy

We performed a systematic search from March 2023 to April 2023 following the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist
guidelines. We searched the terms “resveratrol” and “skeletal muscle” in PubMed’s clinical
trials section, which returned 21 results. We searched the terms “resveratrol”, “skeletal mus-
cle” and “clinical trial” in Scopus, which returned 22 articles. We also searched the terms
“resveratrol” and “skeletal muscle” in the Cochrane Library, and we obtained 53 results. We
then selected only research articles that reported the analyses of skeletal muscle biopsies
and/or physical performance. The cross-selection among libraries, together with a further
analysis of the literature, returned 24 articles, which are reported in Table 1 [45,54,61–82].
Research articles from Gliemann et al. [45,78] and Olesen et al. [75], and research articles
from Kjaer et al. [69] and Korsholm et al. [70], respectively, issued from a single clinical trial.

Table 1. List of the selected clinical trials reporting subjects’ number, sex and age (reported between
parentheses as mean age ± standard deviation), health condition, treatment conditions, analyses
performed and results. Abbreviations: f, female; m, male; RES, resveratrol; PL, placebo; EGCG,
epigallocatechine-3; T2DM, type 2 diabetes mellitus; COPD, chronic obstructive pulmonary disease;
and PAD, peripheral arterial disease.

Groups
Subjects

No./Sex/Age

Health
Condition

Dose Treatment
Treatment

Length
Parameters
Measured

Effect

SCOTTO DI
PALUMBO,

2022 [61]

10 f + 11 m RES
(75.0 ± 3.4)
8 f + 8 m PL
(74.8 ± 3.9)

Sedentary 150 mg/day
Nutrition

supplement
drink

6 months Performance Positive
effect

HARPER,
2021 [62]

13 f + 7 m RES
500 mg (72 ± 5.1)

18 f + 2 m RES
1000 mg

(70.3 ± 5.8)
14 f + 6 m PL
(73.3 ± 7.8)

Functional
limitations

500 mg,
1000 mg/day

Resveratrol
+ exercise 12 weeks

Metabolism,
inflammation

markers,
performance

Positive
effect

HUANG,
2021 [63]

18 m RES (21.09
± 1.33)

18 m PL
(21.09 ± 1.33)

T2DM 500 mg,
1000 mg/day

Trans-
resveratrol

extract
7 days Muscle damage

markers
Positive

effect

BEIJERS,
2020 [64]

4 f + 7 m RES
(67.8 ± 9.0)
5 f + 5 m PL
(65.3 ± 9.1)

COPD 150 mg/day resVidaTM 4 weeks
Metabolism,

inflammation
markers

No effect

HUANG,
2020 [65]

18 m RES
(20.2 ± 0.4)

18 m PL
(20.2 ± 0.4)

Healthy 480 mg/day
Resveratrol

extract
+ exercise

4 days Metabolism
markers No effect

VAN
POLANEN,

2020 [66]

18 m RES
(61 ± 8)

18 m PL (61 ± 8)

Obese
Normoglycemic 150 mg/day Trans-

resveratrol 30 days
Metabolism,
histological

markers

Positive
effect

DE LIGT,
2018 [67]

13 m RES (66)
13 m PL (66)

Overweight
(T2DM

first-degree
relatives)

150 mg/day Trans-
resveratrol 30–34 days

Metabolism
markers,

respiration

Partially
positive

effect
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Table 1. Cont.

Groups
Subjects

No./Sex/Age

Health
Condition

Dose Treatment
Treatment

Length
Parameters
Measured

Effect

ALWAY,
2017 [68]

9 f + 6 m RES
(67.9 ± 1.1)
9 f + 6 m PL
(67.9 ± 1.1)

Healthy 500 mg/day Resveratrol
+ exercise 12 weeks

Metabolism,
histological

markers,
performance

Positive
effect

KJAER,
2017 [69]

21 m RES 150 mg
(49.1 ± 1.46)

21 m RES 1000
mg (51.9 ± 1.28)

24 m PL
(47.8 ± 1.3)

Metabolic
syndrome

150 mg
1000 mg/day Resveratrol 16 weeks Metabolism

markers No effect

KORSHOLM,
2017 [70]

21 m RES
(47.8 ± 1.3)

24 m PL
(47.8 ± 1.3)

Metabolic
syndrome 1000 mg/day resVidaTM 4 months Metabolomic

analyses
Positive

effect

MCDERMOTT,
2017 [71]

8 f + 13 m RES
125 mg

(73.6 ± 6.6)
6 f + 17 m RES

500 mg
(75.6 ± 7.3)

21 f + 45 m PL
(74.4 ± 6.1)

PAD 125, 500 mg/day Resveratrol 6 months Performance
Partially
positive

effect

POLLACK,
2017 [54]

19 f (67 ± 7)
11 m (67 ± 7)

Glucose
intolerant

2000–3000
mg/day Resveratrol 6 weeks Metabolism

markers
Positive

effect

MOST,
2016 [72]

18 EGCG + RES
(36.1 ± 2.2)

20 PL (38.7 ± 2.2)

Overweight
Obese 80 mg/day

Trans-
resveratrol

extract
+

epigallocatechine-
3

12 weeks
Metabolism

markers,
respiration

Positive
effects

POLLEY,
2016 [73]

4 f (19.7 ± 0.6) +
4 m (21.07 ± 2.4)

RES
3 f (19.0 ± 0.8) +
5 m (20.0 ± 0.8)

PL

Healthy 500 mg/day

Trans-
resveratrol

+ 10mg/day
piperine

+ exercise

4 weeks
Metabolism

markers,
respiration

Positive
effects

GLIEMANN,
2014 [45]

9 m RES (60–72)
14 m RES +

exercise (60–72)
7 m PL (60–72)

13 m PL +
exercise (60–72)

Healthy 250 mg/day
Trans-

resveratrol
+ exercise

8 weeks Angiogenic
markers No effect

GOH,
2014 [74]

5 m RES
(55.8 ± 7.3)

5 m PL
(56.8 ± 5.3)

T2DM 500 mg/day Trans-
resveratrol 12 weeks

Metabolisms
markers,

performance

Partially
positive

effect

OLESEN,
2014 [75]

9 m RES (60–72)
14 m RES +

exercise (60–72)
7 m PL (60–72)

13 m PL +
exercise (60–72)

Healthy 250 mg/day
Trans-

resveratrol
+ exercise

8 weeks
Metabolism,

inflammation
markers

No effect

SCRIBBANS,
2014 [76]

8 m RES (21 ± 1)
8 m PL (22 ± 1) Healthy 150 mg/day resVidaTM

+ exercise 4 weeks

Metabolism,
histological

markers,
performance

Partially
positive

effect

WILLIAMS,
2014 [77]

8 m RES
(23.8 ± 2.4)

8 m PL
(23.4 ± 6.1)

Sedentary 300 mg resVidaTM Single dose
Metabolism

markers,
respiration

No effect
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Table 1. Cont.

Groups
Subjects

No./Sex/Age

Health
Condition

Dose Treatment
Treatment

Length
Parameters
Measured

Effect

GLIEMANN,
2013 [78]

9 m RES (60–72)
14 m RES +

exercise (60–72)
7 m PL (60–72)

13 m PL +
exercise (60–72)

Healthy 250 mg/day
Trans-

resveratrol
+ exercise

8 weeks
Metabolism,

inflammation
markers

No effect

O’CONNOR,
2013 [79]

9 f + 11 m RES
(19.9 ± 2.2)

12 f + 10 m PL
(19.8 ± 1.7)

Healthy Grape powder
drink 45 days

Muscle
performance,

injury
No effect

POULSEN,
2013 [80]

12 m RES
(44.7 ± 3.5)

12 m PL
(31.1 ± 3.9)

Obese 1500 mg/day Trans-
resveratrol 4 weeks Metabolism

markers No effect

YOSHINO,
2012 [81]

15 f RES
(58.2.5 ± 4.0)

14 f PL
(59.8.5 ± 4.3)

Healthy,
postmenopausal 75 mg/day Resveratrol 12 weeks Metabolism

markers No effect

TIMMERS,
2011 [82]

11 m RES
(52.5 ± 2.1)

11 m PL
(52.5 ± 2.1)

Obese 150 mg/day resVidaTM 30 days Metabolism
markers

Positive
effect

3.2. Effects of Resveratrol on Human Skeletal Muscle

Table 1 reports the 24 research articles issuing from 21 clinical trials that were selected
from the literature. Interestingly, 14 articles reported positive or partially positive effects
upon RES treatment, while 10 articles reported no beneficial action.

At the first evaluation, the analysis of the selected papers brings to light the wide
heterogeneity of the clinical trials in the design, settings, participants, interventions and
main outcomes.

The number of subjects ranged from less than 10 to around 20. The mean age of the sub-
jects, although being quite homogeneous in the distinct trials, varied from around 20 years
to a maximum of 75 years (see Table 1). The reported clinical trials prevalently enrolled male
subjects, with one protocol involving only women [81] and seven protocols involving both
female and male subjects [61,62,64,68,71,73,79]. Enrolled subjects were healthy active and
healthy sedentary [45,61,65,68,73,75–79,81]; aged persons with functional limitations [62];
and subjects affected by obesity and/or metabolic syndrome [66,67,69,70,72,80,82], pe-
ripheral arterial disease (PAD) [71], type 2 diabetes mellitus (T2DM) [74,83] and chronic
obstructive pulmonary disease (COPD) [64]. In most of the protocols, RES was supple-
mented orally, alone in pills, in combination with epigallocatechine-3 (EGCG) [72] or
piperine [73], as a drink [61,79] and associated with training protocols [62,65,68,73,75,76,78].
The daily dose ranged from a minimum of 75 to a maximum of 2000–3000 mg/day [54,81]
in a single treatment or for periods of 4 days to 6 months [61,77] (see Table 1).

Although we selected only research articles that reported the analyses of skeletal
muscle biopsies and/or physical performance, there are significant differences also in the
parameters and methodologies exploited to evaluate RES effectiveness. These include
protein and gene expression of muscle proteins and the specific variations in known RES
targets such as SIRT-1, PGC1-alpha, mitochondrial metabolism, glucose-related metabolism,
inflammation markers, systemic parameters, histological properties and physical function.

There is also a good degree of variability concerning the components of skeletal
muscle investigated and relative outcomes. In brief, most of the articles focused on the
characteristics of muscle fibers, investigating morphology, mitochondrial function, lipid or
glycogen content, metabolic properties and inflammatory conditions. Some works reported
a RES-dependent modulation of the signaling pathways involving AMPK, SIRT-1 and
PGC-1-alpha [62,65,74], while others did not [64,75,76].
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Some articles explored the effectiveness of RES on the modification of vasculariza-
tion. Pollack and collaborators showed that RES improves vascular function [54], while
Gliemann and collaborators reported that RES does not improve angiogenic response
and capillary growth [45]. Gliemann and collaborators quantified also some markers of
connective tissue integrity, finding that RES inhibits the training-induced expression of
TIMP-1 and reduces the levels of TSP-1 [45]. The histological properties of the NMJ were
not evaluated in the reported clinical trials. The analysis of physical performance was
monitored in six clinical trials, which reported either a positive or partially positive effect
or no effect.

4. Discussion

Collectively, the reported clinical trials do not provide a clear-cut picture of the effec-
tiveness of RES in improving skeletal muscle health. RES action on skeletal muscle can be
modulated by several factors, which can be summarized as the age, sex, physical activity
and health conditions of the subjects; the dose and length of the treatment; and, not last, the
influence of the complexity of the histological and physiological components of this organ.

There are some elementary considerations that can influence the outcome of a clinical
protocol, such as the probability of dealing with subjects with different genetic back-
ground [84,85], the possibility of sex-dependent action [14] and the evidence that although
in the same chronological age window, individuals age differently. This intrinsic variance
in the sample can play an important role in the effectiveness of RES supplementation, as
demonstrated in aging rats, where RES effects on vascular functions and biomarkers are
age- and gender-dependent [86]. Moreover, the population heterogeneity may imply dis-
parities in the baseline skeletal muscle characteristics, which, in turn, can produce widely
distributed outcomes. Therefore, contrary to experimental models that provide quite ho-
mogeneous samples, well-suited for both cross-sectional and longitudinal investigations,
we should keep in mind that the intrinsic heterogeneity of human samples could lead to
important variability in the results, requiring prudence in the evaluation of the potentiality
of RES.

Similarly, health and nutritional conditions of the enrolled subjects could be crucial to
note when observing an effect of RES treatment. It has been proposed that discrepancies
in PGC-1alpha and UPC3 regulation during RES supplementation in aging mice could
be ascribable to feeding conditions: only mice fed on a high-fat diet [7,87] experienced a
significant change in these two pathways. This evidence, together with the hypothesis
that RES exerts measurable beneficial effects only when cell metabolism properties are
compromised, could explain the lack of RES effect in human trials involving young healthy
adults [76,79], and on the other side, why obese, overweight and T2DM young subjects
benefited from RES supplementation even with short periods of treatment [65].

The length and the time window of the treatment seems to be crucial for a positive
effect. Again, experimental models are very useful in interpreting data. In our previous
work, we showed that while long-term treatment with RES was able to ameliorate skeletal
muscle tissue inflammation and improve capillarization in aging mice [21,53], short-term
treatment only improved the inflammatory conditions with no effect on the capillaries [59].
In this context, some clinical trials reported partially positive effects, showing improve-
ment in a few crucial parameters or resulting in a high variability in the response to RES
treatment [69,71,72]. We cannot exclude the possibility that longer treatments could be
more beneficial.

The daily doses chosen in the distinct trials, which ranged from a minimum of 75 to a
maximum of 2000–3000 mg/day, might be a source of diverging outcomes. Although it is
possible that the observations are the results of a J-shaped dose–response effect, evidence
from several studies suggests a complex dose-dependent action, where RES can selectively
interact with diverse signaling pathways at different dose levels, leading to different phys-
iological outcomes [88,89]. Moreover, variations in RES bioavailability, which depends
on several factors such as the administration modalities and variability of the examined
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subjects, can be a crucial variable in the response to RES. Interestingly, recent research
demonstrating that molecular modifications to RES can increase its bioactivity opens up the
possibility of investigating different RES-derived compounds also in humans [90,91]. How-
ever, to date, the heterogeneity of the clinical trials reported makes it difficult to advance
hypotheses on the optimal dosage and the use of strategies that can promote absorption.

Among its multiple effects, RES has been reported to act as an exercise-mimetic
molecule. Accordingly, six clinical trials (see Table 1) investigated the effects of RES
administered together with a training protocol. Three clinical trials reported positive ef-
fects [62,68,73], while three reported either no beneficial effects or unfavorable effects of
RES treatment [45,65,75,76,78]. These clinical trials are quite heterogeneous with regard to
the subjects involved, the dose, the treatment length, the training protocol applied, the pa-
rameters measured and the outcome (Table 1). However, in this case, the quality of exercise
seems to be a discriminating factor for RES effectiveness. RES supplementation together
with walking and whole-body resistance training [62], resistance training combined with
aerobic training [68] and low-intensity submaximal training [73] resulted in positive effects,
which include fiber hypertrophy [68], attenuation of the proinflammatory state [62] and
mitochondrial capacity [73]. On the contrary, high-intensity interval training (HIIT) did not
show beneficial outcomes [45,65,75,76,78]. Work from Gliemann, Olesen and collaborators
showed that HIIT, but not RES, improves the metabolic parameters, inflammatory state and
capillary growth in the skeletal muscle and ameliorates cardiovascular health [45,75,78].
Analogously, Scribbans and collaborators showed that 4 weeks of RES supplementation
together with HIIT does not improve the maximal oxygen uptake and anaerobic exercise
capacity and abolishes the exercise-dependent increase in the skeletal muscle expression
of PGC-1, SIRT1 and super oxide dismutase 2 (SOD2). These data suggest that RES may
somewhat impair the adaptive response to HIIT in humans [76].

In the evaluation of RES effectiveness, it is worth taking into consideration that the
heterogeneity of the results could also depend on the analyses performed to evaluate
RES action. As reported in Table 1, protocols envisaged the analysis of physical activity,
metabolism, inflammation or other markers. The choice of which parameters to analyze
could be a key factor in establishing RES effectiveness in a clinical trial. In our hands, the
treatment of aging mice with RES improved the resistance to fatigue of isolated muscles
but did not induce a significant improvement in performance in a treadmill test, which
displayed a high variability among the tested animals [21]. Most probably, the lack of im-
provement in the treadmill test is ascribable to other physiological factors and components
that participate in physical activity. This could apply to data obtained by Mc Dermott and
collaborators [71], who reported that 125 mg/day of RES induces a statistically significant
but not a clinically meaningful improvement in a 6 min walk test in subjects affected by
PAD. It would be interesting to know whether other parameters (metabolism, signaling
pathways, etc.) changed in subjects enrolled in the protocol.

Of note, we observed heterogeneity also in the methods of quantification of cho-
sen parameters. The mitochondrial activity has been measured with near infrared spec-
troscopy (NIRS), ex vivo or via mitochondrial markers. Protein expression has been inves-
tigated by capillary nano-immunoassays [62], Western blot analysis [74] and/or mRNA
levels [65,75,76]. We cannot exclude the possibility that the different methodologies could
be a further source of discrepancy in studies that demonstrate differing results in protein
expression levels (i.e., mitochondrial markers). In this context, the work performed by
Kjaer, Korsholm and collaborators is of interest, which indicated that metabolomic analyses
of tissues could evidence differences not perceivable by analyzing standard biochemical
parameters [69,70]. In addition, the investigation of humans limits the possibility of detect-
ing time-dependent or transitory changes, which could explain some of the divergences
observed. In fact, contrary to cross-sectional protocols in animal models that allow one to
study the progression of modifications, human subjects cannot undergo multiple muscle
biopsies, and cross-sectional studies are prone to high variability and have an important
impact on the outcome.
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In the evaluation of the global effectiveness of RES on skeletal muscle contraction and
physical performance, it should be taken into account that muscle contraction and physical
performance depend on the coordination of distinct components of muscles, which possibly
have different levels of susceptibility to RES. It can be suggested that the complexity of
skeletal muscle physiology, together with individual, health and age-related variability,
could profoundly impact the outcome of physical performance tests, despite the positive
effect of RES on specific signaling pathways and/or histological and metabolic parameters.
It is of note that in the clinical trials reported here, some crucial components of the skeletal
muscles, such as the connective sheaths and the NMJ, were not investigated or were poorly
investigated, demonstrating the need for further studies.

As a final thought, we cannot exclude the possibility that RES could induce differential
effects in metabolic organs and systemic parameters [92] that do not result in a dramatic
change in skeletal muscle characteristics but that can anyway contribute to the health of
this tissue.

5. Conclusions

The present review reveals a broad heterogeneity in the protocols of RES admin-
istration and the analysis of its effects, which induces caution in the evaluation of its
effectiveness. In order to reach a consensus, it would be beneficial to apply systematic
programming of human clinical trials and consequent evaluative work. Moreover, given
the broad spectrum of RES targets that are in strict correlation with the skeletal muscles,
such as the cardiovascular system, endocrine system and digestive apparatus, it would be
advantageous to perform multitargeted trials involving collaborative groups with distinct
interests, know-how and expertise. The association of systematic planning and analy-
sis together with collaboration among groups with distinct expertise could contribute to
obtaining reliable results.
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Abstract: Frailty is increasingly prevalent worldwide because of aging populations. Diet may play
a role as a modifiable risk factor. This study aimed to investigate associations between dietary
factors and risk of frailty in the UK Women’s Cohort admitted to hospitals in England. Consumption
of foods and nutrients was estimated using a validated 217-item food frequency questionnaire at
baseline. Incident frailty was assessed via a hospital frailty risk score based on linkage with hospital
episode statistics. Out of 25,186 participants admitted to hospitals, 6919 (27%) were identified with
frailty and 10,562 (42%) with pre-frailty over a mean follow-up of 12.7 years. After adjustment for
confounding, we observed a 12% increase in risk of frailty with each additional 10 g/MJ intake
of total meat (HR = 1.12, 95%CI: 1.07, 1.17), with the highest risk observed for processed meats
(HR = 1.45, 95%CI: 1.21, 1.73). Similar associations were observed with pre-frailty. Vegetable intake
was associated with slightly lower risk of frailty (HR = 0.98, 95%CI: 0.97, 1.00). There was no evidence
of association between most nutrient intakes and in-hospital frailty risk. Overall, our findings suggest
that reducing consumption of meat, especially processed meat, in adults may be beneficial regarding
the development of frailty.

Keywords: frailty; dietary intakes; meat consumption; processed meat; nutrients; hospital episode statistics

1. Introduction

Frailty is a clinical syndrome characterized by cumulative loss of physiologic reserve
and increased vulnerability to stressors. It is highly associated with increased risk of
negative health-related outcomes, including falls, fractures, disability, and death [1]. The
prevalence of frailty increases with age and rates are higher in women than in men [2,3].
Frailty is highly prevalent among hospital inpatients, with rates ranging from 4% to 89% in
various settings [4]. A meta-analysis of over 450,000 geriatric hospital inpatients reported a
prevalence of 47.4% for frailty and 73.2% for pre-frailty and frailty combined [5]. Frailty
is an important risk factor for mortality and a broad range of adverse clinical outcomes,
with the latter reflected in higher health-care use and expenditure [3,6,7]. It is reported that
frail women have double the odds of hospitalization and three-fold increased odds of a
nursing facility stay, and incur greater medical costs compared to robust women [8]. Given
the health effects and rapidly growing aging population, frailty is increasingly gaining
international attention as an important global health challenge [6].
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A growing body of evidence points to a key role of nutrition in aging and age-related
disease [9]. Dietary factors, encompassing dietary patterns, food groups, and intakes of calo-
ries, macro-nutrients, and micro-nutrients could be associated with the pathophysiology
of frailty. Generally, healthier dietary patterns with high consumption of fruit, vegetables,
and whole grains have been associated with lower frailty risk, both in cross-sectional and
longitudinal studies [10]. However, significant heterogeneity is present across studies, and
much of the evidence is either cross-sectional or limited in duration of follow-up. Although
some longitudinal studies showed possible protective benefits from high consumption of
fruit and vegetables [11,12] and low-fat dairy foods [13], and low consumption of ultra-
processed foods [14], the number of studies is limited and the effects of these foods on the
onset and progression of frailty are still unclear. There is a pressing need for better evidence
to clarify potentially protective or harmful effects of food groups, nutrient intakes, and
more on frailty risk.

As a modifiable lifestyle factor, nutrition could emerge as a potential target for future
prevention and treatment strategies for frailty. This study aims to provide high-quality
evidence for associations between diet and in-hospital frailty risk utilizing a large-scale
population cohort, the UK Women’s Cohort, with an extended period of follow-up.

2. Materials and Methods

2.1. Study Population

The UK Women’s Cohort Study (UKWCS) has collected demographic, anthropometric,
dietary, lifestyle, and health-related information from 35,372 women aged 35–69 years
who responded to a postal questionnaire across England, Scotland, and Wales at baseline
recruitment (1995 to 1998). The UKWCS was designed to explore potential associations
between diet and chronic diseases, and has been described in detail elsewhere [15]. A
subgroup of UKWCS participants who were admitted to hospitals in England were in-
cluded in this study. A flow chart of UKWCS participants for this study is shown in
Supplementary Figure S1.

At the cohort’s inception in 1993, ethical approval was obtained from National Re-
search Ethics Service (NRES) Committee for Yorkshire & the Humber—Leeds East (Ref:
15/YH/0027), and approval was updated to include linkage outcomes and related sub-
studies (Health Research Authority, REC Reference: 17/YH/0144), along with an NHS
Digital Data Sharing Agreement (DARS-NIC-109867-M8S6B-v1.5) for the UKWCS-HES
database to include matched medical records.

2.2. Dietary Assessment

Dietary information at baseline was obtained from a self-administered 217-food item
food frequency questionnaire (FFQ), which was adapted from the FFQ for the European
Prospective Investigation into Cancer and Nutrition (EPIC) study [16]. This FFQ has
been validated against four-day weighed food diaries and a second FFQ collected at the
same time as the diary, involving 283 women 3 years after baseline. Whilst accepting that
each tool type measures different aspects of diet, correlations between the two dietary
assessment methods were comparable to those found in other studies [17,18]. The daily
consumed food weight of each item (g/d) was calculated from daily portions multiplied by
standard portion weights from the Food Standards Agency portion sizes book [19]. Daily
portions were converted from food intake frequencies in the FFQ (details in Supplementary
Table S1). Further, daily intakes of energy, macro-nutrients, and micro-nutrients were
calculated by summing nutrient contents of each food item, from the consumed food
weights multiplied by the standard nutrient composition of foods derived from McCance
and Widdowson’s The Composition of Foods (5th Edition) [20]. Nutrients provided by
supplements were not included in this study.

In nutritional analyses of this study, the energy density method was used to model
food and nutrient intakes [21]. Macro-nutrients (protein, carbohydrates, and fat) were
included as the percentage of total energy derived from each one. Micro-nutrients and
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main foods were expressed as the intake per MJ of total energy. Then the multivariate
energy density method was used in multiple regression models with daily energy intake as
a covariate, as recommended by Willett et al. [21].

2.3. Outcome Variables

Incident cases of frailty were identified through a hospital frailty risk score (hFRS)
developed and validated by Gilbert et al. [22]. Briefly, hFRS was based on International
Classification of Diseases (ICD)-10 diagnostic codes that were the most related to frailty
syndromes. The ICD-10 diagnostic codes in UKWCS came from linkage to hospital episode
statistics (HES) of the UK National Health Service up to 31 March 2019. The HES contains
multiple hospitalization records for each included participant with the main and secondary
diagnostic ICD codes. The ICD codes listed in Supplementary Table S2 were assigned
a corresponding point, while those not listed were given a point of 0. A hFRS for each
participant was calculated by summing points from all diagnostic codes of one admitted
hospital record. Participants were followed from study entry until first diagnosis of an event
associated with frailty, date of death, or until the censor date (31 March 2019), whichever
came first. Cases of pre-frailty or more severe frailty were defined if the hFRS > 0, and cases
of frailty were defined if the hFRS ≥ 2.

2.4. Statistical Analysis

Descriptive statistics were used to summarize baseline socio-demographic, lifestyle,
and nutritional characteristics for UKWCS participants within three groups of hFRS sepa-
rately. Cox proportional hazards regression was used to estimate hazard ratios (HRs) and
95% confidence intervals (95% CIs) for associations between each dietary factor and risk of
pre-frailty and frailty. For ease of interpretation, the HRs were presented per 10 g of the
food groups per MJ of total energy consumed, as indicated in the results tables.

Unadjusted and multivariable-adjusted models were developed in this study. Potential
risk factors for frailty previously identified in the literature were considered as covariates
in the adjusted model, including age at baseline; ethnicity (white, Asian, black, and other);
marital status (married/living as married, separated/divorced, and single/widowed);
socio-economic status (SES, professional/managerial, intermediate, and routine/manual);
physical activity (low, moderate, and high levels); smoking status (never smoked, ex-
smoker, and current smoker); alcohol consumption (g/d, continuous); body mass index
(BMI, kg/m2, continuous); and daily energy intake (MJ/d, continuous). Most variables
were self-reported at recruitment. SES was derived from the United Kingdom National
Statistics-Socio-Economic Classification (NS-SEC) [23]. Physical activity was calculated
based on a series of questions about participants’ usual daily activities at baseline that
were taken from the International Physical Activity Questionnaire (IPAQ) short form and
categorized into three levels, being low, moderate, and high, according to the official
guidelines for data processing and analysis [24].

To examine the effects relative to age on which frailty usually strongly depends,
interaction terms between dietary factors and age were included in the Cox models, where
age was used linearly. Additionally, subgroup analysis was conducted by fitting the models
with participants <60 years old and ≥60 years old (at recruitment) separately. To further
check for possible reverse causation, sensitivity analysis was conducted by excluding
participants with survival time <3 years. A final sensitivity analysis was performed
excluding participants aged <65 years at diagnosis to check for potential selection bias via
inclusion of young age groups.

All statistical analyses were conducted using Stata/MP, version 17.0 (Stata Corp LP,
College Station, TX, USA).
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3. Results

3.1. Socioeconomic Characteristics and Dietary Intakes at Baseline

Of the 35,372 women at recruitment, 9980 women who did not have episode statistic
hospital records and 206 women who had incomplete hospital records were excluded,
leaving 25,186 women for analyses. Baseline characteristics of the participants admitted
to hospitals are summarized according to hFRS levels in Table 1. After a mean follow-up
of 12.7 years, there were 7705 women admitted to hospitals with no frailty (hFRS = 0),
10,562 women admitted to hospitals with pre-frailty (0 < hFRS < 2), and 6919 women
admitted to hospitals with frailty (hFRS ≥ 2). On average, participants were 53.1 years
old (standard deviation, SD = 9.4) at recruitment, and women with frailty or pre-frailty
were older than women with no frailty. Consistent with this, women with frailty had an
older mean age at diagnosis (64.1 years) compared with the other two groups (58.9 years
hFRS = 0, 61.5 years 0 < hFRS < 2). Compared with participants with no frailty, those with
frailty or pre-frailty had a higher proportion of no qualifications, were more likely to be
single or widowed, and less likely to have professional or managerial jobs. The proportions
of different ethnicity and levels of physical activity were similar across three groups. Body
mass index was higher in women with pre-frailty (mean (SD) 24.8 (4.4) kg/m2) and frailty
(24.9 (4.5) kg/m2) than women with no frailty (24.1 (3.9) kg/m2). Women with no frailty
reported drinking slightly more alcohol and smoking less than the other groups.

Table 1. Demographic characteristics of participants with different frailty scores at follow up in the
UK Women’s Cohort Study.

hFRS = 0
(N = 7705,

30.6%)

0 < hFRS < 2
(N = 10,562,

41.9%)

hFRS ≥ 2
(N = 6919,

27.5%)
p * All Participants

(N = 25,186)

Age at baseline (years) Mean (standard
deviation) 49.4 (8.1) 54.0 (9.4) 56.0 (9.7) <0.001 53.1 (9.4)

Age at diagnosis (years) Mean (standard
deviation) 58.9 (9.9) 61.5 (10.2) 64.1 (10.7) <0.001 61.4 (10.5)

Follow-up time (years) Mean (standard
deviation) 14.4 (6.3) 11.7 (6.2) 12.3 (6.2) <0.001 12.7 (6.3)

Ethnicity (N, %)

White 7447 (98.6%) 10,104 (98.5%) 6615 (98.8%) 0.346 24,166 (98.6%)
Asian 45 (0.6%) 72 (0.7%) 38 (0.6%) 155 (0.6%)
Black 13 (0.2%) 16 (0.2%) 11 (0.2%) 40 (0.2%)
other 49 (0.7%) 66 (0.6%) 29 (0.4%) 144 (0.6%)

Educational level (N, %)

No qualifications 854 (11.8%) 1974 (20.8%) 1456 (23.8%) <0.001 4284 (18.8%)
O-level or equivalent 2404 (33.3%) 3097 (32.6%) 1796 (29.4%) 7297 (31.9%)
A-level or equivalent 1825 (25.3%) 2184 (23.0%) 1409 (23.1%) 5418 (23.7%)

University degree 2137 (29.6%) 2255 (23.7%) 1452 (23.8%) 5844 (25.6%)

Marital status (N, %)

Married or living as
married 6023 (79.1%) 7675 (73.9%) 4890 (71.8%) <0.001 18,588 (74.9%)

Separated or divorced 804 (10.6%) 1158 (11.2%) 760 (11.2%) 2722 (11.0%)
Single or widowed 787 (10.3%) 1556 (15.0%) 1162 (17.1%) 3505 (14.1%)

Socio-economic status
(SES) (N, %)

Routine and manual 599 (7.9%) 1073 (10.4%) 707 (10.5%) <0.001 2379 (9.7%)
Intermediate 2086 (27.5%) 2912 (28.2%) 1984 (29.4%) 6982 (28.3%)

Professional and
managerial 4902 (64.6%) 6329 (61.4%) 4053 (60.1%) 15,284 (62.0%)

Physical activity Low level 791 (10.3%) 1211 (11.5%) 791 (11.4%) 0.178 2793 (11.1%)
(N, %) Moderate level 3918 (50.9%) 5205 (49.3%) 3379 (48.8%) 12,502 (49.6%)

High level 2996 (38.9%) 4146 (39.3%) 2749 (39.7%) 9891 (39.3%)
Body mass index (BMI)

(kg/m2)
Mean (standard

deviation) 24.1 (3.9) 24.8 (4.4) 24.9 (4.5) <0.001 24.6 (4.3)

Alcohol (g/d) Mean (standard
deviation) 9.2 (10.3) 8.4 (10.5) 8.2 (10.0) <0.001 8.6 (10.3)

Smoking status (N, %)
Never smoked 4477 (59.6%) 5707 (55.7%) 3745 (56.1%) <0.001 13,929 (57.0%)

Ex-smoker 2249 (30.0%) 3318 (32.4%) 2184 (32.7%) 7751 (31.7%)
Current smoker 783 (10.4%) 1218 (11.9%) 742 (11.1%) 2743 (11.2%)

* Difference was tested using Student’s t-test for continuous variables and χ2 test for categorical variables; hFRS,
hospital frailty risk score.

Profiles of consumed main foods among participants admitted to hospitals in the
UKWCS are summarized by frailty status in Table 2. Women with frailty consumed the
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highest absolute total fish, processed meat, red meat, and total meat, whilst women with no
frailty consumed the lowest. Consumption of vegetables, fruits, and poultry was generally
similar across the three groups. Dietary intakes of energy and nutrients in each group
are summarized in Supplementary Table S3. Generally, there was little difference in daily
intakes of energy and most nutrients at baseline across the three groups.

Table 2. Profiles of consumed main foods (g/day) among participants with different frailty scores at
follow up in the UK Women’s Cohort Study.

Food Groups
hFRS = 0

(N = 7705, 30.6%)
0 < hFRS < 2

(N = 10,562, 41.9%)
hFRS ≥ 2

(N = 6919, 27.5%)
p * All Participants

(N = 25,186)

Vegetables 316 (183) 322 (206) 318 (197) 0.120 319 (196)
Fruits 306 (226) 319 (256) 323 (251) 0.152 316 (246)

Total fish 27 (25) 29 (31) 30 (27) <0.001 29 (28)
Processed meat 12 (14) 13 (16) 14 (16) <0.001 13 (15)

Red meat 32 (38) 35 (44) 37 (47) <0.001 34 (43)
Poultry 17 (20) 17 (21) 17 (22) 0.141 17 (21)

Total meat 63 (61) 67 (69) 70 (71) <0.001 67 (67)

* Difference was tested by Student’s t-test; hFRS, hospital frailty risk score.

3.2. Associations between Dietary Intakes and In-Hospital Frailty Risk

As shown in the upper panel of Figure 1, after adjustment for potential confounders,
risk of pre- and more severe frailty (hFRS > 0) was 40% higher (HR = 1.40, 95%CI: 1.25,
1.56) with every additional 10 g/MJ of processed meat, 16% higher (HR = 1.16, 95%CI: 1.11,
1.21) per 10 g/MJ red meat, 8% higher (HR = 1.08, 95%CI: 1.00, 1.17) per 10 g/MJ poultry,
and 10% higher (HR = 1.10, 95%CI: 1.07, 1.13) per 10 g/MJ total meat.

Figure 1. Associations between food groups (per 10 g/MJ) and in-hospital frailty risk within the
UK Women’s Cohort Study. Age, ethnicity, marital status, socioeconomic status, physical activity,
body mass index, smoking status, alcohol consumption, and total energy intake were adjusted in the
adjusted model in the right panel of the figure; 95%CI, 95% confidence interval; hFRS, hospital frailty
risk score.

Similarly, for frailty (hFRS ≥ 2), as shown in the lower panel of Figure 1, risk was 45%
higher (HR = 1.45, 95%CI: 1.21, 1.73) per 10 g/MJ processed meat, 22% higher (HR = 1.22,
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95%CI: 1.14, 1.30) per 10 g/MJ red meat, 2% higher (HR = 1.02, 95%CI: 0.90, 1.16) per
10 g/MJ poultry, and 12% higher (HR = 1.12, 95%CI: 1.07, 1.17) per 10 g/MJ total meat.

Vegetable intake was associated with slightly lowered risk of frailty (hFRS ≥ 2)
(HR = 0.98, 95%CI: 0.97, 1.00), but there was insufficient evidence of any association with
risk of pre-frailty or more severe frailty (hFRS > 0) (HR = 1.00, 95%CI: 0.99, 1.01). There
was no evidence of any association between consumption of fruits and total fish with risk
of either pre-frailty or frailty.

Associations between intakes of energy and nutrients and in-hospital risk of pre-frailty
or frailty are shown in the Supplementary Table S4. Daily intakes of vitamin B12 and zinc
were associated with increased risk of pre-frailty or more severe frailty by 11% (HR = 1.11,
95%CI: 1.05, 1.17) and 12% (HR = 1.12, 95%CI: 1.04, 1.21), respectively, in adjusted models.
All other nutrient intakes were not observed to be associated with frailty risk.

3.3. Subgroup Analysis and Sensitivity Analysis

For subgroup analysis in Table 3, the in-hospital risk of pre- and more severe frailty
associated with consumption of processed meat, red meat, and total meat was higher in
participants with age ≥60 years old compared to those with age <60 years old, where
p-values for the interaction effect between age and each dietary factor were significant
(0.015, 0.001, and <0.001 respectively). Similarly, the risk of frailty in relation to consumption
of poultry and total meat was higher in participants with age ≥60 years old compared to
those with age <60 years old, where p-interaction was 0.027 and 0.009, respectively. There
was no significant evidence on effect modification of age on the remaining food groups
(Table 3) and most nutrients (Supplementary Tables S5 and S6), except that a higher risk of
frailty was observed in subjects with age ≥60 years old than those with age <60 years old
associated with daily intake of zinc (p-interaction = 0.007 in Supplementary Table S5).

Table 3. Subgroup analysis by age on associations between food groups (per 10 g/MJ) and in-hospital
frailty risk within the UK Women’s Cohort Study.

Hazard Ratio (95% Confidence Interval)

<60 Years Old ≥60 Years Old ** p-Interaction
With Age

Adjusted * p * Adjusted * p *

Risk of Pre- and more severe frailty (hFRS > 0)
Vegetables 1.01 (0.99, 1.02) 0.383 0.99 (0.97, 1.01) 0.196 0.052

Fruits 1.00 (0.99, 1.01) 0.740 0.99 (0.97, 1.00) 0.083 0.154
Total fish 1.02 (0.95, 1.09) 0.614 0.99 (0.90, 1.09) 0.882 0.567

Processed meat 1.36 (1.18, 1.56) <0.001 1.50 (1.23, 1.83) <0.001 0.015
Red meat 1.14 (1.09, 1.21) <0.001 1.19 (1.10, 1.28) <0.001 0.001
Poultry 1.10 (1.00, 1.21) 0.042 1.07 (0.94, 1.22) 0.318 0.028

Total meat 1.09 (1.06, 1.13) <0.001 1.13 (1.08, 1.19) <0.001 <0.001
Risk of Frailty (hFRS ≥ 2)

Vegetables 0.99 (0.98, 1.01) 0.591 0.97 (0.95, 0.99) 0.016 0.135
Fruits 1.00 (0.99, 1.02) 0.818 0.98 (0.96, 1.00) 0.038 0.708

Total fish 1.02 (0.91, 1.15) 0.681 0.90 (0.78, 1.04) 0.141 0.791
Processed meat 1.43 (1.14, 1.80) 0.002 1.54 (1.15, 2.06) 0.004 0.185

Red meat 1.24 (1.14, 1.35) <0.001 1.20 (1.08, 1.34) 0.001 0.115
Poultry 1.01 (0.87, 1.19) 0.855 1.06 (0.87, 1.29) 0.586 0.027

Total meat 1.12 (1.06, 1.19) <0.001 1.14 (1.05, 1.23) 0.001 0.009

hFRS, hospital frailty risk score; * adjusted for age, ethnicity, marital status, socioeconomic status, physical activity,
body mass index, smoking status, alcohol consumption, and total energy intake; ** p-interaction represents the
statistical significance for interaction item of dietary factor and age where age was modelled linearly in the Cox
proportional regression.

In a sensitivity analysis, 3052 participants with a survival time <3 years were excluded
to check for possible reverse causation. The risk of pre-frailty or frailty in relation to dietary
factors appeared slightly attenuated, but did not change substantially after excluding those
individuals (Supplementary Tables S7 and S8). In another sensitivity analysis, results were
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robust where participants (n = 15,601) aged <65 years at diagnosis were excluded (data
shown in Supplementary Tables S9 and S10).

4. Discussion

This study found a significantly higher in-hospital risk of prefrailty or frailty associated
with consumption of processed meat, red meat, and total meat. Subgroup analysis showed
increased magnitude of these associations among individuals aged ≥60 years old compared
to those <60 years old at baseline. Sensitivity analyses showed results were robust to the
removal of participants with survival times <3 years in adjusted models.

Consumption of meat, especially red meat rich in pro-oxidative iron, is considered as
part of a pro-inflammatory diet [25]. Analysis of a large, population-based cohort study
of 455,776 participants in UK Biobank reported that a meat-based diet characterized by
high consumption of red meat (lamb, pork, and beef) and processed meat was positively
correlated with several pro-inflammatory biomarkers, including key leukocytes, C-reactive
protein, and an aggregated inflammation score [26]. Recent studies have suggested a
pro-inflammatory diet may be associated with increased risk of frailty [27,28]. A pro-
inflammatory mechanism may provide a rationale for the positive association detected in
this study between meat consumption and risk of frailty. Prospective evidence of frailty risk
in relation to meat consumption is limited. Most previous studies tend to support a high
intake of protein is recommended for the elderly to prevent frailty risk [29,30]. Although
red meat and processed meat is rich in protein, we speculate that pro-inflammatory factors
such as iron containing heme, saturated fat, and high levels of nitrates, nitrites, and amines
may offset the protective effect of protein from meat. However, our findings need to be
confirmed in other large longitudinal studies.

Most nutrient intakes were not observed to be associated with risk of frailty in our
study and not consistent with mainstream opinion that protein supplementation, com-
bined with physical activity, are an effective way to prevent physical frailty in elderly
people [31,32]. We speculate a key reason for the inconsistency includes heterogeneity
of frailty assessment tools. Previous studies have commonly used frailty tools based on
phenotypes or deficits mainly including weight loss, exhaustion, slow gait speed, and weak
grip strength [1], while our study used a hospital frailty score based on ICD diagnostic
codes related to frailty syndromes, where frailty status is more likely to be severe. Het-
erogeneous assessment tools could assess different aspects of frailty, which may in turn
modify the dietary associations detected. Intakes of vitamin B12 and zinc were found to
be positively associated with risk of pre-frailty and frailty in our study. High levels of
vitamin B12 are found to be associated with negative effects, such as inflammation and
poor outcome for critically ill patients [33]. As reviewed, both deficient and high levels of
vitamin B12 are risk factors for various clinical morbidities, and its levels potentially have
an impact on frailty [34]. At present, there is little evidence on associations between intakes
of zinc and risk of frailty. Generally, associations between nutrient intakes and frailty risk
remain unconfirmed.

Currently, there is no uniform definition or assessment for the frailty complex. More
than 60 assessment tools for frailty have been identified in scientific publications, of which
nine are highly cited (≥200 citations), including the Fried Frailty Phenotype and the
Rockwood Frailty Index [35]. The former, introduced by Fried et al., mainly comprises five
phenotypes (weight loss, weakness, poor energy, slowness, low physical activity), where
subjects having three or more phenotypes can be identified as frail [36]. The Rockwood
Frailty Index is a broader deficit accumulation index, reflecting the proportion of potential
deficits present in one person out of all considered deficits, including frailty symptoms,
signs, diseases, and disabilities [37]. The hFRS tool has been validated against the two
standard tests above and was used to assess the status of frailty in a hospital setting in this
study [22]. Although most frailty assessment tools are more suitable for the elderly, our
results were robust in sensitivity analysis to the exclusion of participants aged <65 years at
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diagnosis, indicating that the main results were not influenced substantially by inclusion of
young participants in this study.

Strengths of this study include a large sample size and a longitudinal study design with
relatively long follow-up time. In our study, the frailty assessment based on a cumulative
score related to ICD codes from hospital records ensured identification accuracy and
reduced reporting errors, as well as potential loss to follow-up over a long follow-up
period. In addition, a variety of confounders including sociodemographic and lifestyle
factors were adjusted for in our Cox proportional regression models. However, as for all
observational studies, residual confounding is still possible. Moreover, as an observational
study, causality cannot be established, although no obvious reverse causation was found in
the sensitivity analysis of this study. In addition, taking hospital admission dates as a proxy
for diagnosis dates of incident frailty could have resulted in measurement errors. Our
study is also limited because only women admitted to hospitals in England were included
in the analyses, which limits the generalizability of our findings; thus, more research is
needed to investigate the risk of frailty in other populations.

In conclusion, our study revealed a link between in-hospital frailty risk and consump-
tion of processed meat, red meat, and total meat. Further research is needed to elucidate the
role of nutrition in strategies to reduce frailty. In particular, randomized controlled trials
of plant-based protein as a meat substitute should be considered to provide high-quality
evidence to support public health recommendations for preventing frailty.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nu15214619/s1, Table S1: Transformation from intake frequencies to por-
tion servings per day; Table S2: Frailty-related ICD-10 diagnostic codes derived from Gilbert et al. [22];
Table S3: Profiles of nutrient intakes by frailty status within the UK Women’s Cohort Study; Table S4:
Associations of nutrient intakes with in-hospital risk of pre-frailty and frailty within the UK Women’s
Cohort Study; Table S5: Subgroup analysis by age on associations between nutrient intakes and
in-hospital risk of pre-frailty or more severe frailty within the UK Women’s Cohort Study; Table S6:
Subgroup analysis by age on associations between nutrient intakes and in-hospital risk of frailty
within the UK Women’s Cohort Study; Table S7: Sensitivity analysis to check for reverse causation
on main foods within the UK Women’s Cohort Study; Table S8: Sensitivity analysis to check for
reverse causation on nutrient intakes within the UK Women’s Cohort Study; Table S9: Sensitivity
analysis excluding participants aged <65 y at diagnosis on main foods (per 10 g/MJ) within the UK
Women’s Cohort Study; Table S10: Sensitivity analysis excluding participants aged <65 y at diagnosis
on nutrient intakes within the UK Women’s Cohort Study.
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