
mdpi.com/journal/diabetology

Special Issue Reprint

Management of  
Type 2 Diabetes
Current Insights and Future Directions 

Edited by 

Andrej Belančić, Sanja Klobučar and Dario Rahelić



Management of Type 2 Diabetes:
Current Insights and Future Directions





Management of Type 2 Diabetes:
Current Insights and Future Directions

Editors

Andrej Belančić
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Editorial
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Dear Reader,
The world is grappling with increasing rates of obesity (a 650 million to 2 billion

increase by 2035) and type 2 diabetes–T2D (a 500 million to 1.3 billion increase by 2050),
which have therefore been positioned among the highest public health and scientific
priorities, demanding a prompt and thorough multidisciplinary approach [1–4]. Large
diabetes-associated costs are a problem in low-, middle-, and high-income nations alike,
and hence it is urgently (and continuously) necessary to consider and discuss (re)making
policies, (re)allocating medical resources, (re)editing clinical guidelines, and thus balancing
healthcare expenditures well while simultaneously improving patients’ T2D care and
quality-of-life determinants [5,6].

The authors of this Editorial will expand, in this manuscript, on their perspectives
on current obstacles (with solutions) in T2D management, alongside future directions in
the present setting. Bearing in mind the aforementioned epidemiological rates and the
interconnection of the two diseases/‘friends’, it is clear that more force should be put into
T2D prevention by optimizing lifestyle modifications and obesity prevention/treatment
principles, as well as through timely diagnosis/early detection (before the development of
complications/comorbidities) through structured regional/national screening programs.
Another issue that should be taken into account is the individualization of therapeutic ap-
proaches (bearing in mind the effectiveness, risk of hypoglycemia, potential cardiometabolic
and renal benefits, comorbidities, safety profile, and pharmacoeconomics) by delineating
subgroups of type 2 diabetes that would benefit the most (e.g., phenotype-approach, pre-
cision medicine principles, etc.), as well as considering factors of medication adherence
(e.g., education and digital solutions) and timing (e.g., a question on using metformin,
GLP-1 RA and/or SGLT-2i in prediabetes) [7–14]. In addition to standard dietary and
physical activity and pharmacological interventions, (co)management approaches such as
metabolic surgery and gut microbiome modification/fecal transplantation may become
more important in the years yet to come, and may even potentially help us as clinicians
to achieve T2D remission (as an ultimate goal) in some of our patient candidates [15–17].
Increasing the accessibility of multidisciplinary health care teams in all settings/regions,
diagnostics and glucose monitoring (e.g., the availability of CGMs for T2D patients), med-
ications (reimbursement issues), and comprehensive diabetes education programs are
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definitely on a list of future directions/improvements needed [18–21]. What is more, both
clinical- and science-wise, decision support and information systems (patient registers,
systems to recall patients to the practice, templates for care plans and guidelines for health
professionals) are areas in which thorough work also needs to be carried out [22].

Bearing in mind the aforementioned, the authors (editors) aimed at organizing the
present Special Issue, “Management of type 2 diabetes—Current insights and future di-
rections”, within the Diabetology journal [23], which we see as an excellent platform to
support an overview of current evidence and insights regarding novelties in the diabetology
(co)management field (e.g., digital solutions to improve medication adherence, gut micro-
biome modifications, psychological and quality-of-life aspects, predictors of therapeutic
success and therapy individualization principles, and pharmacoeconomic and reimburse-
ment obstacles/solutions, as well as teachings on the pharmacological management of T2D
and evidence-based medicine principles, etc.) that we are currently facing or that we will
face soon.

As the field of diabetology is full of novelties, with numerous management and
therapeutic innovations, we deliberately chose to discuss those that are currently improving
or will improve today’s management of the diseases mentioned. This is especially important
since we all know that diabetology is a growing field with constant developments in
innovations, so it is highly important to stay up to date with all the novelties. Thus, we
hope that our Special Issue will draw the attention of readers, patients, students, scientists,
clinicians, and policymakers, and ultimately result in an overall improvement in diabetes
care/management quality.

Author Contributions: Conceptualization: A.B. and S.K.; Writing—Original Draft: A.B.; Preparation:
A.B.; Writing—Review and Editing: A.B., S.K. and D.R. All authors have read and agreed to the
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Article

Utilizing the Glucose and Insulin Response Shape of an Oral
Glucose Tolerance Test to Predict Dysglycemia in Children with
Overweight and Obesity, Ages 8–18 Years

Timothy J. Renier 1, Htun Ja Mai 1, Zheshi Zheng 2, Mary Ellen Vajravelu 3, Emily Hirschfeld 4,
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diane.gilbert-diamond@dartmouth.edu (D.G.-D.)
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zszheng@umich.edu

3 Division of Pediatric Endocrinology, Diabetes and Metabolism, UPMC—Children’s Hospital of Pittsburgh,
Pittsburgh, PA 15224, USA; vajravelume@upmc.edu

4 Department of Pediatrics, Division of Pediatric Endocrinology, Susan B. Meister Child Health Evaluation and
Research Center, University of Michigan, Ann Arbor, MI 48109, USA; ehirschf@med.umich.edu (E.H.);
joyclee@med.umich.edu (J.M.L.)
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Abstract: Common dysglycemia measurements including fasting plasma glucose (FPG), oral glucose
tolerance test (OGTT)-derived 2 h plasma glucose, and hemoglobin A1c (HbA1c) have limitations
for children. Dynamic OGTT glucose and insulin responses may better reflect underlying physi-
ology. This analysis assessed glucose and insulin curve shapes utilizing classifications—biphasic,
monophasic, or monotonically increasing—and functional principal components (FPCs) to predict
future dysglycemia. The prospective cohort included 671 participants with no previous diabetes
diagnosis (BMI percentile ≥ 85th, 8–18 years old); 193 returned for follow-up (median 14.5 months).
Blood was collected every 30 min during the 2 h OGTT. Functional data analysis was performed
on curves summarizing glucose and insulin responses. FPCs described variation in curve height
(FPC1), time of peak (FPC2), and oscillation (FPC3). At baseline, both glucose and insulin FPC1 were
significantly correlated with BMI percentile (Spearman correlation r = 0.22 and 0.48), triglycerides
(r = 0.30 and 0.39), and HbA1c (r = 0.25 and 0.17). In longitudinal logistic regression analyses, glu-
cose and insulin FPCs predicted future dysglycemia (AUC = 0.80) better than shape classifications
(AUC = 0.69), HbA1c (AUC = 0.72), or FPG (AUC = 0.50). Further research should evaluate the utility
of FPCs to predict metabolic diseases.

Keywords: oral glucose tolerance test; insulin; glucose; curve shape; functional data analysis; pedi-
atrics; hemoglobin A1C; longitudinal prediction; prediabetes

1. Introduction

The incidence of youth-onset type 2 diabetes (T2D) continues to increase by 4.8%
each year, related to a high and increasing prevalence of pediatric obesity [1–3]. In the
United States, diabetes care is among the highest health care expenditures, increasing
by 26% from 2012 to 2017, further emphasizing the need for early detection of risk and
prevention in youth [4]. The American Diabetes Association (ADA) recommends T2D
screening using fasting plasma glucose (FPG), hemoglobin A1c (HbA1c), or a 2 h plasma
glucose (2hrPG) during an oral glucose tolerance test (OGTT) [5,6]. During an OGTT,
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individuals consume a 75 g bolus of glucose after an overnight fast. The 2 h plasma glucose
(2hrPG) level is indicative of normal glycemia, prediabetes, or T2D, with higher levels
suggesting diminished beta cell response and/or decreased insulin sensitivity. However,
cut-offs for FPG, HbA1c, and 2hrPG are crude estimates of dysglycemia [7], with uncertain
implications for pediatric patients [8]. Recent studies have explored derived variables
from insulin and glucose responses in an OGTT, including the sum of insulin across an
OGTT [9] and one hour plasma glucose [9,10], which may better predict impaired glucose
metabolism than HbA1c. Classifying the temporal response of glucose and insulin to an
OGTT may provide a deeper understanding of metabolic risk than a single glucose or
HbA1c measurement.

The pattern of glucose response to an OGTT reflects the ability of ß-cells to secrete in-
sulin and the sensitivity of cells to lower glucose levels [11]. A study by Tschritter et al. [12]
defined the shape of glucose in response to an OGTT as monophasic (one-peak of glucose),
biphasic (second phasic insulin secretion), and incessant increase (continual rise of glucose,
henceforth “monotonically increasing”) by collecting blood samples at baseline (0 min)
and 30, 60, 90, and 120 min post-glucose bolus. In youth with obesity, a monotonically in-
creasing glucose response is associated with the fastest deterioration of ß-cell function [13].
Furthermore, a monophasic glucose response is related to diminished ß-cell function, lower
insulin sensitivity, and increased risk of metabolic syndrome in adults [14]. In a sample
of adolescents with obesity, a biphasic glucose response was associated with the highest
insulin sensitivity and lowest area under an OGTT insulin curve [15]. Another study
found that adolescents with obesity who had a monophasic glucose response had lower
insulin sensitivity and impaired β-cell function compared to those with a biphasic response,
despite similar FPG and 2hrPG in the two groups [16]. Shape classifications are reasonably
stable; a study of adults without a history of diabetes found that 59% maintained the
same shape over three years, with either newly developing or maintaining a previous
monophasic shape being associated with impaired glucose metabolism [17]. However,
manually classifying the shape of glucose response to an OGTT is a relatively crude method
of summarizing glucose response profiles, failing to account for multiple other ways in
which profiles differ, such as the timing of the response peak and overall height [18,19].

Computational methods have been developed to systematically classify a curve shape,
creating scores to optimally explain how participants vary in a study population. For
instance, Frøslie et al. [20] used functional data analysis (FDA) to generate three functional
principal components (FPCs) to classify the glycemic response to an OGTT among pregnant
women in the first trimester (n = 974). They observed that the FPCs explained over 99% of
variation in fitted OGTT curves, with the second FPC more accurately predicting gestational
diabetes in the third trimester compared to traditional dysglycemia measures [20]. FDA
methods have further been used to classify longitudinal trends of glucose, insulin, and
blood pressure throughout pregnancy, identifying phenotypes through FDA that were
associated with pregnancy-related outcomes [21]. Furthermore, FDA methods have been
explored by Gecili et al. [22] for quantifying data from continuous glucose monitoring
(CGM) in children with type 1 diabetes. They derived FPCs using data from CGMs to
generate accurate real-time predictions of glycemic excursions. There have been no studies
to our knowledge that have used computational FDA methods to classify the OGTT glucose
and insulin response curve shape in youth without diabetes. Furthermore, there have been
no studies that have compared computational methods with manual shape classifications
and ADA classifications of dysglycemia to predict future dysglycemia in this population.
The objectives of these analyses in youth with overweight and obesity were to evaluate
cross-sectional associations of manual estimates of glucose response shape (monophasic,
biphasic, and monotonically increasing) and a quantitative FDA method with markers
of metabolic health, and to evaluate the longitudinal associations between these OGTT
response characteristics and future dysglycemia.
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2. Materials and Methods

2.1. Research Design

Participants in this analysis were a subset of 8–18-year-olds from a prospective co-
hort study designed to assess the longitudinal performance of tests for dysglycemia in
children [23–26]. Participants were recruited through flyers, web postings, mailings, and
research assistants at primary care and pediatric specialty clinics in southeast Michigan
(2007–2019). Among previously documented exclusion criteria [24], participants were
excluded if they had known diabetes or used medications known to affect the metabolism
of glucose (oral steroids, metformin, insulin). For this analysis, all participants had over-
weight or obesity at baseline, defined by ≥85th percentile BMI from CDC 2000 growth
charts [27]. Written informed consent was obtained from the parent/guardian for all partic-
ipants. Written assent was obtained from participants ≥ 10 years old and verbal assent was
obtained from participants < 10 years old. This study was approved by the University of
Michigan Institutional Review Board (HUM#00006955).

Participants attended study visits at the Michigan Clinical Research Unit, where a
medical history, vital signs, anthropometrics, and laboratory evaluation were performed.
Our cohort represents a “convenience sample” with variations in the number of visits com-
pleted due to several grant mechanisms supporting different study aims. All participants
attended an initial study visit, “Visit 1”, as previously documented and henceforth coined
“baseline” [24]. All participants arrived at Visit 1 after an overnight fast (12 h). At Visit
1, participants underwent a 2 h OGTT with plasma glucose and insulin measurements;
lab testing for HbA1c and lipids; blood pressure (measured twice with a pediatric cuff);
measurement of height (twice), weight (twice, wearing a hospital gown), and body mass
index (BMI) percentile per CDC growth curves [28]; waist circumference; and provided
demographic information. Of 679 total participants with Visit 1 data, we excluded partic-
ipants with incomplete OGTT glucose and insulin measurements (n = 7) and a missing
HbA1c lab (n = 1), for a total cross-sectional analysis sample of N = 671.

Among this sample, a subset of the participants (n = 333) were recruited for longitudi-
nal visits, supported by R01HD074559. This subset of participants completed two baseline
OGTTs—Visit 1 (after an overnight fast) and Visit 2 (random fasted or fed state)—and
two follow-up fasted OGTTs—Visit 3 and Visit 4—that were <4 weeks apart to assess
for reproducibility in OGTT response. More details regarding the cohort structure are
represented by Vajravelu et al. [24]. For this analysis, the longitudinal sample consisted of
participants who returned for a follow-up OGTT after an overnight fast (n = 218), “Visit 3”,
as previously described and henceforth coined “follow-up” [24]. Those with <6 months
between Visit 1 and Visit 3 were excluded (n = 25), for a total longitudinal analysis sample
of N = 193.

2.2. The Oral Glucose Tolerance Test
2.2.1. OGTT Administration and Laboratory Parameters

An oral glucose load of 1.75 g per kg of body weight was administered up to a
maximum of 75 g (Glucola, Fisherbrand, Waltham, MA, USA). Serial blood draws were
performed at 30 min intervals for two hours and glucose homeostasis assays were con-
ducted by the Michigan Diabetes Research Center (Ann Arbor, MI, USA). A Randox rX
Daytona Chemistry Analyzer (Randox Laboratories Limited, Crumlin, UK) measured
lipids (total cholesterol with the cholesterol enzymatic end point method, triglycerides with
the GPO-PAP method, and HDL and LDL with the two step-direct method) and glucose
with the glucose hexokinase method. A double-antibody radioimmunoassay was used to
measure insulin. Both glucose and insulin were measured from plasma. Derived summary
variables included FPG (0 min glucose), 2hrPG (120 min glucose), and dysglycemia, defined
as having FPG > 100 mg/dL or 2hrPG > 140 mg/dL. HbA1c was quantified with a Tosoh
G7 HPLC Analyzer (Tosoh Biosciences Inc., San Francisco, CA, USA).
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2.2.2. Manual OGTT Shape Classifications

Baseline OGTT profiles were manually classified as “biphasic,” “monophasic,” or
“monotonically increasing” (previously also described as “incessant increase”) using criteria
previously described in published literature [13,15,29]. A “biphasic” profile was defined
by a rise in glucose over time with a subsequent decrease of at least 4.5 mg/dL from
the initial peak, and a subsequent second increase of at least 4.5 mg/dL (Figure 1). A
“monophasic” profile was defined by a rise in blood glucose that reached a peak with a
subsequent decrease of at least 4.5 mg/dL from the maximum and no further increase
exceeding 4.5 mg/dL. A “monotonically increasing” profile was defined as increasing
blood glucose over time without a drop of more than 4.5 mg/dL from the maximum. An
OGTT profile shape was considered “inconclusive” if there was no rise in glucose from
baseline by 60 min. Manual shape classifications were only applied to glucose responses,
not to insulin.

Figure 1. Observed oral glucose tolerance test biphasic, monophasic, and monotonically increasing
glucose shape classifications. The plot displays profiles of glucose measurement for individuals (thin
lines) and group means (bold lines) with each classification group: (A) biphasic, (B) monophasic, and
(C) monotonically increasing.

2.2.3. OGTT Shape Classifications Using Functional Data Analysis (FDA)

The overall FDA procedure was previously described by Frøslie et al. [20]. Each
participant’s five measurements of glucose and insulin were described by smooth curves
in time. Then, FDA was applied to summarize each participant’s curve using a prefixed
number of three principal component scores. The idea of FDA was to find the combination
of basis functions that explain the most variance of the smooth curve and summarize them
into the principal components. The implementation is briefly explained below.

The smooth curves were fitted with the fda package in R [30], using 7 basis functions
and 5 measurements (knots). Thus, the glucose and insulin measurements could be viewed
as a function of time, and formulized below:

glucosei(tj) =
7
∑

k=1
φk

glucose(tj
)
cik

glucose + ei
glucose(tj

)
, i = 1, . . . , n; j = 1, . . . , 5

insulini(tj) =
7
∑

k=1
φk

insulin(tj
)
cik

insulin + ei
insulin(tj

)
, i = 1, . . . , n; j = 1, . . . , 5

(1)

where t1, . . . , t5 were the five measurement time points, φk
glucose(·), φk

insulin(·) were the
k-th basis function for glucose and insulin, cik

glucose, cik
insulin were the coefficients to be
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estimated for k-th basis function of i-th participant, and ei
glucose(·), ei

insulin(·) were the
measurement error terms. The above formula could be simplified by using matrix notation:

Glucose = ΦglucoseCglucose + Eglucose; Insulin = ΦinsulinCinsulin + Einsulin (2)

where Glucose, Insulin were 5 × n matrices of glucose and insulin measurements, Φglucose,
Φinsulin were 5 × 7 matrices of basis functions taking value at the measurement time points,
Cglucose, Cinsulin were 7 × n matrices of coefficients to be estimated, and Eglucose, Einsulin

were the measurement error matrices. Following the estimation methods described by
Frøslie et al. [20], Cglucose, Cinsulin could be estimated with a penalized least squares method:

Cglucose = argmin
C

(Glucose − ΦglucoseC)T(Glucose − ΦglucoseC) + λ1CT R1C

Cinsulin = argmin
C

(Insulin − ΦinsulinC)T(Insulin − ΦinsulinC) + λ2CT R2C
(3)

where the penalty term included R1, R2 that summarized the curvature of the curves, λ1, λ2
were nuisance parameters that control the penalty, and the nuisance parameters were
determined by cross-validation [20].

After obtaining the smoothed curve, we used functional principal component anal-
ysis to summarize each participant’s curve into three scores. We fitted a series of FPC
denoted as ξk

glucose(·), ξk
insulin(·) of the k-th component, such that they sequentially maxi-

mized the variance of the FPC scores zik
glucose =

∫
ξk

glucose(t)glucosei(t)dt and zik
insulin =

∫
ξk

insulin(t)insulini(t)dt with constraints that
∫

ξk
glucose(t)

2
dt = 1,

∫
ξk

insulin(t)
2
dt = 1

and the glucose and insulin FPCs were orthogonal to each other separately. Following the
choice made in Frøslie et al. [20], we chose to use the first three principal components for
both glucose and insulin, and we found that the first three FPCs successfully explained over
99% of the variance for both glucose and insulin curves. We also standardized all three FPCs
(mean = 0, standard deviation (SD) = 1) to enhance interpretability in statistical models.

2.3. Statistical Analysis
2.3.1. Cross-Sectional Analysis

The summary statistics of participant demographics with respect to age, sex, race,
and ethnicity were presented for the cross-sectional and longitudinal subsets, separately.
Differences in demographics and measures of glucose regulation at baseline among those
with and without follow-up were assessed with a Wilcoxon rank sum test (continuous
variables) [31] or Fisher’s Exact Test (categorical variables) [32].

Classified by the three shaped glucose profiles “biphasic,” “monophasic,” or “mono-
tonically increasing”, participants’ OGTT glucose profiles were plotted for the three sub-
groups. Classified by quartiles of the top three FPC scores, participants’ OGTT glucose
and insulin mean fitted curves were plotted and compared for the four sub-groups. The
proportion of variance explained by the top three FPCs in glucose and insulin curves
were calculated and reported. Using Spearman correlation coefficients, we also quantified
the association of our classification measurements (manual shape classification and glu-
cose/insulin FPC scores) with glucose and insulin measurements (at time point 0, 30, 60, 90
and 120 min), HbA1c, lipid labs, systolic and diastolic blood pressure, BMI percentile, and
waist circumference. A Bonferroni correction was applied to adjust for multiple hypotheses
in assessing numerous correlations (p < 0.0003, 171 comparisons). Differences in age, sex,
race, ethnicity, and metabolic health parameters by manual OGTT shape classifications were
assessed with Kruskal–Wallis’ Test [31] or Fisher’s Exact Test [32]. Linear regression evalu-
ated associations between demographic variables with glucose and insulin FPC scores. To
assess if associations between metabolic health parameters and FPCs were independent of
demographic factors, we fit linear regression models for each FPC (dependent variable) by
metabolic health parameters (independent variable), adjusting for demographic covariates.
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2.3.2. Longitudinal Analysis

Differences in FPG, 2hrPG, HbA1c, and BMI percentile between baseline and follow-
up visits were assessed with paired Wilcoxon signed rank tests [31]. The difference in
the rate of dysglycemia was assessed with McNemar’s test [32]. To assess the prediction
ability of OGTT summary measures to predict future dysglycemia, a series of logistic
regression models was used with dysglycemia at follow-up as the outcome variable and
OGTT summary measures at baseline as predictors within the longitudinal subset. Seven
different predictors or combinations of predictors were compared: FPG, 2hrPG, HbA1c,
shape classifications, glucose FPCs, insulin FPCs, and glucose + insulin FPCs. Predictions
for each participant’s probability of dysglycemia at follow-up from each model were used
to generate receiver–operator curves (ROC), and the area under the ROC (AUC) was used
to compare the performance of the predictors using the pROC R package [33]. All data
analysis was conducted using the R Language for Statistical Computing [34].

3. Results

3.1. Sample Characteristics

Among the total cross-sectional analysis sample (N = 671), median age was 13.5 years
(8.13 to 18.0 years), and 362 participants (53.9%) were female (Table 1). The sample was
42.5% non-white. Median BMI was at the 97th percentile, classified as having obesity.

Table 1. Participant Characteristics at Baseline.

Overall (N = 671) 1

Study Visits Completed
Baseline and Follow-Up 193 (28.8%)
Baseline Only 478 (71.2%)

Age (Years) 13.5 [11.5, 15.4]

Sex
Female 362 (53.9%)
Male 309 (46.1%)

Race
White 386 (57.5%)
Black or African American 212 (31.6%)
Other/Multiracial 52 (7.8%)
Unknown/Not Reported 21 (3.1%)

Ethnicity
Non-Hispanic/Latino 632 (94.2%)
Hispanic/Latino 39 (5.8%)

BMI Percentile 97.0 [94.1, 98.8]

OGTT Curve Shape Classification
Monophasic 367 (54.7%)
Biphasic 282 (42.0%)
Monotonically Increasing 17 (2.5%)
Inconclusive 5 (0.7%)

Abbreviations: BMI, body mass index; OGTT, oral glucose tolerance test; Q1, 1st quartile; Q3, 3rd quartile.
1 Median [Q1, Q3] or n (%).

3.2. Cross-Sectional Analysis
3.2.1. Glucose Profile Manual Shape Classifications

The manual OGTT shape classifications yielded 42.0% of participants having the lowest
risk associated [15,16] classification of “biphasic”, with a majority having “monophasic”
shape (54.7%), and few with “monotonically increasing” (2.5%). For five participants (0.7%),
the shape of the curve was inconclusive due to a lack of rise in glucose within the first hour
in the test. The average profile for each shape subgroup is representative of the morphology
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expected for each (Figure 1); however, individual participant glucose responses varied
widely in height and peak time within each classification.

3.2.2. Glucose and Insulin FDA Shape Characteristics

The first three glucose FPCs explained 89.6%, 7.9%, and 2.1% of the variance in the
glucose curves, respectively (Figure S1A–C). FPC1 score successfully characterized the
height of the glucose curve, meaning participants with higher FPC1 score are more likely
to have a higher glucose level throughout the OGTT (Figure 2A), FPC2 and FPC3 scores
characterized the shape of the glucose curve, with FPC2 relating to the timing and height
of the peak value (Figure 2B) and FPC3 relating to oscillation (Figure 2C). These shape
characteristics are further demonstrated by plotting the glucose curves for participants
with the highest and lowest decile of each FPC score (Figure S2A–C).

Figure 2. Means of fitted curves of the oral glucose tolerance test curves for glucose and insulin
by FPC scores quartile classification. The plot shows average fitted curves of glucose (A–C) and
insulin (D–F) responses, classified by the quartile of each FPC score ((A,D): FPC1 score; (B,E): FPC2
score, and (C,F): FPC3 score). Abbreviations: FPC, functional principal component.

The first three insulin FPCs captured similar variation, with 92.2%, 7.0%, and 0.7% of
variation in the insulin curves explained by the first three FPCs, respectively (Figure S1D–F).
Similar to the findings with glucose, FPC1 score characterized the overall height of the
insulin curve (Figure 2D), FPC2 score characterized the timing of peak (Figure 2E), and
FPC3 score related to the oscillation (Figure 2F). The difference of insulin curves between
participants with extreme high/low deciles of FPC scores are presented in Figure S2D,E.

3.2.3. Cross-Sectional Associations with Metabolic Health Parameters

Glucose manual profile shapes (coded as dichotomous variables) and FPC scores
summarizing glucose and insulin curve shapes (coded as continuous variables) were
compared with metabolic health parameters, cross-sectionally (Figure 3). The monophasic
shape was significantly associated with higher 60- (r = 0.42), and 90- (r = 0.24) minute
glucose, monotonically increasing shape with higher 120 min glucose (r = 0.17), and biphasic
with lower 60- (r = −0.44) and 90- (r = −0.27) minute glucose. The monophasic glucose
shape was associated with higher 60- (r = 0.29) and 90- (r = 0.22) minute insulin, and biphasic
with significantly lower 60- (r = −0.29) and 90- (r = −0.24) minute insulin. The directions
of associations of glucose shape classifications with glucose and insulin values support the
validity of these classifications to describe the general shape of responses. Although the
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shape classifications capture the general shape of intra-person response in plasma glucose,
these moderate correlations highlight substantial response variability utilizing the manual
shape classifications. Other metabolic health parameters were associated with manual
shape classification (Figure 3, Table S1): waist circumference (WC) was positively associated
with monophasic shape (r = 0.18, median monophasic WC = 93 cm) and negatively with
biphasic shape (r = −0.16, median biphasic WC = 88 cm). The shape classifications differed
significantly by age and ethnicity, but not by sex or race (Table S1).

Figure 3. At baseline, the relationship between oral glucose tolerance test shape variables and
metabolic health parameters. All FPC scores were standardized as continuous variables. Shape
classifications were coded as separate dichotomous variables, with five participants excluded with un-
classified shapes. Spearman correlations were utilized to assess associations. Units: systolic/diastolic
BP (mmHg), waist circumference (cm), triglycerides/HDL/LDL/total cholesterol (mg/dL), HbA1c
(%), insulin (μU/mL), glucose (mg/dL). Abbreviations: BP, blood pressure; BMI, body mass index;
LDL, low-density lipoprotein; HDL, high-density lipoprotein; HbA1c, hemoglobin A1c; FPC, func-
tional principal component. Variable-specific missingness existed for BP (n = 21), waist circumference
(n = 24), and lipid labs (n = 10).

Glucose FPC1 score was positively correlated with glucose at each time point through-
out the OGTT (r = 0.48, 0.79, 0.93, 0.89, and 0.77; Figure 3), consistent with its general
explanation of overall curve height. Glucose FPC2 score was negatively correlated with 0-
(r = −0.33), and 30- (r = −0.52) minute glucose and positively correlated with 90- (r = 0.23)
and 120- (r = 0.34) minute glucose, consistent with a general explanation of time to peak
captured by FPC2 score. Glucose FPC3 score was positively correlated with 0- (r = 0.53),
30- (r = 0.25), and 120- (r = 0.36) minute glucose and negatively correlated with 60 min
glucose (r = −0.23), consistent with its general explanation of oscillation in each curve. All
three insulin FPC scores followed similar patterns of association with insulin at each time
as the glucose FPC scores did with glucose at each time, supporting the characteristics
qualitatively captured by each FPC. Furthermore, multiple significant associations were
found between glucose FPCs and plasma insulin, and between insulin FPCs and plasma
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glucose, suggesting each type of FPC (glucose or insulin) is strongly related to levels of the
other marker.

Glucose FPC1 score was significantly correlated with HbA1c (r = 0.25), total cholesterol
(r = 0.15), triglycerides (r = 0.30), and BMI percentile (r = 0.22). Glucose FPC2 score was
not significantly correlated with any metabolic health parameters. Glucose FPC3 score was
significantly correlated with HDL cholesterol (r = 0.21). Insulin FPC1 score was significantly
correlated with HbA1c (r = 0.17), LDL cholesterol (r = 0.18), triglycerides (r = 0.39), BMI
percentile (r = 0.48), and waist circumference (r = 0.40). Insulin FPC2 and FPC3 scores
were not significantly correlated with any metabolic health parameters after multiple
hypothesis correction.

We evaluated associations of age, sex, race, and ethnicity (independent variable) with
glucose and insulin FPC scores (dependent variables) in separate linear regression models.
Several significant associations were found between these demographic factors and the FPC
scores, as reported in Tables S2 (glucose FPC scores) and S3 (insulin FPC scores). Therefore,
to evaluate associations between the metabolic health parameters (independent variables)
and glucose and insulin FPC scores (dependent variables) independent of demographic
factors, we fit linear regression models adjusting for age, sex, race, and ethnicity. As
reported in Tables S4 (models for glucose FPC scores) and S5 (models for insulin FPC
scores), numerous significant associations were found. Notably, these adjusted regression
findings concurred with all significant correlations of metabolic health parameters and
glucose and insulin FPC scores reported in Figure 3, suggesting these associations are
independent of demographic factors.

3.3. Longitudinal Analysis

A total of 193 participants completed the follow-up assessment at least six months after
baseline. Age at baseline, sex, and ethnicity did not differ significantly among participants
who also had complete longitudinal data compared with those in the cross-sectional
analysis alone, though there were significant differences in race and some baseline metabolic
health parameters (Table S6). In the longitudinal subset, median follow-up time was
14.5 months (Table 2). Paired FPG (p < 0.001) and HbA1c (HbA1c) changed significantly
between baseline and follow-up, though 2hrPG and BMI percentile did not. Though
the overall rate of dysglycemia was 7.3% (n = 14) at both baseline and follow-up, just
four participants with dysglycemia at baseline still had dysglycemia at follow-up (28.6%),
meaning the same number of participants (n = 10) newly developed dysglycemia as those
who no longer had it.

Table 2. Comparison of characteristics of participants between baseline and follow-up from the
longitudinal subset (N = 193).

Characteristic At Baseline 1 At Follow-Up 1 p-Value 2

Age (years) 13.3 [11.5, 15.3] 14.7 [12.9, 16.5]

Δ Age (months) 14.5 [12.6, 17.2]

Dysglycemia 1.000
No (%) 179 (92.7%) 179 (92.7%)
Yes (%) 14 (7.3%) 14 (7.3%)

FPG (mg/dL) 83 [79, 90] 87 [83, 91] <0.001

2hrPG (mg/dL) 99 [86, 114] 102 [86, 114] 0.438

HbA1c (%) 3 5.2 [5.0, 5.4] 5.2 [5.0, 5.4] <0.001

BMI Percentile 96.2 [92.1, 98.6] 96.3 [91.5, 98.8] 0.567
Abbreviations: FPG, fasting plasma glucose; 2hrPG, 2 h plasma glucose; HbA1c, hemoglobin A1c; BMI, body
mass index; Q1, 1st quartile; Q3, 3rd quartile. 1 Median [Q1, Q3] or n (%). 2 Paired Wilcoxon signed rank tests
(continuous variables) or McNemar’s test (dysglycemia). 3 One participant had missing HbA1c at follow-up.
Median change in HbA1c was 0.1 [−0.1, 0.2].
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Of all measures assessed to predict future dysglycemia, FPG performed the poorest
(AUC = 0.50) (Figure 4A). Though the manual shape classifications (AUC = 0.69) (Figure 4B)
exceeded the performance of FPG, greater prediction accuracy was achieved by 2hrPG
(AUC = 0.78) and HbA1c (AUC = 0.72) (Figure 4A). The combination of glucose and insulin
FPCs yielded the greatest prediction accuracy (AUC = 0.80) (Figure 4B), with notable
improvements in test sensitivity at higher values of specificity for all FPC approaches when
compared to the other approaches.

Figure 4. Utilizing baseline oral glucose tolerance test parameters to predict follow-up dysglycemia.
Predictors include single laboratory values (A) and methods using OGTT response shape informa-
tion (B). Abbreviations: FPG, fasting plasma glucose; 2hrPG, 2 h plasma glucose; HbA1c, hemoglobin
A1c; OGTT, oral glucose tolerance test; FPC, functional principal component; AUC, area under
the curve.

4. Discussion

To our knowledge, this is the first study that has used FDA for summarizing OGTT
glucose and insulin responses to evaluate the association of FPC scores with metabolic
health markers and future dysglycemia in a diverse adolescent population. We sought
to utilize FDA to characterize the glucose and insulin response to an OGTT because
single measures and manual shape classifications may be missing information on the
dynamic response to a glucose bolus. Glucose and insulin FPC scores had substantially
stronger associations with metabolic health parameters than manual shape classifications,
being significantly correlated with waist circumference, BMI percentile, LDL/HDL/total
cholesterol, triglycerides, and HbA1c. Though differences in FPC scores by age, sex, and
race were noted, these associations were still observed in models adjusting for demographic
covariates. In longitudinal logistic regression analyses, glucose and insulin FPC scores
predicted future dysglycemia better than manual shape classifications, HbA1c, or FPG.

Multiple characteristics of glucose and insulin curves were captured by the FPCs.
Glucose and insulin FPC1 explained variation in overall curve height, FPC2 explained
the positioning of the peak, and FPC3 explained oscillations in the curves. These at-
tributes are similar to previous findings from use of this method in OGTTs from the first
trimester of pregnancy, supporting this method as consistent across OGTTs for multiple
applications [20]. Given this extent of variance explained, the FPC scores numerically
captured some variation qualitatively related to the glucose shape classifications. Addi-
tional exploratory analysis revealed monophasic shape was positively correlated with FPC1
(r = 0.28) and negatively with FPC2 (r = −0.18) and FPC3 (r = −0.51) scores, indicating
a high curve that peaks mid/late with little curvature. The biphasic shape was notably
negatively correlated with FPC1 (r = −0.30), and positively with FPC3 (r = 0.50) scores,
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indicating a curve with a low overall level and high amount of oscillation. Monotonically
increasing shape was notably positively associated with FPC2 score (r = 0.27), indicating a
late peak.

Previously, manual glucose curve shape classifications have been associated with
differences in β-cell function and insulin sensitivity in both children and adults [13,14,16].
Furthermore, measures of insulin in an OGTT may enhance the assessment of impaired
glucose metabolism [9]. By using glucose and insulin FPCs, multiple modes of variation
in both glucose and insulin are captured across time and may more comprehensively
assess disordered glucose regulation and metabolism. To our knowledge, no other method
captures this variation in both glucose and insulin. The performance of the FPC scores for
predicting future dysglycemia supports their utility. Consistent with concerns about gener-
alizing methods of classifying dysglycemia using single laboratory values to children [7,8],
only 28.6% of children with dysglycemia at baseline (defined by a composite of elevated
FPG or 2hrPG) still had it at follow-up. When predicting this longitudinal dysglycemia, the
glucose and insulin FPC scores outperformed both single laboratory values (FPG, 2hrPG,
HbA1c) and the manual shape classifications. Though for the application of gestational
diabetes, this is consistent with a previous findings that glucose FPC2 score in the first
trimester of pregnancy is a significant predictor of gestational diabetes in the third, while
other glucose summary measures were not [20].

The sample was large, racially and ethnically diverse, and had a reasonably long
median follow-up time over which to observe longitudinal changes in dysglycemia. These
findings are therefore reasonably generalizable to children ages 8–18 with overweight or
obesity and without a previous diagnosis of diabetes. Several limitations are important to
note. First, the study cohort did not consistently collect physician-assessed tanner staging to
determine pubertal status and puberty is associated with a physiologically normal decrease
in insulin sensitivity [35]. However, obesity and metabolic disease are known to affect
this physiologic change during puberty [35,36], so it is unclear how to best account for
puberty in relation to fitting and using FPC scores. This analysis adjusted for age and
sex in cross-sectional models to account for puberty-related differences. Additionally, few
participants had dysglycemia at follow-up, preventing the split of the cohort into training
and validation samples for longitudinal prediction. This low overall rate of dysglycemia
at follow-up seems to be related to observed differential follow-up completion by health
status, where “healthier” children were more likely to complete follow-up. The longitudinal
predictive value of the FPC scores should be further confirmed in other cohorts.

Though the OGTT method used in this study required serial blood draws and would
likely be burdensome to use as a clinical predictive screening test for otherwise healthy
children, future work should validate and adapt the use of OGTT FPCs for a clinical
setting. Further research is needed to translate individual glucose and insulin FPC scores to
clinically useful classifications of risk, a potentially valuable tool to include in an electronic
medical record. Additionally, previous studies have used similar functional data analysis
methods with continuous glucose monitoring (CGM) data in type I diabetes [22]. A CGM-
based screening tool could be developed to detect early abnormal glucose regulation for
children without known diabetes; such a method would be minimally burdensome to the
patient and could incorporate many more data points to better fit precise glucose curves.

5. Conclusions

This analysis suggested that beyond simple plasma glucose values, glucose and
insulin curve shape information derived from OGTTs more directly profiles underlying
physiology in a way that is meaningfully associated with metabolic health parameters and
longitudinally with future dysglycemia in children with overweight or obesity. Glucose
and insulin FPC scores from an OGTT present a powerful way to summarize this shape
information. FPCs may be clinically useful to predict future dysglycemia among children
at elevated risk due to their body weight, allowing for enhanced early intervention.
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Abstract: This study aimed to investigate the use of and willingness to adopt web-based technology
for self-management of type 2 diabetes among Arabic-speaking immigrants in Saudi Arabia. Con-
ducted in Taif in 2022, it involved participants with type 2 diabetes mellitus, utilizing a study-specific
questionnaire to gather data on demographics, disease specifics, and attitudes towards using this
technology for diabetes management. Out of the 109 individuals who responded, 91 completed the
survey and reported accessing web-based technology and an average usage of two hours per day.
The primary use was for social media (90.1%) and information searching (73.6%). The study found a
high willingness to use web-based technology for dietary planning (85.7%), physical activity monitor-
ing (94.5%), and communication with healthcare providers (93.41%). Notably, younger participants,
those with higher education, and married individuals showed more inclination towards using such
technology, as indicated by significant correlations (p < 0.001, CI = 0.03–0.38; p < 0.039, CI = 1.06–10.26;
p = 0.024, CI = 1.23–19.74). Over half of the participants (56%) considered web-based technology bene-
ficial for diabetes management, with many finding it time-saving (61.5%). In conclusion, a significant
proportion of participants demonstrated a strong preference for integrating web-based technology
into their diabetes self-management routines. This preference was particularly evident in key areas
such as diet, physical activity, and glucose monitoring. These findings underscore the potential
of web-based technologies in supporting effective diabetes management among Arabic-speaking
immigrants, highlighting the need for targeted interventions that leverage these digital tools.

Keywords: Arabic-speaking immigrants; type 2 diabetes mellitus; web-based technology; diabetes
self-management; Saudi Arabia

1. Introduction

Type 2 Diabetes mellitus (T2DM) is a global epidemic [1], affecting 10.5% of adults
around the world [2]. Additionally, 374 million individuals have impaired glucose tolerance,
putting them at high risk of developing T2DM later in life [3]. The prevalence of T2DM has
significantly increased particularly in high-income countries such as the Kingdom of Saudi
Arabia (KSA) [4]. KSA is currently within the top 10 countries with the highest reported
T2DM diagnosis globally [4].

T2DM poses a significant health challenge, especially for immigrants from low- and
middle-income countries who have relocated to high-income nations [5]. This population
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faces a unique set of risks, with studies indicating that immigrants, particularly those in
the first generation, are more susceptible to developing T2DM compared to their host
population counterparts [6]. This heightened risk is particularly pronounced among immi-
grants from the Middle East and North Africa, where a blend of genetic predispositions
and environmental factors such as urbanization, mechanization, and shifts in nutrition and
lifestyle behaviors contribute to the increased prevalence of T2DM [7].

In Saudi Arabia, managing diabetes for Arabic-speaking immigrants is challenging due
to late diagnoses and poor control of blood sugar levels [8,9]. These issues are compounded
by difficulties such as adherence to treatment plans, different beliefs, and knowledge about
diabetes, money, and healthcare issues [10,11]. Because of the mix of genetic, environ-
mental, and lifestyle factors that make Middle Eastern and North African immigrants
more likely to get T2DM, there is a strong need for new, tailored ways to manage T2DM.
Web-based technologies (WBT) offer a good solution by providing customized help that
meets the specific needs of these communities, which could make diabetes management
more effective for this group [12].

In addressing this growing health concern, the integration of assistive WBT into T2DM
self-management protocols emerges as a promising solution [13]. These technologies have
the potential to significantly augment the diabetes care provided by healthcare profession-
als, offering crucial educational and motivational support [14]. Particularly when access
to primary healthcare is limited or when patients face barriers like time constraints, finan-
cial limitations, or geographical isolation, WBT can play a pivotal role in expanding the
availability and effectiveness of diabetes education and support [15]. Often, patients may
struggle to regularly attend diabetes education classes or consult with diabetes educators
due to these barriers [16]. However, through the use of WBT tools, essential education and
training can be delivered remotely, enabling patients to learn and implement new practices
and routines that are critical for effective diabetes management [15]. Furthermore, it is
instrumental in facilitating daily self-management activities for T2DM, including blood
glucose monitoring, physical activity, healthy eating, medication adherence, monitoring for
potential complications, and developing problem-solving skills [17].

Despite the demonstrated clinical efficacy of WBT in enhancing blood sugar control
and weight management for those who are receptive to using them [18–21], there remains
a gap in research focusing on patient preferences and attitudes towards these technologies
in real-world scenarios [22]. This gap is particularly noteworthy in the context of T2DM
management among specific groups such as Arabic-speaking immigrants [23]. Therefore,
given the scarcity of research specifically addressing Arabic-speaking immigrants with
T2DM in KSA, the study is particularly significant. The study aims to delve into the
attitudes and intentions of these individuals towards the adoption of WBT for T2DM self-
management. This focus is essential to understand whether these individuals are inclined
to incorporate technological strategies into their T2DM management routine. By doing so,
the study provides valuable insights into tailoring these technologies to better meet their
specific needs and preferences, thereby filling a critical gap in current research.

2. Materials and Methods

2.1. Study Design and Setting

In 2022, this study was carried out in Taif, a city located in western Saudi Arabia
known for its diverse population, which includes immigrants from various Arabic-speaking
countries. The study employed a convenience sampling method to recruit participants,
specifically targeting patients with T2DM who sought care at a prominent tertiary hospital’s
diabetes clinic. Inclusion criteria encompassed individuals aged 18 and above who self-
identified as both living with T2DM and Arabic-speaking immigrants in KSA. The study
excluded individuals under the age of 18, those with type 1 diabetes, and those who did
not come from Arabic-speaking immigrant backgrounds.
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2.2. Questionnaire

In this study, a validated survey instrument originally developed by Dobson et al. [24,25]
was adapted to explore the use of WBT for diabetes self-management among Arabic-
speaking immigrants in KSA. To ensure accessibility and comfort for all participants,
the survey was made available in both Arabic and English, allowing participants to choose
the language in which they preferred to respond. Questions related to using apps for
diabetes self-management were replaced by use of WBT for managing T2DM. Questions
regarding the BMI were removed as the purpose of the study was not to measure the BMI
or obesity levels. Additionally, questions from another study by Alzubaidi and colleagues
were incorporated to address gaps in Dobson’s survey [26]. These questions were related to
the measure of self-satisfaction during the previous 7 days regarding diet, blood monitoring
and physical activity, education, occupation, marital status, ethnicity, religion, and language
spoken at home. These additions enhanced the applicability of the survey to our specific
context. Our adoption of this survey was driven by its thoroughness and the validation
it received in a similar research setting. This makes it a suitable and reliable tool for
our study, allowing us to evaluate the use of WBT for diabetes self-management among
Arabic-speaking immigrants in KSA with greater depth and accuracy.

The final questionnaire Survey S1, consisted of 35 questions divided into five sections:
demographic information (13 items), disease information (6 items), use of WBT (5 items),
intentions for using WBT for T2DM management (10 items), and general explanations
(1 item)—this item is deliberately open-ended, allowing participants to share any additional
thoughts, experiences, or insights that might not have been captured by the structured
items in the previous sections. The demographic section included questions about gender,
age, and residence status. The disease information section sought information about the
duration of T2DM and other chronic illnesses; these could include, but are not limited to,
hypertension, cardiovascular diseases, chronic kidney disease, chronic respiratory diseases,
as well as difficulties with diabetes management such as diet, physical activity, communi-
cation with healthcare providers, and goal setting. The section on WBT asked about the
devices used to access the internet and how they were used. The section of the question-
naire focusing on intentions and attitudes towards using WBT for diabetes management
inquired about the types of services participants deemed necessary. It also evaluated their
perspectives on employing WBT for self-management. This assessment was conducted
using a 5-point Likert scale, where a score of 0 indicated ‘highly unlikely’ and 5 represented
‘extremely likely’ to use such technology. Likelihood of intention to use WBT for diabetes
management was also ascertained. Prior to initiating data collection, the questionnaire un-
derwent a pilot phase to ensure its readability and ease of understanding. Minor edits were
made, such as replacing certain terms, for example, “control” and “management,” with
more easily understandable Arabic words, before it was administered to the participants.

2.3. Data Collection

Data collection for the study was approved by the Human research ethics committee
of La Trobe University (HEC21273). Data collection occurred from February 2022 to August
2022. The researcher (AA) visited the clinic and explained the study objectives and how
to complete the questionnaire to patients in the waiting room. Individuals who self-
identified as having T2DM, being from an immigrant background, and being interested in
participating could access the survey either via a QR code or use of an iPad provided by
the researcher at the time of recruitment. Participants were informed that completion of the
survey implied consent to the study. A member of the research team (AA) was present to
clarify any questions that participants may have had whilst completing the questionnaire.

2.4. Statistical Analyses

Data were analyzed using SPSS version 22.0 [27]. Demographic information, the use of
or intention to use WBT and difficulties with self-management questions were descriptively
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analyzed. The study utilized the median to represent the central point of Likert scale
responses and the interquartile range (IQR) to indicate the data’s variability. This approach
was chosen as it provides a clear and succinct representation of ordinal data, highlighting
the main trends while considering potential outliers. Intention score was determined
through a single item, “I intend to use WBT for assisting in my diabetes management in
the future”, with answer options ranging from 0 (not at all) to 5 (very much). To examine
the relationship between demographic characteristics like age, gender, educational level,
marital status, employment, disease duration, and the intention to use WBT, regression
analysis was employed, setting the threshold for statistical significance at p < 0.05.

3. Results

Out of the 221 individuals contacted, a total of 109 responded to the survey,
with 91 completing it fully, yielding a response rate of 83.49%. Table 1 presents the demo-
graphic information of 91 participants. Of the 91 participants, the majority (54%) were
female, with ages ranging from 25 to over 65 years. Only 2 participants were aged over 65,
while the largest age group consisted of 44 participants in the 45–54-year age bracket. Most
of the participants were married (71%) and were employed full-time (71%). As many as 39%
of the participants had a bachelor’s degree as the highest level of education. Nearly half of
the participants were temporary residents (49%), while 31% were permanent residents of
KSA. The largest group of immigrants came from Egypt (36%), followed by Yemen (27%).
Approximately 41% of the participants had been living with T2DM for more than 5 years.
40% of the participants also had a family history of diabetes.

Table 1. Participants’ demographic and disease details.

Demographic Details (N = 91) n (%)

Gender
Female 50 (55)
Male 41 (45)

Age Range
25–34 4 (4)
35–44 33 (36)
45–54 44 (48)
55–64 8 (8)

65 or over 2 (2)

Marital status
Married 65 (71)

Widowed 12 (13)
Single 8 (8)

Divorced 6 (6)

Employment
Retired 6 (6)

Full-time employment 65 (71)
Part-time employment 6 (6)

Unemployed 14 (15)

Education level
Elementary school 1 (1)

Middle school 8 (8)
High school 22 (24)

Diploma 23 (25)
University undergraduate degree 36 (39)
Postgraduate (Master’s or PhD) 1 (1)
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Table 1. Cont.

Demographic Details (N = 91) n (%)

Current residential status
Citizen 17 (18)

Permanent resident 29 (31)
Temporary resident 45 (49)

Ethnicity
Egyptian 33 (36)
Yemenis 25 (27)
Syrians 16 (17)

Jordanians 5 (5)
Palestinians 6 (6)

Sudanese 4 (4)
Lebanese 1 (1)

Duration of the disease
1 to 3 years 15 (16)
3 to 5 years 36 (39)

5 years and longer 38 (41)
Unknown/not applicable 2 (2)

Family history
Yes 37 (40)
No 54 (59)

Other chronic diseases
Yes 24 (26)
No 24 (26)

Do not know 43 (47)

Table 2 displays the general findings of the participants’ use of WBT and their intention
to use it to manage T2DM. Ninety of the ninety-one (94%) participants had access to a smart
device. As many as 43% of participants had more than one device. Overall, participants
spent about 2–3 h per day accessing WBT content, with 41 (45%) spending 2–3 h per day
on the internet, while 35 (38%) spent more than 3 h. The participants primarily used their
mobile phones for social media n = 82 (90%), watching movies or TV n = 74 (81%), searching
for information n = 67 (73%), and reading news or books n = 67 (73%). Moreover, most
participants reported they would use WBT for diet planning 78 (85%), physical activity
planning 86 (94%), monitoring blood glucose 77 (48%), communicating with healthcare
providers 85 (93%), and connecting with other diabetic patients 82 (90%).

Table 2. Use and intention to use web-based technology for diabetes control.

Variables n (%)

Current technology use

Having a mobile phone
Yes 90 (94)
No 1 (5)

Having a computer
Yes 38 (24)
No 53 (75)

Having a tablet
Yes 29 (18)
No 62 (81)
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Table 2. Cont.

Variables n (%)

Intention to use web-based technology for diabetes control

Dietary planning
Yes 78 (85)
No 7 (7)

Don’t know 6 (6)

Planning physical activity
Yes 86 (94)
No 3 (3)

Don’t know 2 (2)

Text messaging monitoring and/or reminders
Yes 63 (69)
No 10 (10)

Don’t know 18 (19)

Image messaging monitoring and/or
reminders

Yes 67 (73)
No 11 (12)

Don’t know 13 (14)

Glucose reading and tracking option
Yes 77 (84)
No 7 (7)

Don’t know 7 (7)

Contacting healthcare providers
Yes 85 (93)
No 4 (4)

Don’t know 2 (2)

Contacting other patients with diabetes
Yes 82 (90)
No 5 (5)

Don’t know 4 (4)

Average daily use of web-based technology
from 1–2 h 15 (16)
From 2–3 h 41 (45)

More than 3 h 35 (38)

In addition, Figure 1 illustrates that participants held positive perceptions of WBT
for self-management across various descriptors. In this section of the survey, participants
were asked about their perceptions and attitudes towards using WBT for diabetes self-
management, where a score of 0 indicates ‘Strongly Disagree’ and 5 signifies ‘Strongly
agree’. Across a spectrum of descriptors such as ‘Good Idea’, ‘Enjoyable’, ‘Comforting’,
‘Exciting’, and ‘Interesting’, participants consistently assigned a median score of 4, in-
dicative of their overall positive perception of WBT in these domains. It is noteworthy
that ‘Time-saving’ garnered the highest rating with a median score of 5, underscoring the
participants’ strong preference for the efficiency and convenience offered by WBT in man-
aging their T2DM. The IQRs, typically ranging from 3 to 5, signify a degree of agreement
among participants, although some variability exists, especially in their assessments of the
enjoyability, excitement, and interest associated with WBT usage.
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Figure 1. Perceptions of Arabic-Speaking Immigrants on Using Web-Based Technology for Diabetes
Self-Management.

The study investigated the relationships between demographic factors and the use
of WBT for diabetes self-management, uncovering significant correlations (Table 3). Uti-
lizing binary regression analysis, a negative correlation was observed between age and
the willingness to use WBT tools for diabetes care, indicating that older participants were
generally less inclined to use these methods (OR = 0.101, p < 0.001, 95% CI = 0.027–0.381).
Conversely, a positive correlation was found between higher educational attainment and
the adoption of WBT tools, suggesting that individuals with more education were more
likely to employ this technology for supporting their diabetes management (OR = 3.30,
p < 0.039, 95% CI = 1.063–10.261). Furthermore, the analysis showed that married peo-
ple were more likely to use WBT for diabetes self-management (OR = 4.92, p < 0.024,
95% CI = 1.230–19.740).

Table 3. Multiple regression analysis of factors influencing intention to use web-based technology for
diabetes self-management.

Model B SE Exp(B) p Value
95% C.I. for Exp(B)

Lower Upper

Age −2.294 0.678 0.101 <0.001 * 0.027 0.381
Gender 0.206 0.554 1.228 0.710 0.415 3.636

Education level 1.195 0.578 3.303 0.039 * 1.063 10.261
Marital status 1.595 0.708 4.928 0.024 * 1.230 19.740

Employment status 0.710 0.650 2.035 0.274 0.569 7.270
Disease duration −3.086 1.714 0.046 0.072 0.002 1.314

*: Correlation is significant at the 0.05 level.

4. Discussion

According to the data collected in this study, a significant majority (94%) of the Arabic-
speaking immigrants living with T2DM in KSA reported having access to the Internet
through devices such as mobile phones, computers, and tablets. This aligns with the general
population trends according to the Communications, Space, and Technology Commission,
who suggest 98.6% of the general population in KSA have access to or use WBT [28]. This
result suggests that access to technology is not an issue regardless of migration status,
making it possible for more people to be able to access telemedicine and telehealth via
smart devices. Several studies have reported similar findings, revealing that a majority
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of participants, often from lower socioeconomic backgrounds and diverse cultural and
linguistic backgrounds, own mobile phones that are equipped with advanced internet
capabilities and a range of app features [29–31]. This result is significant for immigrant
groups, who typically encounter difficulties in accessing conventional healthcare services
in their new countries due to a lack of familiarity with the local healthcare systems [32].
The ability to access health services via smart devices can significantly mitigate these
challenges, providing a more inclusive and accessible healthcare environment for these
populations [33]. Moreover, the high level of technology access among immigrants also
suggests the potential for a broader adoption of telemedicine and telehealth services [33].
This can lead to improved healthcare outcomes, as telehealth not only offers convenience
but also ensures continuity of care, particularly for chronic conditions such as diabetes,
where regular monitoring and consultations are crucial [34].

While access to technology did not seem to differ greatly between immigrants and
the general population in KSA, the study did find that time spent on the internet by
an immigrant (average of 2 h/day) was far shorter than the general population in KSA
(average of 7 h/day) [28]. This difference may be because of different online habits among
the participants or might be a reflection of the general population, which includes more
younger people. This trend is substantiated by reports showing that younger individuals
exhibit a higher preference for online activities and spend more time engaged in them
compared to older age groups [35,36].

The results from the study found that the majority of participants had the inten-
tion to use WBT, particularly for planning their diet, monitoring blood glucose levels,
and organizing physical activities. More importantly, they perceived WBT favorably, with
many citing that the use of such technology facilitated time-saving and improved enjoyment
and engagement with self-management of T2DM. These findings were of no surprise as
they are consistent with research conducted in Canada, the United States, and The Nether-
lands [37–39], where the majority of participants expressed positive attitudes towards the
use of technology. While the intention to use WBT was generally positive, this study did
not evaluate if participants had previously utilized WBT for diabetes self-management.
It is highly plausible that despite best intentions to use WBT, immigrants in KSA may
still choose not to engage with the use of such technology for their diabetes management.
As shown in the study by Boyle and colleagues, people living with diabetes did not utilize
WBT when asked to do so. Reasons for this may have related to their lack of awareness of its
existence or potential benefits, lack of recommendation from healthcare providers, lack of
confidence in using such technology, and feeling fatigued after its use [40]. Future research
should focus on assessing the actual utilization of WBT for diabetes self-management
among respondents who expressed intentions to use it, to determine the extent to which
these technologies are effectively employed in managing T2DM.

The study, in line with the findings of Dobson et al. [24], revealed significant pos-
itive correlations between specific demographic factors such as age, level of education,
marital status, and the use of WBT for diabetes self-management. It was observed that
younger patients exhibited a heightened interest and a stronger intention to utilize WBT
in the future. Moreover, individuals with higher educational levels demonstrated a more
favorable attitude towards the use of WBT, corroborating the findings of Song et al. [41]
and Jafari et al. [42], which suggest that higher education is linked with increased con-
fidence and better judgment in employing mHealth technologies. In addition, married
participants demonstrated a greater interest in utilizing WBT for diabetes management.
This finding suggests a potential direction for future research to investigate how health
professionals can utilize this knowledge to identify individuals best suited for receiving
mHealth technologies and support. Further studies could delve into how individuals’
existing knowledge and support systems can be harnessed to optimize the effective use of
digital tools in managing chronic conditions such as diabetes.

To the best of our knowledge, our study is the first to investigate the attitudes and
intentions of Arabic-speaking immigrants with T2DM in KSA regarding the use of WBT
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for diabetes self-management. It should be noted that our study was conducted with a
sample of 91 patients using convenience sampling, which could be considered a limitation.
While the study survey was based on validated questionnaires, the survey was not tested
for its face validity to ensure that all questions were presented in a culturally appropriate
manner for Arabic-speaking immigrants. However, the lead researcher from this study is
an insider to the culture in KSA and did adapt the questionnaire to best suit the cultural
needs of the participants.

5. Conclusions

Among Arabic-speaking immigrants residing in KSA and living with T2DM, WBT is
commonly used for social interactions and information-seeking purposes. Overall, access
to technology does not appear to be a limiting factor, and the majority of participants
were positive towards utilizing such technology as a tool for managing their diabetes.
Most of these individuals expressed a willingness to integrate WBT into their diabetes
care, specifically for diet planning, blood glucose monitoring, and communication with
healthcare professionals. Future research needs to evaluate if Arabic-speaking immigrants
indeed will utilize WBT when asked to manage T2DM. If utilization of WBT differed from
the intention to use WBT, further studies should focus on exploring barriers to utilization
of WBT for T2DM management.
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Abstract: Introduction: Early detection of type 2 diabetes is essential for preventing long-term com-
plications. However, screening the entire population for diabetes is not cost-effective, so identifying
individuals at high risk for this disease is crucial. The aim of this study was to compare the perfor-
mance of five diverse machine learning (ML) models in classifying undiagnosed diabetes using large
heterogeneous datasets. Methods: We used machine learning data from several years of the National
Health and Nutrition Examination Survey (NHANES) from 2005 to 2018 to identify people with
undiagnosed diabetes. The dataset included 45,431 participants, and biochemical confirmation of
glucose control (HbA1c) were used to identify undiagnosed diabetes. The predictors were based on
simple and clinically obtainable variables, which could be feasible for prescreening for diabetes. We
included five ML models for comparison: random forest, AdaBoost, RUSBoost, LogitBoost, and a
neural network. Results: The prevalence of undiagnosed diabetes was 4%. For the classification of
undiagnosed diabetes, the area under the ROC curve (AUC) values were between 0.776 and 0.806.
The positive predictive values (PPVs) were between 0.083 and 0.091, the negative predictive values
(NPVs) were between 0.984 and 0.99, and the sensitivities were between 0.742 and 0.871. Conclusion:
We have demonstrated that several types of classification models can accurately classify undiagnosed
diabetes from simple and clinically obtainable variables. These results suggest that the use of machine
learning for prescreening for undiagnosed diabetes could be a useful tool in clinical practice.

Keywords: undiagnosed diabetes; diabetes mellitus; machine learning; prescreening; clinically
obtainable variables; NHANES

1. Introduction

The prevalence of type 2 diabetes is on the rise, leading to increased occurrences
of illness and mortality and escalated healthcare expenditures. The incidence of type 2
diabetes varies across regions such as the UK, the U.S., China, and the United Arab Emirates,
encompassing a range of 7% to 34% of the respective population [1,2]. Of individuals in the
United States, 9.7% have received a formal diagnosis of diabetes, while an additional 4.3%
are living with diabetes but remain undiagnosed. Notably, approximately 30% of those
who eventually receive a diabetes diagnosis exhibit associated complications [3].

The timely identification of type 2 diabetes holds significance due to its potential to sig-
nificantly mitigate long-term complications through rigorous diabetes management. Never-
theless, conducting diabetes screening across the entire population lacks cost-effectiveness,
thus emphasizing the need to prioritize the recognition of individuals with a heightened
susceptibility to the condition [4,5]. Numerous investigations regarding diabetes screening
have been conducted within the previous ten years. Risk prediction or stratification models
can serve the purpose of identifying individuals at an elevated risk level for diabetes,
allowing for subsequent targeted testing. Typically, these models incorporate a blend of
variables, encompassing weight, lifestyle, familial background, and clinical measurements,
and are formulated through the utilization of multivariable statistical techniques [6–8].
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Nevertheless, numerous of these models are not extensively employed within clinical
practice, primarily owing to their foundation on data gathered for alternate objectives.
This circumstance can decrease the relevance of these findings when applied to a broader
population [9]. Additionally, attempts are often made to create models that are easy to
use in clinical practice. This is often accomplished by condensing continuous variables
into distinct categories or opting for predictors in a subjective manner. However, such
approaches can result in excessive simplification and a consequent decrease in the models’
overall efficacy [10,11].

Analyzing data on diabetes can be difficult because medical data often exhibit non-
linear, nonnormal, correlated, and complex characteristics [12]. Machine learning (ML)
methods have the potential to structure and utilize these complex patterns to classify dis-
eases. It has previously been reported that ML could be utilized in diabetes for different
purposes [13–19].

Others have reported ML approaches for the detection of diabetes and prediabetes [20–25].
However, it is still unclear which ML methods are best at capturing the complexity of the
data to aid in selecting people at high risk of undiagnosed diabetes.

The objective of this study was to compare the performance of five diverse ML models
for classifying undiagnosed diabetes using a large heterogeneous dataset.

2. Methods

2.1. Data Source

To identify individuals with undiagnosed diabetes using machine learning, we used
data from multiple years of the National Health and Nutrition Examination Survey
(NHANES) from 2005 to 2018 [26], which included HbA1c (glycated hemoglobin) data.
HbA1c is recommended for the diagnosis of diabetes in most patient groups by the Ameri-
can Diabetes Association [27]. The NHANES study was executed by the National Center for
Health Statistics, a division of the Centers for Disease Control and Prevention. This research
employs intricate sampling techniques to determine the demographic composition of the
U.S. populace. This inclusivity extends to the overrepresentation of subpopulations, such
as elderly individuals and various racial and ethnic minorities. Over the period spanning
2005 to 2018, a comprehensive total of 70,190 participants were enrolled in the NHANES.

The present investigation involved individuals aged >20 years, excluding pregnant
individuals and those with a documented diabetes diagnosis. A participant’s diabetes
diagnosis was ascertained by their affirmative response to the survey. Have you ever been
informed by a medical professional that you have diabetes?

Using these data, we developed and compared ML models for diabetes prescreening
in patients with undiagnosed diabetes.

2.2. End Points

Our objective was to compare five machine learning models for the detection of
undiagnosed diabetes (prevalence) in the NHANES cohort.

We included two binary end points for classification:
The primary endpoint (ap1) for the classification of undiagnosed diabetes was defined

as an HbA1c ≥ 6.5% (48 mmol/mol) without a previous diagnosis of diabetes.
The secondary endpoint (ap2) was for the classification of undiagnosed diabetes

(defined by an HbA1c ≥ 6.5% (48 mmol/mol) without a previous diagnosis of diabetes) or
known diabetes.

2.3. Variables and Selection

We included simple variables commonly associated with the risk of diabetes that could
be used in a practical prescreening procedure. The variables included age, sex, ethnicity,
weight, height, waist circumference, sleep duration, BMI, blood pressure (BP), physical
activity, smoking, alcohol use, education, and the ratio of family income to poverty. Variable
selection were performed according to an automatic approach using the training data, 3-fold
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cross-validation, and receiver operating characteristic (ROC) area under the curve (AUC)
improvements as criteria for the inclusion of variables. Missing data among variables used
for classification and prediction are common both in studies and during clinical usage.
However, the chosen ML methods implemented in this study can incorporate missing
values into the modeling approach without the need for imputation or case deletion [28].

2.4. Model Development

We included five ML models for comparison: random forest, AdaBoost, RUSBoost,
LogitBoost, and a neural network. These specific models were compared because previous
studies have shown high performance with ensemble and neural network models in general
disease classification [29,30]. The rationale behind selecting these models is rooted in the
collective strengths they bring to the task of disease classification, which aims to provide a
comprehensive comparison across diverse approaches. By including models with different
underlying mechanisms (boosting, bagging, or neural networks), we aim to identify the
most suitable model for our specific dataset and research objectives.

The models were trained/developed using a sample of 80% (training data) of the
individuals in each group and tested on the remaining 20% (test data). This process was
conducted in such a manner that 20% of the data were saved for testing the final models;
hence, the test data were not used to optimize the models further. The training data were
used to select variables through forward selection and to optimize and train the models;
cross-validation was used to minimize overfitting of the models. Due to a class imbalance
in the dataset, the optimization was conducted with an evaluation criterion based on the
precision-recall curve area under the curve (PR-AUC):

A schematic of the procedure is illustrated in Figure 1.

Figure 1. Illustrates model development and performance testing.

All the models were developed and implemented using MATLAB R2021b (MathWorks,
Natick, MA, USA).

2.4.1. Random Forest Model

The random forest algorithm is a machine learning method [31] that uses a group of
decision trees to make predictions. During the training process, many decision trees are
constructed, and the output of the random forest is determined by the majority vote of the
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trees. Each tree in the forest are based on a random sample of data. The final prediction
is made by combining the predictions of all the individual trees. As the number of trees
in the forest increases, the accuracy of the predictions tends to improve. Hyperparameter
estimation was performed using a grid search strategy. We optimized the number of trees,
depth of trees, and minimum number of samples to perform splitting.

2.4.2. AdaBoost

Adaptive boosting (AdaBoost) [32] is an ensemble learning algorithm that is used to
improve the accuracy of a weak learner (such as a decision tree). This process involves
iteratively training the weak learner and adjusting the weights of the training data at each
iteration so that the misclassified examples are given higher weights. The final model is a
combination of all the weak learners, with each weak learner contributing a weight to the
final prediction. One of the main benefits of AdaBoost is that it is simple to implement and
relatively resistant to overfitting problems, making it a good choice for situations where the
training data are limited. Hyperparameter estimation was performed using a grid search
strategy. We optimized the number of weak learners and the learning rate.

2.4.3. RUSBoost

Random undersampling boosting (RUSBoost) [33] is a variant of the AdaBoost al-
gorithm that are designed to handle imbalanced datasets. The imbalanced datasets are
datasets in which one class (the minority class; in our case, individuals with undiagnosed
diabetes) has significantly fewer examples than the other class (the majority class; in our
cases, individuals without undiagnosed diabetes). In such cases of imbalance, AdaBoost
can be prone to bias toward the majority class, leading to poor performance for the minority
class. RUSBoost addresses this issue by randomly undersampling the majority class at each
iteration. By undersampling the majority class, RUSBoost ensures that each weak learner
are trained on a balanced dataset. Hyperparameter estimation was performed using a grid
search strategy. We optimized the number of weak learners and the learning rate.

2.4.4. LogitBoost

LogitBoost [34] is a popular boosting modification that can be applied to binary
classification problems. From a statistical standpoint, LogitBoost can be seen as an additive
tree regression by minimizing the logistic loss. One of the benefits of LogitBoost is that it is
relatively easy to implement, and it can often achieve good performance with relatively
little hyperparameter tuning. It is also resistant to overfitting, which makes it a good fit for
use on noisy or high-dimensional data. Hyperparameter estimation was performed using
a grid search strategy. We optimized the number of weak learners and the learning rate.

2.4.5. Neural Network

A neural network is a machine learning model inspired by the structure and function
of the human brain. It is composed of layers of interconnected nodes, or neurons, that
process and transmit information. We implemented a feedforward neural network with the
following architecture: an input layer, three fully connected hidden layers [3, 2, 4 neurons],
a softmax layer, and a classification layer. In the training process, 30% of the training dataset
were used as the validation dataset to minimize overfitting of the model. Hyperparameter
estimation was performed using a grid search strategy. We optimized the number of
neurons in the hidden layers.

2.5. Model Assessment

Test datasets were used to assess the performance of the five models. Receiver op-
erating characteristic (ROC) curves and receiver operating characteristic (ROC) curves
were used to compare the performance of the models for classifying undiagnosed dia-
betes (ap1) from that of undiagnosed diabetes and known diabetes (ap2). Ninety-five
percent confidence intervals (CIs) for the receiver operating characteristic (ROC) curve
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were estimated using bootstrap replicates (n = 1000). Furthermore, a specific threshold
(based on the maximized Youden index) was used to compare the sensitivity, specificity,
positive predictive value (PPV), and negative predictive value (NPV) to better understand
the capabilities of the models for usage in clinical practice during a prescreening procedure.

3. Results

A total of 45,431 participants were included in the analysis, and 36,162 participants
were excluded from the analysis due to missing HbA1c measurements, age criteria, or preg-
nancy. Among the included participants, 1297 had undiagnosed diabetes (the prevalence
of undiagnosed diabetes was 3.2%), 4772 had known diabetes, and 9556 had prediabetes.
The characteristics of the included participants are presented in Table 1.

Table 1. The baseline characteristics of people with prediabetes, undiagnosed diabetes, or diabetes.
Significance (p < 0.05) is indicated between undiagnosed diabetes and no diabetes (N), prediabetes
(P), and diabetes (D).

No Diabetes Prediabetes
Undiagnosed

Diabetes
Diabetes

Significance
p < 0.05

n 29,806 9556 1297 4772

Age, years 36 (19.3) 54.2 (18.4) 57.7 (15) 61.9 (13.9) NPD

Male, % 48.1 50 52.5 50.5 N

BMI, kg/m2 26.8 (6.5) 30.1 (7.2) 33.1 (7.8) 32.4 (7.7) NPD

Height, cm 166.9 (10.1) 166.1 (10.2) 166.1 (9.9) 165.6 (10.7) N

Weight, kg 75.1 (20.6) 83.5 (22.5) 91.8 (24.2) 89.5 (24.5) NPD

Systolic BP, mmHg 117.3 (16.5) 127.5 (19) 134.1 (20.9) 131.6 (20.5) NPD

Diastolic BP, mmHg 67 (13.5) 70.4 (14.4) 72.3 (15.3) 67.7 (14.6) NPD

Smoking, % 12.6 16.5 17.3 11.7 ND

Physically active, % 36.1 18.7 10.7 8.5 NPD

Drinking alcohol,
days/yrs 12.6 (53.2) 10.9 (51.9) 9 (53.8) 10 (54) N

Family income to
poverty ratio 2.5 (1.6) 2.4 (1.6) 2.2 (1.5) 2.3 (1.5) NP

Sleep, h 7.2 (3.1) 7 (1.6) 7 (3.1) 7.4 (4.8) ND

Hispanic-Mexican
American, % 18.3 15.3 21.6 17.2 NPD

Hispanic-Other
Hispanic, % 9.4 9.9 10.4 9.9

Non-Hispanic White, % 41.9 35.5 27.4 34.3 NPD

Non-Hispanic Black, % 19 28.2 28.5 27.6 N

Table 2 shows the ROC AUCs for the classifiers along with a selected cutoff, which
included sensitivity, specificity, positive predictive value (PPV), and negative predictive
value (NPV). Figure 2 shows the ROC curves (left) and the precision-recall curves (right)
for the five classifiers.
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Table 2. The ROC AUC (95% confidence interval) for the classifiers, along with a selected cutoff
based on the maximized Youden index, which includes sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV).

ROC AUC Sensitivity Specificity PPV NPV

Undiagnosed diabetes

RF 0.786 (0.765; 0.810) 0.855 0.603 0.083 0.99

AdaBoost 0.776 (0.750; 0.797) 0.742 0.674 0.087 0.984

RUSBoost 0.792 (0.767; 0.812) 0.824 0.657 0.091 0.989

LogitBoost 0.799 (0.775; 0.823) 0.871 0.615 0.086 0.991

Neural network 0.806 (0.782; 0.827) 0.848 0.628 0.087 0.99

Diabetes +
Undiagnosed diabetes

RF 0.800 (0.788; 0.815) 0.814 0.637 0.290 0.949

AdaBoost 0.787 (0.775; 0.799) 0.819 0.628 0.287 0.95

RUSBoost 0.796 (0.782; 0.809) 0.818 0.631 0.288 0.95

LogitBoost 0.802 (0.789; 0.814) 0.816 0.645 0.295 0.95

Neural network 0.800 (0.787; 0.810) 0.821 0.64 0.294 0.952

Figure 2. The left figure shows the receiver operating characteristic (ROC) curves for the classifiers:
neural network (NN), LogitBoost (LB), RUSBoost (RUS), random forest (RF), and AdaBoost (AB)
classifiers. The right figure shows the precision-recall for the classifiers: neural network (NN),
LogitBoost (LB), RUSBoost (RUS), random forest (RF), and AdaBoost (AB).

Primary endpoint (ap1): For the classification of undiagnosed diabetes (no diabetes or
prediabetes vs. undiagnosed diabetes), the area under the ROC curve (AUC) was between
0.776 and 0.806. The PPV was between 0.083 and 0.091, the NPV was between 0.984 and 0.99,
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and the sensitivity was between 0.742 and 0.871. Figure 3 shows the selected predictors for
each model using forward selection and cross-validation. Age and ethnicity (non-Hispanic
white) were selected for all models, and the economic ratio was selected for four out of five
models.

Figure 3. The selected predictors/features for the model(s). Gray indicates that the selected predictor
was selected in the forward feature selection using 3-fold cross-validation.

Secondary endpoint (ap2): For the classification of undiagnosed diabetes + known
diabetes (no diabetes or prediabetes vs. undiagnosed diabetes or known diabetes), the
receiver operating characteristic (ROC) curves were between 0.787 and 0.802. The PPV
was between 0.287 and 295; the NPV was between 0.949 and 952; and the sensitivity was
between 0.787 and 802.

4. Discussion

This study aimed to compare the performance of an ML model in classifying un-
diagnosed diabetes from known diabetes using a large heterogeneous dataset utilizing
simple and obtainable clinical information. For the classification of undiagnosed dia-
betes, the comparison did not reveal large differences in model performance among the
five models. All the included models performed well and could be utilized in a clinical
prescreening program to identify people for subsequent diabetes testing. The PPV was
approximately 8–9%, which is low but is expected for this type of prescreening. Other risk
score studies have reported PPVs between 4 and 8% [6,35]. This means that for each of the
1000 people we screened, if a sensitivity of 80% was selected, ~392 people would be eligible
for subsequent testing, and out of those people, ~32 would have undiagnosed diabetes.
Furthermore, ~8 people will not be diagnosed with diabetes. A substantial portion of
the people selected for subsequent testing who did not have undiagnosed diabetes (false
positives) were diagnosed with prediabetes. Identifying people with prediabetes could
lead to health-promoting initiatives for the group to slow or stop the progression from
prediabetes to diabetes.

The exact cutoff for such a prescreening procedure also needs to be considered in a
cost-benefit analysis, which is beyond the scope of this paper.
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For the classification of undiagnosed diabetes + known diabetes, similar trends were
observed—the choice of model did not significantly change the performance. However, the
PPV was much greater than that of undiagnosed diabetes alone. This is also expected, as
the prevalence of prediabetes at the population level is much greater.

The predictors included in this study can be categorized into three groups: demo-
graphic, clinical, and lifestyle predictors. These predictors were used to develop machine
learning models to prescreen undiagnosed diabetes patients.

Demographic predictors have been shown to be associated with diabetes incidence [36].
In our study, age and ethnicity were included as predictors in all the proposed models.
Clinical variables have been consistently associated with diabetes risk. For example, higher
BMI and waist circumference have been shown to be strongly associated with diabetes
risk, with individuals with a BMI of 30 or higher being at a greater risk of developing
diabetes. Waist circumference and systolic blood pressure were also included as predictors
in most of the models. BMI was only selected for one of the compared models; however,
studies have shown that waist circumference may be a more specific predictor of dangerous
overweight [37]. Lifestyle predictors have also been shown to be associated with diabetes
risk [36]. For example, physical activity has been shown to lower diabetes risk, while
smoking and alcohol usage have been shown to increase diabetes risk [38]. In our study,
alcohol usage and indirect measures of lifestyle, such as education level and economic
status, were included as predictors. Surprisingly, physical activity and smoking were not
included as predictors. The explanation could be that it might be difficult to capture the
discriminative information in these predictors using a questionnaire-based approach or
that the information is captured indirectly by other predictors.

4.1. Comparison to Other Related Work

Over the past few decades, several machine learning approaches and classic statistical
predictive models have been published on the topic of screening for undiagnosed diabetes.
Baan et al. [35] developed three predictive models (logistics regression) based on a sample of
participants from the Rotterdam Study (n = 1016) aged 55 to 75 years who were not known
to have diabetes. The authors reported ROC AUCs of up to 0.74. Bang et al. [36] developed
a simple scoring system (based on logistic regression) based on the Korea National Health
and Nutrition Examination Survey (KNHANES) and compared it with previous scoring
systems. Bang et al. reported ROC AUCs of up to 0.73. Moreover, Cichosz et al. [23]
suggested an extended predictive feature search strategy to model a logistic regression for
the prediction of undiagnosed diabetes. They reported an ROC AUC of 0.78.

Yu et al. [24] used a support vector machine (SVM) approach to identify undiagnosed
and known diabetes in the 1999–2004 sample of the NHANES with successful performance
(AUC = 0.83). However, Yu et al. did not predict undiagnosed diabetes separately, which
makes comparison difficult.

4.2. Strengths and Limitations

An important advantage of this research lies in our utilization of a substantial and di-
verse dataset from the NHANES. This dataset are distinctive because it comprises nationally
representative survey data that have been weighted, accurately reflecting the composition
of the entire U.S. populace. As a result, the findings are likely to have a reasonable degree of
applicability to the broader U.S. population when used in a screening process. Nevertheless,
the application of these models in different global regions necessitates careful consideration,
and it is imperative to validate their effectiveness in these populations before embracing
them on a larger scale.

The approach introduced in this research were rooted in data-driven analysis. We
carefully chose variables and refined our models to achieve optimal performance. Although
the chosen variables were all characterized as readily available or easily obtainable clinical
data, certain pieces of information hold greater clinical practicality, particularly in the
context of conducting large-scale population screenings. Should these models be considered
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for practical clinical use, it becomes important to assess the significance of each variable,
with an emphasis on selecting those that offer the most effortlessly attainable information.

A limitation of this study is the definition of undiagnosed diabetes, as it was based
on a single lab value of HbA1c above 6.5%. The American Diabetes Association (ADA)
recommends that at least two HbA1c levels be measured to fully establish a diabetes
diagnosis. Furthermore, known diabetes diagnoses rely on participant self-reports, which
are subject to misclassification bias.

Additionally, we explored five distinct, robust machine learning algorithms known
for their effective predictive capabilities in healthcare settings for comparative analysis.
Numerous alternative methods and implementations, including support vector machines,
XGBoost, and K-nearest neighbor methods, are also available. We believe that further explo-
ration and comparison of additional methods could be pertinent, particularly when dealing
with more intricate datasets containing extensive additional and complex information for
the identification of undiagnosed diabetes.

4.3. Future Directions

In a recent study, Katsimpris et al. [39] demonstrated the potential of leveraging nutri-
tional data for predicting type 2 diabetes mellitus through a logistic regression approach.
An avenue for future exploration in the development of a classification model for iden-
tifying individuals with undiagnosed diabetes involves integrating dietary information
with other pertinent factors. This strategic combination of variables aims to enhance the
predictive capabilities of the model, potentially yielding more accurate and comprehensive
insights into the identification of undiagnosed diabetes patients.

5. Conclusions

We have demonstrated that several types of classification models can accurately
classify undiagnosed diabetes from simple and clinically obtainable variables. Small
differences in performance were observed among the compared models, but no one model
outperformed the others in terms of classifying undiagnosed diabetes or prediabetes. These
results suggest that the use of machine learning for prescreening for undiagnosed diabetes
could be a useful tool in clinical practice.
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Abstract: This study presents a comprehensive analysis of 898 clinical trials conducted between 1999
and 2023, focusing on the interplay of metabolic syndrome, cardiovascular diseases (CVDs), and type
2 diabetes mellitus (T2D). This study draws upon data sourced from the International Clinical Trials
Registry Platform (ICTRP) until August 2023. The trials were predominantly interventional (67%)
or observational (33%). A geographical distribution reveals that while the United States registered
approximately 18% of the trials, other regions like Australia, the United Kingdom, and multicounty
trials made substantial contributions. Most studies (84%) included both male and female participants,
with adults aged 18 to 65 years predominantly represented. The trials aimed at treatment (21%) and
prevention (21%), emphasizing the dual focus on addressing existing CVD risk and preventing its
development. Notably, CVDs (29%), T2D (8%), and the coexistence of both (21%) constituted the
primary conditions of interest. Key interventions encompassed lifestyle and behavioral modifications,
dietary supplementation, and drug therapies, with metformin and statins leading in pharmacological
treatments. Interestingly, additional interventions such as glucagon-like peptide-1 agonists and
dipeptidyl peptidase IV inhibitors are gaining recognition for their potential in managing metabolic
syndrome-related conditions. Moreover, the report highlights a growing focus on inflammation,
body mass index, blood pressure, body weight, and major adverse cardiovascular events as primary
outcomes. Overall, the study highlights the importance of ICTRP as the source of data for clinical trials
targeting metabolic syndrome, CVDs, and T2D and the growing recognition of diverse intervention
strategies to address this critical global health concern.

Keywords: heart disease; metabolic complications; clinical trials; demographic characteristics;
treatment modalities; global health

1. Introduction

The World Health Organization (WHO) has progressively highlighted the signifi-
cance of cardiovascular diseases (CVDs) in driving the global burden of disease, with
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evidence suggesting this condition claimed about 17.9 million lives in 2021 [1]. Briefly,
CVD incorporates a group of complex disorders affecting the heart and blood vessels, with
atherosclerosis recognized as a major contributing factor [2]. These conditions encompass a
range of complications, including stroke, coronary artery disease, heart failure, arrhyth-
mias, and cerebrovascular disease, among others [3]. Predominantly studied in the elderly
through the Framingham Heart Study [4,5], research on CVD now spans multiple genera-
tions of participants [6,7]. Within this context, metabolic complications have significantly
contributed to the development and progression of cardiovascular complications [8]. Cer-
tainly, increasing evidence indicates that most patients with diabetes are likely to succumb
to CVD-related abnormalities when compared to nondiabetic counterparts [9,10].

Epidemiological data unequivocally establish diabetes as an independent risk factor for
the development of CVDs [11,12]. As a result, research exploring the relationship between
CVD and diabetes, particularly type 2 diabetes (T2D), has garnered significant interest
among researchers [13,14]. T2D is characterized by persistent hyperglycemia and a state
of insulin resistance that is followed by subsequent damage or dysfunction of pancreatic
β-cells [15]. While T2D was historically associated with older adults [16], it is now known
that many diverse factors are associated with the development and progression of this
condition even in children and adolescents [17,18]. Indeed, research continues to highlight
the importance of clarifying factors that contribute to the development of CVD risk in
people with diabetes mellitus [19–21]. This includes understanding the influence of factors
such as genetic predisposition, lifestyle choices, socioeconomic status, and comorbidities.
In fact, risk prediction models are increasingly explored to give insight into the effectiveness
of personalized interventions, targeted lifestyle modifications, medication regimens, or
novel therapies and how they could contribute to improving CVD outcomes in patients
with diabetes [19–21]. Such approaches remain instrumental to a more patient-centered
approach to managing CVD risk in individuals with diabetes, potentially leading to more
effective prevention and treatment strategies [22,23].

Physical activity and lifestyle modification, when applied consistently, currently re-
main the most effective interventions to alleviate metabolic complications, including re-
ducing CVD [24–27]. However, only a few people adhere consistently to such strict inter-
ventions. Metformin has remained the leading therapeutic intervention for people with
T2D [28–30]. This biguanide drug is effective at controlling blood glucose levels, while it
is increasingly being investigated for its cardioprotective properties in people with dia-
betes [28–30]. Alternatively, statins are recommended for people with dyslipidemia [31],
with some research indicating cardioprotective effects of these drugs [32]. However, emerg-
ing research has reported limitations with statins, especially the limitations associated with
their long-term use in reducing the intracellular levels of coenzyme Q10 [33], a fat-soluble
quinone with a structure similar to that of vitamin K and which is vital to the human body.
Beyond the therapeutic effects of metformin and statins [28–30,32], increasing research has
progressively evaluated the antidiabetic and cardioprotective effects of various nutrients,
especially commonly used foods such as vegetables, fruits, herbal teas, and others [34–36].
Nonetheless, understanding global trends in disease distribution, especially across global
regions, has become important before any recommendations can be accepted. For exam-
ple, adult patients with diabetes are acknowledged to have two–four times higher risk of
developing CVD compared to individuals without this condition, and the risk increases
with poor glycemic control [37]. Others highlight the significance of understanding trends
in the epidemiology of CVD and cardiovascular risk management in T2D for a more indi-
vidualized patient-centered approach to manage these conditions [38]. Beyond reducing
fasting plasma glucose levels, decreasing blood pressure, as well as triglycerides, and
low-density lipoprotein cholesterol remains instrumental to lower CVD risk in individuals
with diabetes [39].

The International Clinical Trials Registry Platform (ICTRP) plays a pivotal role in
advancing our understanding of metabolic diseases by serving as a centralized repository
for clinical trial data. Metabolic diseases, including T2D and CVD, present significant global
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health challenges. The ICTRP provides a valuable resource for researchers, healthcare
practitioners, and policymakers, facilitating the registration and dissemination of data
from clinical trials focused on metabolic diseases. Through the comprehensive analysis of
data from diverse clinical trials, the ICTRP enables the identification of trends, patterns,
and emerging insights in the field of metabolic diseases. Such data are instrumental in
informing evidence-based practices, guiding the development of targeted interventions,
and ultimately improving the management and prevention of CVD-related complications
in patients with diabetes. This study also highlights the importance of the ICTRP as the
source of data for clinical trials targeting metabolic syndrome, CVDs, and T2D, including
the growing recognition of diverse intervention strategies to address this critical global
health concern.

2. Methodology

2.1. Source and Data Description

The ICTRP registry (https://www.who.int/clinical-trials-registry-platform, accessed
on 3 September 2023) was accessed for a comprehensive analysis of data on clinical trials
reporting on the global trends in CVD risk in people with diabetes [40]. This registry
contains clinical data from registries across the globe and has become an important tool
to monitor disease surveillance or to evaluate the effects on health outcomes [41,42]. An
advanced search function of the ICTRP was used to identify relevant clinical trials, regis-
tered on 2 August 2023. This study is a cross-sectional analysis of registered clinical trials
for people with diabetes at risk of CVD. We conducted searches in the ICTRP, which is
a repository hosted by the WHO that contains regularly updated clinical trial data from
primary clinical trial registries of the WHO network. Importantly, a growing number of
reports have used this registry to analyze and inform on clinical data that remain significant
for public health [43–46].

2.2. An Approach for Data Analysis and Management

Two researchers (M.N. and N.M.) independently accessed the WHO ICTRP portal
to download relevant data on 2 August 2023. The downloaded Excel spreadsheet was
checked by other researchers (P.V.D. and D.N.) before data extractions were performed,
especially accuracy in collection of information concerning trial registry source, date of
registration, retrospective flag, gender, trial phases, and intervention model. Other relevant
information that was collected was based on intervention model prominently used, disease
condition, and primary outcomes measured, corresponding to CVD risk in people with
diabetes. This information allowed for a comprehensive analysis of global trends in CVD
risk for people with T2D within an Excel spreadsheet.

3. Results

3.1. Study Inclusion

Briefly, a total of 935 records (registered from 1999 to 2023) of clinical studies were
retrieved from the WHO ICTRP registry. After eligibility assessment, including duplicate
removal and exclusion of trials that did not focus on CVD and diabetes, 116 studies were
excluded (Figure 1). As a result, a total number of 898 studies were suitable for the analysis,
predominantly interventional (n = 602), and observational (n = 295) studies (Figure 1).
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Figure 1. Flow chart repressing clinical trial selection. Briefly, after eligibility assessment, includ-
ing duplicate removal and exclusion of trials that did not focus on cardiovascular disease (CVD)
and diabetes mellitus (DM), 898 studies were suitable for the analysis, predominantly including
interventional (n = 602), and observational (n = 296).

3.2. Data Distribution Based on Country of Origin, Clinical Trial Registry Sources, and Year
of Publication

When exploring the regions of registered trials, it was observed that about 18% of trials
were registered in the United States, while other regions like Australia, the United Kingdom,
and multiple countries trials recorded 10%, 7%, and 9%, respectively (Figure 2A,B). Single-
country recruitment centers registered 91% in comparison to multicountry multicenter
(9%) trials. The ClinicalTrials.gov registry registered the most trials (56%), followed by
ANZCTR (12%), ISRCTN (9%), JPRN (6%), EU-CTR (4%), and CTRI (3%) (Figure 2C). Other
registries registered ≤1% of trials related to diabetes and CVDs between 1999 and 2023
(Figure 2C). The highest number of trials recorded per year during the reporting period
was 7% in 2016. Even though there was no consistency, in the registration of clinical trials
on participants with diabetes and CVD, there was a significant increment from 1999 to 2022,
with a probability to rise even in 2023 (Figure 3).

A 

 

Figure 2. Cont.
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Figure 2. Global distribution of registered trials per country. (A) depicts a global map color-coded
with strong-shaded regions describing a high number of trials registered in that specific region.
(B) demonstrates the distribution of trials per country. Briefly, the United States registered the
most clinical trials, while other regions like Australia, the United Kingdom, and multiple countries
trials recorded 10%, 7%, and 9%, respectively. (C) gives an overview of the distribution of trials
across different clinical trial registries. Briefly, some of the listed registries included Australian New
Zealand Clinical Trials Registry (ANZCTR), International Standard Randomized Controlled Trial
Number (ISRCTN), Japan Primary Registries Network (JPRN), Iranian Registry of Clinical Trials
(IRCT), Peruvian Clinical Trials Registry (REPEC), Sri Lanka Clinical Trials Registry (SLCTR), Cuban
Public Registry of Clinical Trials (RPCEC), International Traditional Medicine Clinical Trial Registry
(ITMCTR), Clinical Research Information Service of the Republic of Korea (CRiS), Thai Clinical Trials
Registry (TCTR), Chinese Clinical Trial Register (ChiCTR), and the Clinical Trials Registry India (CTRI).
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Figure 3. Distribution of registered trials per year from 1999 to 2023. These data show that a steady
increase in trial registration is observed between 1999 and 2022.

3.3. Data Distribution Based on Gender of Participants

Most trials (84%) included both females and males in their studies (Figure 4A). When
exploring age differences of those registered, it was observed that most trials recruited
adults between 18 and 65 years of age for both minimum and maximum age inclusion
(Figure 4B).

A B 

  

Figure 4. Overview of gender distribution within the included clinical trials. Most trials, 700 (84%),
included both females and males in their studies (A). When exploring age differences of those
registered, it is observed that most trials recruited adults (18 to 65 years) for both minimum and
maximum age inclusion (B).

3.4. Data Distribution Based on Intervention Model and Disease Type

Mostly, recorded trials focused on different groups of participants receiving different
interventions, predominantly of parallel assignment (Figure 5A). Forty-two trials employed
cross-over intervention, twenty-eight single group assignments, seventeen factorial, and
five sequential. We further explored the primary purpose of individual trials, and we
observed that the treatment (21%) and prevention (21%) primary purposes show almost
equal percentage numbers of clinical trials (Figure 5A). Other primary purposes of the trials
include observation (7%), health service (3%), supportive care (2%), basic science (4%), and
diagnostic (1%).
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Figure 5. (A) lists registered trials distributed according to the primary purpose of the study. Except
for those that were not specified, most included clinical trials were focused on treatment and pre-
vention. (B) Disease conditions of participants in registered trials included type 2 diabetes (T2D),
cardiovascular diseases (CVDs), both conditions (diabetes and CVDs), and others, which were mostly
a cluster of metabolic anomalies, such as dyslipidemia, obesity, nonalcoholic fatty liver disease, and
hypercholesterolemia.

3.5. Data on Disease Classification and Interventions Being Used in People with
Diabetes and CVD

The most common conditions investigated in the trials were CVDs (29%) and T2D
(8%) (Figure 5B). Other trials included participants with both T2D and CVDs (21%). Other
conditions included a cluster of metabolic complications, characterizing metabolic syn-
drome (43%) (Figure 5B). Correspondingly, it was obvious that measurements of blood
lipid profiles, like cholesterol, low-density lipoprotein, high-density lipoproteins, as well
as glucose and insulin or glycated hemoglobin levels, were predominant in these trials
reflecting primary outcomes in people with diabetes or those at CVD risk (Table 1). No-
tably, inflammation, body mass index, blood pressure, body weight, and major adverse
cardiovascular events were also evaluated and were also increasingly evaluated as primary
outcomes in people with diabetes at risk of CVD (Table 1).

Table 1. Selective reporting for primary outcomes per condition.

Primary Outcome Number of Trials

T2D CVDs Both CVDs and T2D Other

Blood glucose 7 8 10 18
Blood lipids 7 3 6 5

Blood cholesterol 2 13 4 66
LDL 4 6 3 21
HDL 5 7

Insulin 5 2 8 23
HbA1c 9 2 13 18

Inflammation 3 3 6 5
BMI 2 11 4 5

Blood pressure 11 8 64
Body weight 2 3 3 12

MACE 10 12
Other 2 5 8 20

BMI = body mass index, CVD = cardiovascular disease, HbA1c = glycated hemoglobin, LDL = low-density
lipoprotein, HDL = high-density lipoprotein, MACE = major adverse cardiovascular event, T2D: type 2 diabetes.
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3.6. Data on Disease Classification and Interventions Being Used in People with Diabetes at Risk
of CVDs

We further evaluated a variety of interventions that are being tested in trials being
conducted. In Table 2, the interventions being currently explored are distributed according
to the health conditions, including T2D, CVDs, both CVDs and T2D, and other conditions.
Notably, lifestyle and behavioral modifications as well as dietary supplementation are the
interventions implemented in trials across different disease conditions. Drug intervention
for both CVDs and T2D included the use of statins, metformin, and pioglitazone (Table 2).
Most interestingly, some trials evaluated drug combinations and drug plus physical activity
interventions. For intervention against T2D, metformin, dapagliflozin, and empagliflozin
were among the drug interventions implemented. Similarly, lifestyle, physical exercise, and
behavioral changes were also encouraged. Against cardiovascular diseases, statin (atorvas-
tatin, simvastatin, rosuvastatin, pravastatin) therapy was among the drug interventions
implemented. Drug combination therapy, such as ezetimibe plus statins, was investigated
by other trials.

Table 2. Selective reporting for intervention per health condition.

Intervention Number of Studies

Other

Behavioral 40
Lifestyle modifications 54

Placebo 47
Dietary supplement 17

Statin 13
Metformin 9

Empagliflozin 3
Pioglitazone 7

Type 2 diabetes

Behavioral 4
Dietary supplement 3

Empagliflozin 2
Metformin 2

Dapagliflozin 3
Ertugliflozin 2

Exercise 5
Placebo 18

Cardiovascular diseases

Behavioral 33
Dietary supplement 8

Statins 14
Other 102

Both cardiovascular diseases and type 2 diabetes

Behavioral 34
Dietary supplement 23

Pioglitazone 3
Empagliflozin 7

Statins 3
Other drugs 30

4. Discussion

The comprehensive analysis of clinical trial data on global trends in risk factors
associated with diabetes and CVD provides valuable insights into the state of research
in this critical area of public health concern. One of the notable aspects of the study is
the diversity in trial registration and recruitment patterns. The analysis of the ICTRP
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data revealed that while the United States accounted for approximately 18% of registered
trials, other regions like Australia, the United Kingdom, and multicountry trials also made
substantial contributions. This geographic distribution highlights the global relevance and
collaborative nature of research addressing CVD risk in individuals with diabetes. This
also corroborates information from other studies, showing that ClinicalTrials.gov is the
predominant source for clinical trial data, informing on many disease conditions [43,47].
This also aligns with increasing trends in data on the prevalence of metabolic disease in
developed nations, including the United States [48]. However, the limited clinical data
available underscore the need for research to be conducted in developing nations, like
those within the sub-Saharan Africa region where there is an increasing surge in metabolic
diseases [49].

The study identified a consistent increase in the registration of clinical trials from
1999 to 2022, with indications of continued growth in 2023. Consistent with growing
reports [9,50], this trend reflects the growing recognition of the significance of CVD risk in
individuals with diabetes and the urgent need for research in this field. This is in agreement
with a growing number of studies [12,51,52] while also pointing to the need to contain
diabetes-related abnormalities in order to minimize long-term CVD complications [9]
This also does not exclude a gap in prospective and active research, which could provide
more timely and actionable insights into CVD risk management in this population. A
commendable aspect of the analyzed trials is the inclusion of both genders, with 84% of
trials incorporating both males and females. This balanced representation is crucial for
generating results that are applicable to a broader population. Furthermore, the trials
predominantly recruited adults aged between 18 and 65 years, which is relevant given that
diabetes and CVD risk often develop in adulthood [53]. However, it is essential to continue
assessing the impact of interventions on pediatric and elderly populations, as these age
groups also face significant health challenges related to diabetes and CVD [54].

In examining the primary purposes of the trials, the study found that treatment
and prevention were the most common objectives, each accounting for 21% of the trials.
This balance suggests that researchers are not only focused on managing existing CVD
risk but also on preventing its development in individuals with diabetes. These findings
highlight the comprehensive approach to managing this dual health burden. More so, the
analysis revealed that trials predominantly investigated CVDs (29%) and T2D (8%), with a
substantial proportion focusing on both conditions (21%). Currently, there is conflicting
evidence in terms of CVD burden in developing nations. For example, some research
has suggested that incidence, prevalence, and mortality rates remain high in low- and
middle-income countries [55], while others have seen a decline in trends for CVD incidence
and mortality rates and stable survival rates in patients with CVD [56]. Policymakers have
predominantly highlighted the importance of focusing on the management of ischemic
heart disease, stroke, and congestive heart failure, which contribute most to the burden
of CVD globally [22,57]. Other CVD-related conditions, like diabetic cardiomyopathy, are
also a concern [58], primarily due to the increasing prevalence of diabetes [17]. Anyway,
there is an urgent need to channel resources toward implementing cost-effective policies
and interventions to reduce premature mortalities due to noncommunicable diseases.

Additionally, a significant number of trials examined a cluster of metabolic compli-
cations characterizing metabolic syndrome (43%). This reflects the strong link between
diabetes and CVD risk within a broader metabolic context. As expected, primary outcomes
measured in these trials often included blood lipid profiles, glucose levels, and insulin
or glycated hemoglobin levels. These biomarkers are central to understanding CVD risk
in individuals with diabetes, as elevated levels are associated with increased risk. For
example, while management of blood glucose is essential for people with diabetes [59],
ongoing research has strongly reported on the importance of assessing blood lipid profiles,
especially low-density lipoprotein cholesterol to predict CVD risk in individuals with
T2D [60,61]. The interventions being explored in the trials encompassed a wide range of
approaches, including lifestyle and behavioral modifications, dietary supplementation,
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and drug interventions. Although physical activity and lifestyle medications are widely
favored to improve the metabolic state [24–27], the use of statins, metformin, and piogli-
tazone in drug interventions underscores the importance of both glycemic control and
lipid management in mitigating CVD risk [62,63]. In fact, metformin is being increasingly
investigated for its potential benefits in alleviating CVD-related complications, beyond
its well-known properties to improve glycemic levels in patients with T2D [28–30]. A
previously published systematic review and meta-analysis involving nine clinical trials
with 12,026 participants presented results supporting the potential benefits of pioglita-
zone in reducing major adverse cardiovascular events in people with insulin resistance,
pre-diabetes, and diabetes mellitus [64]. However, these results further indicated that
pioglitazone may potentially increase the risk of heart failure, edema, and weight gain. This
also highlights the emerging use of nutraceuticals and dietary supplements as alternative
or combination therapy to manage metabolic disease, including reducing CVD risk in
people with diabetes [65,66]. Nutraceuticals and dietary supplements may encompass food
sources rich in antioxidants and anti-inflammatory properties that are necessary to diffuse
the harmful effects of oxidative stress and inflammation to reduce CVD risk. Both oxidative
stress and inflammation remain the predominant pathological features implicated in the
progression of many metabolic diseases; this extends to their link with damage to the
cardiovascular system [15,67,68]. Beyond the management of blood glucose levels within a
diabetic state, many dietary interventions, such as turmeric, herbal teas, cinnamon, mango,
blueberries, red wine, chocolate, fish, and extra virgin olive oil, are increasingly being
studied for their potential benefits in alleviating CVD risk [34–36]. In fact, the growth in
clinical trials on the potential benefits of these interventions may be more pronounced when
used in combination with currently used therapeutic interventions, like metformin or even
statins [69–71]. However, as demonstrated by limited data within our reporting, clinical
evidence demonstrating the potential benefits of nutraceuticals and dietary interventions
against metabolic diseases remains scarce.

Strengths of the report include its comprehensive analysis of clinical trial data, which
offers valuable insights into the global trends in risk factors associated with diabetes and
CVD. The study’s notable strength lies in the diversity of trial registration and recruitment
patterns, with contributions from regions worldwide, highlighting the global relevance
and collaborative nature of research addressing CVD risk in individuals with diabetes. The
increasing trend in the registration of clinical trials underscores the growing recognition
of the significance of CVD risk in this population, emphasizing the urgent need for more
research. The balanced representation of both genders and the focus on adults aged
between 18 and 65 years in the analyzed trials ensures the applicability of the results to a
broader population.

However, the report also has limitations, particularly the lack of clinical data from
developing nations, where there is a rising surge in metabolic diseases [72,73]. This geo-
graphic gap in research highlights the need for more studies in these regions. Additionally,
while the report addresses a broad spectrum of metabolic complications characterizing
metabolic syndrome, it may benefit from further exploration of interventions on pediatric
and elderly populations, as these age groups also face significant health challenges related
to diabetes and CVD [74]. Furthermore, the focus on specific biomarkers, such as blood
lipid profiles and glucose levels, might not encompass the full range of relevant indicators
for understanding CVD risk. In fact, determination of cholesterol efflux capacity is also
another important indicator for those potentially at increased risk of CVD. Nonetheless, the
report’s emphasis on the comprehensive approach to managing both existing CVD risk and
its prevention in individuals with diabetes is commendable, offering a valuable perspective
on this dual health burden.

5. Conclusions

The analysis of clinical trial data from the ICTRP provides a comprehensive overview
of research trends in CVD risk among individuals with diabetes. The findings reflect a
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global effort to understand and address this critical health issue. The study’s insights
into trial registration, participant inclusion, trial phases, intervention models, primary
purposes, disease classification, and interventions serve as a valuable resource for guiding
future research and public health strategies aimed at reducing CVD risk in this vulnerable
population. Limitations associated with statistical analysis or analysis of only one clinical
trial registry, well beyond research on interventions informing on the status of CVD risk in
the pediatric population, are well acknowledged and should be addressed in future studies.
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Abstract: Type 2 diabetes (T2D) poses a growing global health challenge, impacting patients’ and
their caregivers’ well-being. This study investigates the influence of T2D complications on caregivers’
quality of life (QoL) using the WHOQOL-BREF questionnaire, accounting for factors like age, disease
duration, and control. The research involved 382 T2D patients and 300 caregivers from Vuk Vrho-
vac University Clinic for Diabetes, Endocrinology, and Metabolic Diseases. The WHOQOL-BREF
questionnaire assessed caregivers’ QoL across physical, psychological, social, and environmental
domains. Complications, including retinopathy, neuropathy, and kidney disease, were examined for
their effects on QoL. Patients’ age impact, gender differences, and disease duration were analyzed.
T2D complications had varying impacts on different QoL domains. Caregivers of patients with multi-
ple complications showed significant social functioning impairment. Those without complications
reported lower psychological health. Age correlated with poorer physical health scores. Female
caregivers rated higher in psychological and environmental health. Disease duration and T2D control
had no significant impact on caregiver QoL. Caregivers’ concerns included medication adherence
and worry about their partner’s health. This study illustrates the delicate interplay between T2D
patients and caregivers, highlighting the multifaceted effects of chronic illness. Comprehensive
healthcare techniques that address emotional and social components in addition to medical care are
critical for improving the well-being of both patients and their caregivers. The findings contribute to
a broader understanding of T2D care dynamics, advocating for empathetic and all-encompassing
healthcare practices.

Keywords: type 2 diabetes; quality of life; caregiver; diabetes complications

1. Introduction

Type 2 diabetes (T2D) is a complex metabolic condition characterized by an interplay
of genetic and environmental factors. According to the International Diabetes Federation
(IDF), 537 million individuals over the age of 18 have diabetes in 2021, with a predicted
increase to 643 million by 2030. The number of patients with T2D is increasing in all parts of
the world, and it is increasing the fastest in poorly or moderately developed countries with
a lower national income. Diabetes is the main cause of blindness, end-stage renal disease,
stroke, heart attack, and lower limb amputations [1]. Quality of life (QoL) has emerged
as a prominent concept and research focus in the domains of health and medicine [2].
There is no universal definition of the term, however, the World Health Organization
(WHO) defines QoL as: “An individual’s perception of their position in life in the context
of the culture in which they live and concerning their goals, expectations, standards, and

Diabetology 2023, 4, 430–439. https://doi.org/10.3390/diabetology4040037 https://www.mdpi.com/journal/diabetology
54



Diabetology 2023, 4

concerns” [3,4]. Furthermore, the WHO developed the WHOQOL-BREF questionnaire,
which is a condensed version of the WHOQOL-100 questionnaire, and is a widely used
method for assessing an individual’s overall quality of life. The abbreviation “BREF”
refers to “Brief Version”, suggesting that it contains fewer questions than the lengthier
version. The questionnaire is intended to provide a thorough picture of a person’s well-
being and general quality of life. It is divided into four major domains, each reflecting a
critical part of life’s happiness and functioning. The physical domain examines a person’s
perception of their physical health, which includes characteristics such as energy level, pain,
discomfort, sleep, mobility, and daily activities. The psychological domain investigates
psychological well-being, such as sentiments of optimism, self-esteem, body image, and
overall life satisfaction. The social domain assesses an individual’s social connections, such
as friendship and family support, personal relationships, and ability to participate in social
activities. In contrast, the environmental domain is concerned with a person’s contentment
with their living conditions, access to health care, financial security, safety, and the entire
environment in which they live. The WHOQOL-BREF questionnaire normally has 26 items
covering the four aforementioned domains. In addition to these questions, there are
two general questions about a person’s overall quality of life and health. Individuals rate
their level of agreement, contentment, or frequency of experiences on a Likert scale while
responding to inquiries. The questionnaire is intended to be flexible to various cultural and
linguistic situations, making it appropriate for usage in various countries and populations.
It has been widely used in clinical and research contexts to assess the impact of health
issues, therapies, and other factors on a person’s quality of life. Social support given by
immediate family, partners, or spouses has shown positive effects in patients with cardiac
disease or cancer [5]. The psychological state of spouses has been shown to play a role in
their ability to provide support and affect the physical HRQOL in patients with prostate
cancer [6,7]. Several prior studies have evaluated caregiver QoL in different contexts and
are discussed later, however, none have evaluated the effects of specific T2D complications
on caregiver QoL. Considering the role of social support in the QoL of patients with T2D,
an investigation of factors affecting it may be necessary for creating new approaches in the
overall treatment of T2D and improving the QoL of these patients.

In this study, we aimed to determine the effect of T2D complications on the different
aspects of the caregiver’s QoL as determined by the WHOQOL-BREF questionnaire. Addi-
tionally, we aimed to investigate other additional factors that may contribute to decreased
QoL, primarily age and disease duration.

2. Materials and Methods

2.1. Setting and Study Protocol

The study was designed as a quantitative study using the WHOQOL-BREF ques-
tionnaire and available medical data. The research was conducted at the “Vuk Vrhovac”
University Clinic for Diabetes, Endocrinology, and Metabolic Diseases at Merkur Clinical
Hospital from June 2019 to March 2020. This study was part of a doctoral thesis that
involved researching the quality of life of patients with T2D, their caregivers, and the
opinions of medical staff involved in the care of T2D patients. Caregivers were defined as
persons sharing the household with the patient, regardless of relationship or marital status,
who take care of the patient and are responsible for helping the patient adhere to treatment.
The first part of the study involved T2D patients completing the WHOQOL-BREF question-
naire, followed by mailed questionnaires to partners. For patients whose caregivers came
to their scheduled hospital visit, the questionnaire was given during the visit. Patients
with T2D treated at the Clinic were included in the study. The study protocol planned
the inclusion of 77 participants in each group classified by the comorbidity present. The
number was determined based on an earlier pilot study investigating patient QoL, with
standard power (80%) and significance (5%). The caregivers were separated into groups
based on the comorbidity of the patient, namely: diabetic retinopathy, symptomatic diabetic
polyneuropathy, patients with diabetic kidney disease (DKD) stage 4 or 5, second- and
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third-degree diabetic foot ulcers according to the Texas classification or with amputated
extremities. For some patients, several comorbidities were expected and those patients
were classified in the multiple complications group, and one group involved patients with
T2D without complications. After completion of their questionnaires, patients were given
caregiver questionnaires with stamped envelopes containing a letter of invitation to the
study, informed consent, and the questionnaire form. All questionnaires were coded to
enable pairing of the patient and caregiver questionnaires. Patients without T2D compli-
cations and their caregivers were used as the control group. Single or widowed patients
or those without caregivers were included in the patient analysis, however, they were not
given caregiver questionnaires.

2.2. Tools and Data Acquisition

The questionnaire used was the WHOQOL-BREF designed by the World Health
Organization (WHO), which was translated into Croatian and validated in earlier research
by Pibernik Okanović [8]. Written permission was obtained from the author for the use
of the questionnaire. The questionnaire contains 26 original questions grouped into four
domains: physical health (7 items), psychological health (6 items), social relationships
(3 items), and environmental health. Each question in the WHOQOL-BREF is rated on a
Likert scale, ranging from 1 (very dissatisfied/very poor) to 5 (very satisfied/very good).
The scores for each domain are transformed into a linear scale from 0 to 100 [9]. Higher
scores in a domain indicate a better quality of life in that specific area. Several additional
questions on T2D were added to the patient questionnaire, specifically our added questions
about the time of T2D diagnosis, complications of the disease, complication onset, and
whether the complication ever required hospital admission. At the end of the questionnaire,
we added questions that evaluated the patient’s adherence to the instructions they received
from the nurses and why (we offered several answers) they did so. We also offered potential
explanations for not following the instructions. In question 39, we also asked them to rate
the information they received from doctors and nurses on a scale from 1 to 10, where a
rating of 1 means that they did not receive any information, and a rating of 10 means that
they received all the necessary information. In question 40, we asked them what they
would carry out to prevent chronic complications if they had all the necessary information
about them. In question 41, we wanted to obtain patients’ recommendations on what they
now consider important in the care of people with diabetes. In the end, we provided a
space for additional text if patients would like to write something else about the care of
people with diabetes.

In the first three questions of the caregiver questionnaire, we asked for information on
gender, age, and education. Questions 4 to 29 were questions from the WHOQOL-BREF
questionnaire. We supplemented the original questionnaire with questions regarding the
perceived burdens to caregivers related to the illness of their partners. The last added
question was meant to investigate the opinions of caregivers and their recommendations
about taking care of people with T2D.

Additionally, medical record data regarding complications of the disease and disease
management, including laboratory results, were collected for each patient on a predeter-
mined form.

2.3. Statistical Analysis

Numerical values were presented with average and standard deviation or median
and interquartile ranges (IQR), where appropriate. Categorical values were presented as
absolute values and proportions (%). The normality of data distribution was analyzed
using the Shapiro–Wilk test. For the comparison of numerical data, the Mann–Whitney test
was used, for the analysis of several groups the Kruskal–Wallis test was applied, and, where
appropriate, for multiple comparisons, Dunn’s post hoc test with Bonferroni correction was
performed. For categorical variables, we used the Chi-squared test, with Yates correction
where appropriate. For the determination of the correlation of numerical variables, the
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Spearman rank correlation test was used. Data distribution was presented in graphical and
tabular form. Data were presented in tables and text.

The primary goal of this study was to evaluate the QoL of caregivers of patients
with T2D and its complications. The secondary goals were to evaluate the correlation of
patient age, disease duration, T2D regulation, and the presence of comorbidities on the
partner’s QoL.

3. Results

3.1. Patient Characteristics

For participation in the study, 434 people with T2D were invited, 382 (84.9%) of whom
signed informed consent and submitted a completed questionnaire. Of the 52 respondents
who were not included in the research, 8 of them refused to participate, and 44 did not
return the completed questionnaire. Overall, 382 patients were included in the study.
The majority of participants were female (67.3%) and younger than 60 years of age (57%).
Demographic data are presented in Table 1.

Table 1. Demographic characteristics of individuals with T2D.

Demographic Characteristics N = 382 %

Sex
Male 236 61.8

Female 146 38.2

Age

Under 40 3 0.8
41 to 50 37 9.7
51 to 60 77 20.2
61 to 70 167 43.7
Over 71 98 25.7

Education

Unfinished primary school 54 14.1
High school 226 59.2

College 51 13.4
University 49 12.8
Doctorate 2 0.5

Living with

Alone 88 23.0
Partner 128 33.5

Partner and children 122 31.9
Children 19 5.0
Parents 5 1.3

In extended family 20 5.2

Number of family members

1 person 84 22.0
2 persons 140 36.6
3 persons 65 17.0
4 persons 48 12.6

5 or more persons 45 11.8

One-fifth (20.2%) of the included patients had no complications of the disease, a third
(33.5%) had several complications, 9.9% had isolated DKD, 15.7% had isolated diabetic neu-
ropathy, 10.2% had an isolated diabetic foot ulcer, and 10.5% had isolated diabetic retinopathy.

The most frequent comorbidity was arterial hypertension (85.6% of patients), followed
by dyslipidemia (41.6%), coronary artery disease (CAD) or heart failure (HF) (36.6%),
thyroid disease (23.3%), obesity (23%), and neoplastic diseases (2.6%). Other diseases were
present in 25.4% of patients.

There were 123 (32.2%) patients treated with oral antihyperglycemics, 50 (13.1%) with
insulin, 96 (25.1%) were on intensive insulin regimens, 9 (2.4%) on GLP-1 analogs, and
2 (0.5%) were treated with insulin pumps. The remainder (18.8%) were on conservative
management without specific medication. Combined insulin and oral antihyperglycemic

57



Diabetology 2023, 4

drugs were used by 29 (7.6%) of patients and a combination of insulin, GLP-1 analog, and
oral antihyperglycemics by one patient.

In patients with disease complications, 34 had the first occurrence in the past year, 82
within 1–5 years, 68 6–10 years ago, and 121 more than 10 years ago. T2D complications
necessitated up to two hospital admissions in 82 patients, three–four in 68 patients, five–six
in 62 patients, and more than seven in 59 patients.

3.2. Caregiver Characteristics

A total of 344 caregivers of people with T2D were invited to participate in the research,
44 of which did not return a completed questionnaire, and for the remaining 300 partners
and/or close family members, the survey was conducted during the visit, delivered by
mail or brought by patients to the next check-up (87.2%). Most caregivers were female
(67%), aged 51–70 (56%), and had a high school level education (55%). More detailed data
are presented in Table 2.

Table 2. Demographic characteristics of caregivers of individuals with T2D.

Demographic Characteristics N = 300 %

Sex
Male 98 32.7

Female 202 67.3

Age

Under 40 34 11.3
41 to 50 56 18.7
51 to 60 81 27.0
61 to 70 87 29.0
Over 71 42 14.0

Education

Unfinished primary school 43 14.3
High school 166 55.3

College 29 9.7
University 60 20.0
Doctorate 2 0.7

Analyzing the answers of the caregivers in which they stated what burdens them
in connection with the illness of their partner/family member, they were able to choose
several answers. A total of 88 (29.3%) of them stated that they were burdened by the care
of medication taking and 84 (28.0%) by the diet. A total of 56 (18.7%) of them worried
about frequent check-ups and 94 (31.3%) about their partner not following the advice
they received. Uncertainty regarding a family member falling seriously ill burdens 185
(61.7%) partners and financial problems 49 (16.3%) of them. A total of 136 (45.3%) of them
worry about who will take care of the sick respondent if they become seriously ill and
transportation burdens 31 (10.3%) caregivers.

The caregivers were asked to recommend or suggest what should be carried out
regarding the care of people with diabetes, so 102 of them (34.0%) recommended more
frequent check-ups, 108 (36%) advised hospital stay during the work-up and treatment
of complications, 165 (55.0%) of them believe that all patients must attend educational
classes, and 158 (52.7%) caregivers pointed out that chronic complications should be taught
about at the beginning of the disease, while 215 (71.7%) believe that patients should have
mandatory check-ups to detect complications as early as possible. A total of 76 (25.3%)
caregivers believe that all patients should be educated in the day hospital, 101 (33.7%)
suggest that there should be programs and tests on everything patients need to know
regarding their illness, and 106 (35.3%) believe that a psychologist should be included in
the treatment process.
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3.3. Quality of Life of Caregivers of Individuals with Type 2 Diabetes

A further analysis of the correlation between T2D complications and their effects on
the caregivers’ quality of life was performed.

Table 3 presents a comprehensive comparison of caregiver groups based on the pres-
ence or absence of specific T2D complications and their corresponding dimensions of
caregiving burden, including physical functioning, psychological functioning, social func-
tioning, and environmental health. Our analysis revealed statistically significant differences
among the caregiver groups. Specifically, we found a significant difference in social func-
tioning (Kruskal–Wallis test, p = 0.017), indicating that this dimension varied significantly
across caregiver groups based on the presence of complications. However, to provide a
clearer understanding of these differences, we conducted post hoc multiple comparison
tests. Upon closer examination, caregivers of patients with several complications reported
significantly more impaired social functioning compared to caregivers of patients without
T2D complications (post hoc multiple comparisons test, p = 0.022). This suggests that
caregivers of patients facing multiple complications may experience a greater challenge in
the social functioning dimension of caregiving compared to those without T2D complica-
tions. Additionally, it is worth noting that caregivers’ perceptions of various dimensions
varied across different complication types. For instance, caregivers of patients with diabetic
retinopathy consistently rated social functioning as the lowest among all dimensions, while
caregivers of patients without T2D complications gave the lowest rating to psychological
health. Conversely, environmental health received the highest ratings from caregivers of
patients with diabetic neuropathy and DKD and those without T2D complications.

Table 3. Quality of life of caregivers of individuals with T2D based on the presence or absence of
specific chronic complications (n = 300).

Complication Type
Physical Functioning
(Interquartile Range)

Psychological
Functioning

(Interquartile Range)

Social Functioning
(Interquartile Range)

Environmental
Functioning

(Interquartile Range)

Diabetic retinopathy
64.29 62.50 58.33 70.31

(57.14–75.00) (54.16–83.33) (50.00–75.00) (53.12–78.12)

Diabetic neuropathy
71.43 75.00 66.67 75.00

(60.71–82.14) (66.66–83.33) (50.00–75.00) (62.50–81.25)

Diabetic kidney
disease

75.00 75.00 75.00 75.00
(64.28–85.71) (62.50–83.33) (58.33–83.33) (71.87–84.37)

Diabetic foot ulcers
71.43 72.92 70.83 71.88

(60.71–83.92) (62.50–83.33) (62.50–83.33) (64.06–76.56)

No chronic
complications

75.00 70.83 75.00 75.00
(60.71–89.28) (62.50–83.33) (58.33–83.33) (68.75–84.37)

Multiple
complications

71.43 66.67 66.67 68.75
(50.00–78.57) (54.16–75.00) (50.00–75.00) (59.37–84.37)

3.4. The Effect of Risk Factors and Comorbidities on Caregivers’ QoL

Examination of the association of patients’ age, sex, disease duration, current T2D
regulation, and caregivers’ quality of life has shown a correlation between increased age
and worse physical health (p = 0.004), but no associations between age and other domains.
Disease duration was not associated with changes in QoL in any domain (Table 4). However,
some sex differences were noted, notably, that caregivers of female patients had higher
scores in psychological health (p = 0.005) and environmental health (p = 0.036). The domains
of physical and social health were rated higher in caregivers of female patients than in
caregivers of male patients, however, these were not statistically significant.
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Current disease regulation, as estimated by the HbA1c, did not affect any of the
domains of QoL. A weak but statistically significant difference was observed for social
health, environmental health, and HbA1c (Table 5).

Table 4. Association of functioning domains with the duration of T2D.

Functioning Domains Duration of T2D Mean Value p H

Physical functioning

Less than 10 years 75.00

0.380 5.304
11 to 20 years 71.43
21 to 30 years 71.43
31 to 40 years 71.43

More than 40 years 62.50

Psychological functioning

Less than 10 years 72.92

0.978 0.788
11 to 20 years 70.83
21 to 30 years 70.83
31 to 40 years 66.67

More than 40 years 75.00

Social functioning

Less than 10 years 66.67

0.331 5.753
11 to 20 years 66.67
21 to 30 years 66.67
31 to 40 years 70.83

More than 40 years 58.33

Environmental functioning

Less than 10 years 75.00

0.351 5.564
11 to 20 years 75.00
21 to 30 years 68.75
31 to 40 years 75.00

More than 40 years 76.56
H = Kruskal–Wallis Test; p = Statistical significance.

Table 5. Relationship between HbA1c and quality of life of partners, and correlation coefficients for
individual components (n = 300).

HbA1c
Physical

Functioning
Psychological
Functioning

Social
Functioning

Environmental
Functioning

Correlation
coefficient

−0.013 −0.098 −0.133 −0.168

p 0.821 0.089 0.021 0.004

4. Discussion

Our study involved 300 caregivers of patients with T2D with or without complications
of the disease. The results indicate a decreased QoL in different domains in caregivers of
T2D patients, particularly in those with multiple complications. The QoL domain most
affected is social health, which was rated the lowest by all patients with complications,
while caregivers of patients without disease complications rated psychological health the
lowest. The older age of patients was associated with worse scores in physical health.
Interestingly, disease duration and current T2D control have shown no associations with
the caregivers’ QoL. The psychological and environmental health domains were rated
higher in caregivers of female patients, probably indicating gender differences in coping.
These results are consistent with the study by Hooker et al. focusing on spouse caregivers
for patients with Alzheimer’s disease (AD) and Parkinson’s disease (PD), which found
that wives caring for AD patients reported significantly worse mental health outcomes
than husbands. This evidence suggests that gender differences can significantly impact
the caregiving experience. Therefore, it is plausible that the gender-based disparities
we observed in psychological and environmental health domains may be influenced by
distinct coping strategies among caregivers of female patients. These findings highlight
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the importance of recognizing and addressing gender-related factors in caregiving support
and interventions [10].

A Sudanese study carried out by Awadalla et al. examined the QoL of the caregivers
of patients with type 1 and type 2 diabetes by using the WHOQOL BREF questionnaire [11].
Overall, caregivers of patients with type 1 diabetes had lower scores than T2D caregivers
and the general population, while the caregivers of patients with T2D had similar scores in
all categories as the general population. Furthermore, in that study, the patient’s age and
duration of illness were positively associated with caregiver QoL domain scores. However,
this study did not evaluate disease severity or the presence of complications of diabetes. In
another similar Mexican study that used a different questionnaire, the domains of social and
physical functioning were the highest rated [12]. Additionally, the study demonstrated that
increased caregiver overload was associated with decreased caregiver QoL. In a study of a
large sample of US caregivers by Secinti et al., caregivers of patients of all chronic diseases
reported worse mental health when compared to a population of non-caregivers. Studies
investigating the effects of complications of T2D on the caregivers’ QoL are few. A Turkish
study evaluated the QoL of caregivers of patients with diabetic foot ulcers by comparing
them to the QoL of caregivers of psychotic patients and patients with an inguinal hernia [13].
Caregiver burden level was similar for both psychotic and diabetic foot ulcer patients and
significantly higher than for hernia patients. The depression and anxiety scales of the
diabetic foot ulcer group were significantly high and some points of the quality of life scales
were determined to be significantly low. A correlation between the duration of caregiving
and the burden was determined in the diabetic foot ulcer group. QoL was assessed using the
SF-36 questionnaire, and caregivers of patients with diabetic foot ulcers scored lower than
the other two groups for the domains of physical difficulties, vitality, emotional difficulties,
and mental health. Notably, the number of participants in this study was low. Portuguese
researchers investigated caregiver QoL over 10 months after amputation due to a diabetic
foot ulcer and have found that the mean score of caregiving stress and mental and physical
quality of life decreased over time [14]. Providing support to caregivers, particularly during
periods of increased burden and stress, may be important to improve the overall physical
and mental health of the caregiver, which may indirectly improve the patient’s QoL. Other
factors that may influence QoL in the mental health domain of caregivers of diabetic foot
amputees are the practice of physical activity, lower caregiver burden, better functionality in
the family, and a lower number of reported traumatic symptoms. Better physical QoL was
associated with a lack of other chronic diseases and fewer reported physical symptoms [15].
The involvement of family and caregivers and its effect on the patient’s QoL was indirectly
shown in a study by Ebrahimi et al., where an educational program about diabetes resulted
in larger increases in the patient’s QoL when attended by family members and caregivers
rather than by patients alone [16].

The study’s main advantages are that it investigates the effects of T2D complications
and provides a comprehensive understanding of how being a caregiver of someone with
T2D affects various domains of QoL, such as physical health, psychological well-being,
social relationships, and environmental factors. Understanding the partners’ QoL could
also help healthcare practitioners understand the stressors and obstacles that caregivers
encounter. This can result in more customized interventions and better healthcare services.
The study has the potential to raise awareness about the emotional and psychological toll
that caring for someone with T2D may have on spouses. This could lead to more public
awareness and support for caregivers.

On the other hand, the drawbacks of this study include the lack of examination of ad-
ditional caregiver characteristics that may have influenced their QoL. Furthermore, the data
acquired through the WHOQOL-BREF questionnaire are based on self-reported responses,
which can be influenced by individual biases, emotions, and perceptions, potentially lead-
ing to mistakes in the results. Additionally, while the study may uncover connections
between caregiving and quality of life, it may not establish causality. Other factors, such as
pre-existing well-being or personal circumstances, may influence partners’ quality of life.
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Additionally, the study did not include the financial and economic status of the patient and
their caregiver, which may confound the results. Another limitation is possible selection
bias. Partners who agreed to participate may have different features or experiences than
those who declined, thus resulting in potential bias and affecting the generalizability of the
findings. The study was limited by not reaching the planned number of participants. The
study was abrupted in March 2020, at the onset of the COVID-19 pandemic, and was not
continued as the pandemic has altered all aspects of everyday life and was considered a
confounder to QoL measurement.

By addressing the specific issues of partners, healthcare practitioners can aim to im-
prove the overall quality of life for this essential group within the diabetic ecosystem.
Nonetheless, further research is needed to have a better knowledge of the individual as-
pects influencing partners’ quality of life and to design tailored therapies that address
their unique needs. Longitudinal studies could provide insights into the changing na-
ture of partners’ experiences over time, as well as the potential usefulness of various
support interventions.

5. Conclusions

In conclusion, this study has shed light on the intricate relationship between T2D and
the QoL of caregivers, primarily partners, who play a crucial role in supporting individuals
with this condition. The research has unveiled several significant findings. Caregivers
of individuals with T2D, particularly those with multiple complications, experience a
notable decrease in their QoL. The domain most affected is social health, indicating the
challenges faced by caregivers in maintaining their social connections and support networks.
Furthermore, older caregivers tend to report lower physical health scores, suggesting that
age may play a role in the physical strain experienced by caregivers. However, age does not
significantly impact other domains of QoL. Next, female caregivers of T2D patients tend
to rate their psychological and environmental health domains more positively. This may
reflect gender-specific coping strategies and lifestyle changes adopted by female caregivers,
which influence their perception of QoL. Surprisingly, neither the duration of the disease
nor the current regulation of T2D in patients had significant associations with caregivers’
QoL in this study. However, the burden on caregivers is influenced by factors such as
medication management, diet, adherence to medical advice, financial concerns, and the
fear of the patient’s condition worsening. Providing support and resources for caregivers
during these challenging times may contribute to improved overall QoL. Finally, caregivers
emphasize the importance of regular check-ups, patient education programs, and early
awareness of chronic complications as essential components of effective T2D management.
The inclusion of psychologists in the treatment process is also suggested.

These findings underscore the critical role of caregivers in the lives of individuals with
T2D and highlight the need for tailored support and interventions to enhance their QoL.
Addressing the emotional and psychological aspects of caregiving, as well as providing
practical resources and education, can significantly improve the well-being of caregivers.
Furthermore, this research contributes to a broader understanding of the complexities
of T2D management and its impact on the entire ecosystem surrounding the patient.
While this study provides valuable insights, further research is warranted to explore the
nuanced factors influencing caregivers’ QoL comprehensively. Longitudinal studies and
a more extensive exploration of additional caregiver characteristics could offer a deeper
understanding of their unique experiences and needs. Ultimately, these efforts can lead to
more effective support systems and improved healthcare services for individuals with T2D
and their caregivers.
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Abstract: 3D-printed insoles are increasingly used for the management of foot pathologies, and the
recent literature reports on various experimental studies dealing with either whole foot orthoses
or pads fabricated through 3D-printing processes. In the case of diabetic foot disease, the main
aim is to deliver more effective solutions with respect to the consolidated processes to reduce
compressive risk forces at specific plantar foot sites. Clinical studies are, however, still limited, at least
in peer-review journals. Additionally, in Italy, the manufacturing process of these medical devices
has not been formally integrated yet into the list of care processes approved for reimbursement
by the public healthcare service. Within the Italian DIAPASON project (DIAbetic PAtients Safe
ambulatiON), a feasibility pilot study has been conducted in the territory on 21 patients with diabetic
foot complications to assess the pros and cons of an innovative process. The process, which relies on
in-shoe pressure measurements and on a patented 3D modeling and printing procedure, includes the
prescription, design, manufacturing and testing of 3D-printed personalized insoles. The process has
been tested in an ambulatory setting and showed the potential to be also implemented in community
settings. In this paper, we report a case study on a single volunteer, and we describe and comment on
how the whole process has been proven safe and suitable for the purpose.

Keywords: diabetic foot complications; plantar ulcers; 3D-printed personalized insoles; prevention;
prescription; reimbursement; public healthcare system

1. Introduction

Diabetes mellitus (DM) is currently affecting 537 million people worldwide, and its
already high prevalence, nearly 10%, is continuously increasing, especially in developing
countries. Despite their different pathogenic mechanisms, both type 1 and type 2 DM
show similar complications, among which diabetic foot syndrome is one of the most severe
complications of diabetes and the most common cause of hospitalization in diabetic patients.
Patients with diabetic foot syndrome have a risk of developing diabetic foot ulcers (DFU) up
to 25%, and too often, DFU entails limb amputation. Further, diabetic foot complications are
associated with a higher mortality rate than diabetes alone. Thus, diabetic foot syndrome
is associated with very high public health and economic burdens, a very relevant impact
on the quality of life for patients and their families, and can represent a major burden for
healthcare professionals and institutions [1].

On average, the prevalence of DFU in people with diabetes reaches 6.3% worldwide; in
Italy, it is in the range of 5.4–6.2% and raises to 20% in patients over 75 years [2]. According
to the International Working Group on the Diabetic Foot (IWGDF) [3], therapeutic footwear
is effective for primary and secondary ulcer prevention, even though its efficacy is often
limited by poor adherence [4], despite valuable randomized controlled trials proving the
effectiveness of offloading and ulcer healing techniques [5].

Diabetology 2023, 4, 339–355. https://doi.org/10.3390/diabetology4030029 https://www.mdpi.com/journal/diabetology
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A 2020 systematic review [6] synthesized the following concepts: neuropathic DFU,
which occurs mostly at the plantar forefoot and is very often associated with areas of peak
plantar pressure; limited joint mobility, which likely contributes to the observed forefoot
peak pressures. Furthermore, plantar pressure patterns are used to guide footwear and
insole selections, adaptation and manufacturing, and to assess their effectiveness. Lowering
plantar pressures represents a key factor for wound healing and ulcer prevention, where
footwear and insoles are essential treatments for offloading pressures, with the desired
reduction of dynamic in-shoe plantar pressure being >30% of the baseline or <200 kPa at
the forefoot [6].

Despite, cautiously, the recommended thresholds in [6] should be intended as referred
to specific measurement instrumentation and setup [7], the key-message of redistributing
plantar pressure has a general validity.

The standard of care (SoC) for managing diabetic foot plantar pressures is represented
by customized insoles [8,9], which exploit soft, accommodating material in the shape of
open and closed cell foams, for example, polyurethane foam, to absorb compressive stress.
These insoles, which are usually covered with a weight-bearing surface congruent with the
patient’s foot, have been reported as mechanically effective, even in the presence of active
ulcers [8]. The SoC insoles’ manufacturing process often requires hand craftsmanship,
which may entail variability in the insole’s design and therapeutic impact [9]. Those
fabrication processes, which in some cases have been judged as inefficient and outdated,
also heavily rely on clinical expertise and manual post-manufacturing adjustments (i.e.,
the creation of a manufactured depression, insertion of low-density foam disks, material
removal from the base of the insole) to accommodate various patient-specific conditions and
to ensure a proper fit to the patient’s foot and shoes [10]. Further, they likely require more
than one visit at the outpatients’ service, eventual additional visits at the manufacturer,
and quite long delivery times.

Advances in 3D-printing, materials science and software seem promising for signif-
icantly improving the offloading performance of the insoles and to optimize the whole
fabrication process. While, in fact, the SoC insoles for the diabetic foot, though customized
to the patient-specific geometry and conditions, rely on generic material properties, the
3D-printing approach is based on the concept of personalized materials to also address
patient-specific stiffness and structural behavior [10,11]. Of course, biocompatible materials
are mandatory for manufacturing 3D-printed insoles, which are intended to come in touch
with human skin. As such, among the several printing techniques and materials, a suitable
solution appears in the use of the fused deposition molding (FDM) technique to print
polylactic acid (PLA) filaments. PLA is, in fact, a biodegradable thermoplastic polyester
derived from natural resources that complies with the required biocompatibility and can be
printed at a low temperature. A wide discussion on 3D-printing techniques and materials
for constructing plastic materials can be found in Nguyen et al. [12], where infill printing
and mechanical properties of PLA-printed models were investigated in detail, with a focus
on investment casting. Another relevant, constructive issue to take into consideration
when using the FMD technique and PLA material is the warpage of the model, which may
occur in large-size models, as in the case of insoles. Huynh et al. [13] addressed this issue
and showed that warpage can be reduced after consideration of the thermal effects and
adhesion force.

Evidence from robust clinical studies is still lacking in the literature; however, pioneer-
ing papers confirm the mandatory safety and the potential effectiveness of personalized
materials and graded stiffness and of the overall innovative approach, either specifically
for diabetic foot management or with reference to other foot pathologies, such as a flat foot
or the high-arched foot [8–11,14–28]. A more detailed digression of the relevant literature
is reported in the Discussion section.

Despite technological advances, the prescription of 3D-printed insoles for diabetic
foot syndrome is not yet reimbursed by the Italian public healthcare service. However, a
decree by the Italian Minister of Health has been recently (April 2023) approved by the
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State-Regions Conference, which establishes that the insoles for diabetic feet fabricated by
using 3D-printing technologies, will also be reimbursable by the Public Healthcare Service,
similarly to the SoC insoles. The updated document is expected to come officially into force
in April 2024 [29].

Within the Italian project DIAPASON, regarding an innovative, multidimensional
model of care for diabetic foot complications in very old people with diabetes and neu-
ropathy, an ongoing pilot study in territorial healthcare facilities is exploring the feasibility
and the potentiality of a novel insole fabrication process. Briefly, the process, which is
based on a patented process for 3D personalized insoles modeling and manufacturing
(Patents EP3916346A4, IT201900006076A1, IT201800010667A1) [11], has been integrated
with measurements from a consolidated in-shoe pressure assessment [7], and from the
patient’s functional and behavioral assessment. In agreement with the diabetic foot-related
issues listed in this introduction, the focus of the DIAPASON investigation was on: the
appropriateness and safety of 3D-printed insoles for diabetic foot management; the feasi-
bility of a novel 3D-printing-based workflow in an ambulatory setting; its portability in
primary care settings, long-term care facilities or other community settings; the possible
clinical relevance of the custom 3D-printed insoles; and the overall impact of the entire
manufacturing process and its refundability by the Italian National Healthcare Service.
Prior to the pilot implementation, which involved 20 outpatients aged 75 and over and one
younger patient who volunteered as the first on-the-field tester, the present paper reports
on the single case study of this younger patient as a vehicle to explore the core topics of the
DIAPASON investigation.

Outline of the Paper

The present paper is articulated according to the conventional paper sections, namely
the Introduction, Materials and Methods, Results, Discussion and Conclusions.

The Materials and Methods section addresses three main topics, namely: the context,
scope and main objectives of the DIAPASON Project, i.e., the project within which the case
study has been designed and executed; the fabrication process of the 3D-printed insoles,
based on the 3D-printing workflow of a patented process integrated with new elements
purposely developed within the DIAPASON Project; and relevant information on the case
study.

The Results section is articulated in three paragraphs that report on the main outcomes
of the instrumental and functional assessment of the case study’s volunteers on Visit 1,
whose suitable subset was sent to the 3D-insoles manufacturer; the fabrication process of
the custom 3D insoles for the volunteers; the testing of the custom 3D insoles at Visit 2; and
the data analysis and interpretation of the case study’s main outcomes.

The Discussion section is articulated in the following three paragraphs: a brief di-
gression on the relevant recent literature on the use of 3D-printed insoles for diabetic foot
management and for other foot pathologies; the interpretation and potential impact of the
case study’s outcomes, dealing with the outcomes impact within the DIAPASON project
and in the clinics, the portability of the reported solution, and its possible refundability
within the Italian National Health Service; and a brief discussion of the main limitations of
the study.

Finally, the Conclusions section summarizes the impact of the presented case study, in
general, and in the peculiar Italian scenario.

2. Materials and Methods

2.1. The DIAPASON Project

The project proposal won an internal application for a small grant from the Italian
National Institute of Health (ISS) as a two-year experimental pilot project, running from
July 2021 to July 2023. The full name of the project is “DIAPASON: DIAbetic PAtients
Safe ambulatiON. Enhancing resilience of very old patients with Diabetes and Neuropathy
to maintain safe ambulation: an innovative multidimensional care model integrating
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new orthotics technology and new metabolic biomarkers”. The research topic of the new
metabolic biomarkers is outside the scope of this paper and will no longer be discussed. To
address the topic of the novel care model exploiting new orthotics technology, ISS has been
working in collaboration with the territorial primary care premises of the ASL ROMA2
Lazio Region healthcare service and with the Medere s.r.l. Company (Rome, Italy)—the
owner of the patented process. The following key topics of the project were addressed:

• Integration of the ISS instrumental assessment protocol [7] with the existing diabetic
foot care processes (foot screening, footwear prescription, manufacturing, testing,
approval and reimbursement). The protocol, as detailed in [7], is based on the in-shoe
pressure assessment measurement based on the Pedar-X system (novelGmbH, Munich,
Germany) and on the ad hoc risk thresholds, which are slightly more restrictive than
the 200 kPa threshold [6,7]. Three additional functional tests have been integrated
into the DIAPASON protocol namely the HHD (Hand-Held Dynamometry), the HRT
(Heel Raise Test) and the TUG (Timed-Up-and-Go test) [30–32];

• Use, feasibility and optimization of the patented process to deliver 3D-printed per-
sonalized insoles; the insoles were meant to be inserted in proper, pre-selected home
shoes to implement foot care prevention at home;

• Assessment of the appropriateness of the 3D-printed personalized insoles, especially
in terms of safety and effectiveness;

• Information, education and enhanced motivation of patients and caregivers to reach
higher adherence to the foot care interventions.

The DIAPASON project could be implemented on the basis of a scientific agreement
already in force between ISS and ASL ROMA2 and of the ethical approval provided by the
ASL ROMA2 Committee in 2019 and renewed in 2022 (ASL ROMA2 Resolution, number
1948 (20 September 2019); ASL ROMA2 Resolution, number 1570 (18 October 2022)). All
study documents and actions were prepared and conducted in compliance with the Helsinki
Declaration and with the GDPR (General Data Protection Regulation). For the DIAPASON
pilot study (which is still ongoing and will be reported in future publications), twenty
people of 75 years or more with type 2 diabetes and neuropathy were enrolled among
those referring to the outpatients’ Diabetic Foot Service of the ASL ROMA2 territorial
facilities. Due to their foot complications (either in primary or secondary prevention), they
were already in charge of the Diabetic Foot Service; thus, they were informed of the study
(together with their relatives or caregivers) when they came to the service for their periodic
examination. For those who agreed to participate, the clinical history was reviewed and
completed so as to assess the presence of possible serious exclusion reasons, among which,
scheduled hospitalization for any reason, locomotion prevented also at home, hostile
approach towards using the prescribed footwear, home-shoes and the 3D-printed insoles.
Written informed consent was gathered from those who agreed to participate. They did not
receive any compensation. Two of them refused to participate since they were not available
to wear prescribed footwear and insoles. Two of them abandoned the study for other
complications requiring long hospitalizations. Those patients were highly representative
of the people leaving with diabetes in the ASL ROMA2 healthcare district since up to
20% of people with type 2 diabetes and more than 50% of people with type 2 diabetes
and neuropathy in the district have age and main clinical features comparable with the
enrolled patients. The sample size was established on the basis of previous knowledge
about ulcer rates and injuries from falls (20% and 45%, respectively, in the population from
which we extracted our sample over a 12-month period), and also taking into consideration
the project scheduling (12 months of intervention and follow-up) and resources (human
resources and a budget for assessment and for 3D insoles fabrication). The sample size
was adequate to detect an improvement in the two mentioned clinical outcomes of ≥6%
(G*Power 3.1.9.7, α = 0.05, 1 − β = 0.8).

One younger patient was also enrolled to volunteer as the first ambulatory tester,
whose only difference from the DIAPASON sample consisted of her age (50 years old).
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She received the information on the study and signed the informed consent. While the
characterization of the DIAPASON sample has been detailed here to introduce the aim and
the clinical scenario that also originated the case study, the outcomes associated with the
20 patients will not be further mentioned in the present paper, which only focuses on the
outcomes from the younger volunteer.

2.2. The 3D Insoles Fabrication Process

The Medere patented process (Figure 1) allows the collection of the patient’s anatomical
data by means of a proprietary App (Medere) available for both IOS and Android mobile
operating systems. At regimen, healthcare professionals can be easily trained to use the
App. During the DIAPASON project, to ensure procedure repeatability, the PI (Principal
Investigator) of the DIAPASON project acted as the measurements manager and collected
the data in person. The anatomical data acquisition includes the use of the smartphone
to 3D scan the foot and to acquire a sequence of foot images under loaded and unloaded
predefined conditions (unilateral half-loaded internal sagittal view; unilateral half-loaded
internal sagittal view with maximum dorsi-flexion of the 1st metatarso-phalangeal joint;
bilateral frontal view with joined heels; bilateral rear view with parallel feet). The App also
asks for basic anthropometrics (height and body mass) and a picture and some details of
the shoes where the insoles should be inserted; in the DIAPASON project, this section was
integrated with additional accurate measurements of the home-shoes previously selected
to host the 3D insoles and of their commercial insoles to replace. Further, additional
information was also delivered to Medere to optimize the modeling process, among which:

• plantar pressure measurements: at least 12 at regimen footprints for each foot were
extracted from the three repetitions of the TUG and averaged to calculate the map
of the peak pressures and the map of the pressure impulses (dedicated novel soft-
ware packages by novelGmbH, Munich, Germany; OriginPro 2022, OriginLab Corp,
Northampton, MA, USA);

• anthropometric asymmetry, if present (especially in case of clinically relevant asym-
metry in the lower limb length);

• semi-quantitative (normal; reduced; increased) joint mobility and muscle perfor-
mance, based on video recordings during HHD, unloaded HRT and loaded HRT,
and on force measurements by the wireless Biometrics Myometer (Biometrics Ltd.,
Nine Mile Point Industrial Estate, Ynysddu, UK) during MTT; video semi-quantitative
analysis was done by using Kinovea 0.8.15 tools (Joan Charmant developer;
https://www.kinovea.org/) (2 July 2023)

• history of falls and ulcers;
• behavioral information about daily activity and habits.

Figure 1. Synthesis of the patented process’s phases to fabricate the Medere 3D-printed personalized
insoles (source: Medere s.r.l.).
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Following all those data acquisitions, Medere then proceeded to model the insole
according to the patented workflow, as summarized in the following steps:

• The video and image datasets are used to accurately reconstruct the anatomy of
the feet. The second stage involves the automatic creation of the 3D model of the
foot using a photogrammetric algorithm based on the Structure From Motion (SFM)
technique. This computer vision-based approach, validated as reliable and accurate
in numerous fields (e.g., geosciences, cultural heritage, digital object reconstruction),
significantly reduces both the modeling time and material waste. The algorithm
works via SIFT (scale-invariant characteristic transform) and SURF (accelerated robust
transform) to accurately identify foot geometries and their relative orientation in space.
A point cloud is generated and finally converted into a mesh object. Dedicated filtering
procedures are implemented to reduce inaccuracies when detected.

• The creation of the 3D model of the footbed is then performed using the computer-
aided drafting (CAD) modeling technique. CAD modeling is the gold standard tool
for prototype creation and optimization. This technique provides a high level of
customization since, following the guidelines of a clinician, it is possible to modify the
personalized footplate model to achieve the desired result. The method validated and
patented by Medere consists of the creation of a starting model based on the patient’s
shoe geometry to create the best-fitting outline. A few transversal lines are then added
following each foot geometry and modified to create the final plantar surface of the
custom-made insoles. A more detailed description can be found in the patents [33–35].
The final model is then divided into regions to be printed with different density and
mechanical properties.

• In the final stage of the process, insoles are produced using an additive manufacturing
process (3D printing) based on the fused material deposition approach (FDM). FDM
is a method that allows users to make almost any type of design while optimizing
material waste with respect to standard production methods. The inner part of the
insoles has an internal structure (infill) that can be adjusted and modified. Changing
the geometric characteristics of the filler has a direct impact on the properties of the
insoles and the mechanical behavior of the final object. Different shapes and densities
of internal structures are used to maximize the required mechanical response (e.g.,
shock absorption and the required level of elasticity).

• The plantar surface of the insoles is covered with antibacterial ethylene vinyl acetate
(EVA) sheet with a Shore A 35 to maximize smoothness and reduce the friction of
the foot.

Within the DIAPASON project, the model was further refined before printing on
the basis of the additional information (pressure maps, destination home shoes, patient’s
clinical history and behavioural habits, and any other relevant information) (Figure 2).
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Figure 2. Synthesis of the integration of the 3D-printed personalized insoles fabrication process
within the DIAPASON project (permission of adaptation by Medere s.r.l.).

Once manufactured, the 3D insoles were shipped to the ASL ROMA2 ambulatory,
where the patient underwent the same instrumental assessment protocol as for the SoC
insoles testing. Approval of the 3D insoles was thus based on a visual examination by the
reference diabetologist and by the expert health professional who managed the patient’s
whole screening and assessment on instrumental testing outcomes (pressure patterns
within the acceptable ranges, acceptable stability and balance during the TUG test), and
on feedback from the patient. In case of criticalities, similar to the SoC procedure, the 3D
insoles were sent back to the manufacturer for remodeling and reprinting.

2.3. The Case Study

The woman who first volunteered for the feasibility study was younger with respect to
the 20 enrolled patients of the DIAPASON Project and had the following clinical, biological
and behavioral features collected during the anamnesis and the podiatric screening:

• The patient was a woman;
• 50 years old, 1.62 m, 85 kg;
• Mild obesity (BMI: 32.4 kg·m−2);
• Type 2 diabetes mellitus (first diagnosed in 2019);
• Neuropathy: Vibration Perception Threshold (VPT) > 25 V; Michigan Neuropathy

Score Index (MNSI) = 6 (normal reference < 1);
• No peripheral arterial disease (ankle–brachial index (ABI) > 0.90); with
• Normal vascular stiffness and peripheral pulses;
• Diabetic foot disease in primary prevention (no history of DFU);
• Bilateral flatfoot, hallux valgus and overlapping toes;
• Self-reported imbalance and postural instability but no history of falls;
• Left ankle osteotomy for Achilles tendon pain in 2018; the same problem is currently

suspected for the right ankle;
• Acquired hypothyroidism since 2019 (treated with radiometabolic therapy for thyro-

toxicosis);
• No history of smoking;
• No regular sports activity practiced;
• Needs to walk and stand for daily activities (housework, job, family).

3. The Case Study Results

3.1. Instrumental Assessment and Data Collection at Visit 1

On Visit 1, after the clinical anamnesis and the podiatry screening (the most relevant
data are summarized in Section 2.3), the woman underwent the following protocol:
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• HHD at each foot, under a maximum push-and-pull task against the resistance of
the trained healthcare professional, three repetitions each, with the patient supine
and the feet perpendicular to the ground (the force data were acquired by using
the Biometrics Myometer and a video recording in the sagittal view, Figure 3). The
maximum right push-and-pull reached 8.6 kg (10.1% of body mass) and 6.4 kg, re-
spectively; the maximum left push-and-pull reached 7.2 kg (8.5% of body mass) and
5.6 kg, respectively;

• Barefoot standing for 10 s (the pressure data were from Pedar-X; wide insoles’ size VW;
the video recordings (webcams) were taken in the rear and sagittal views, Figure 4a);
“barefoot” means wearing special socks purposely hand-made to host the Pedar insoles
and to keep them solid with the foot, and to fix three markers roughly on the fifth
metatarsal head, the lateral malleolus and along the ideal line joining the lateral
malleolus with the head of the fibula. During barefoot standing, the rearfoot resulted
more loaded than the forefoot, and the right more than the left, with a maximum
average pressure of 245 kPa;

• The HRT (barefoot condition) of both feet, simultaneously while sitting (unloaded
conditions), included 10 consistent repetitions (the pressure data were from Pedar-X;
the video recordings (webcams) were taken in the rear and sagittal views, Figure 4b).
The task lasted 15 s and showed the simultaneous raising of the heels, with greater
force on the left and at the central repetitions;

• The HRT (barefoot condition) of both feet, simultaneously while standing (loaded
conditions), included 10 consistent repetitions (the pressure data were from Pedar-X;
the video recordings (webcams) were taken in the rear and sagittal views, Figure 4c).
The task lasted 26 s (73% longer than the HRT while sitting) and showed asynchronous
and variable raising patterns of the two heels, with comparable force, higher at the
central repetitions;

• The TUG test (barefoot condition), comprising three repetitions (the pressure data
were from Pedar-X; the video recordings (webcams) were taken in the rear and sagittal
views, Figure 5). The total task lasted 44.4 s, and the average duration of each repetition
was 14.1 s; maximum peak pressures of >200 kPa were found: at the heel (638 kPa)
and hallux (238 kPa) on the left foot; at the heel (465 kPa), midfoot (280 kPa), forefoot
(275 kPa) and hallux (285 kPa) on the right foot;

• Video recordings, alternatively, of the right and the left foot while sitting with the foot
perpendicular to the ground and the hallux dorsiflexed were recorded. (the video
acquired through the Medere app on an iPhone 8, Figure 6a,b);

• The sequence of pictures of the barefoot feet is described in paragraph 2.2 (the pictures
were acquired through the Medere app on an iPhone 8, Figure 6c–h).

Figure 3. HHD test of the volunteer, measured by using the Biometrics Myometer. The volunteer
was asked to perform and maintain the maximum ankle push-and-pull for roughly 3 s, counted loud
by the health professional, with three repetitions for each foot and task.
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Figure 4. Volunteer’s functional tests outcomes: (a) 10 s of upright standing; pressure map at the
bottom (Pedar-X system, insole size VW) shows values averaged over the standing period; (b) HRT
under unloaded condition (sitting); (c) HRT under loaded condition (upright, with hands on a front
support). In (b) and in (c), the plot at the bottom shows right and left forces (Pedar-X system)
during the 10 repetitions, while the yellow track on the top image (snapshot at the maximum ankle
plantarflexion) shows the cumulative quasi-sagittal trajectory of the lateral malleolus.

Figure 5. TUG test outcomes: the top part of the figure shows two exemplificative snapshots of the
video recording in the frontal plane during the three repetitions of the volunteer’s TUG; the peak
pressure map, with the superimposed values > 200 kPa, is reported at the bottom left, while time
processes of peak pressure (blue background) and vertical force (green background) are plotted at the
bottom right of the figure (data from the Pedar-X system, insole size VW).
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Figure 6. Volunteer’s data acquisition through the Medere app: snapshot from 360◦ video acquisition
of the right (a) and of the left (b) foot; sagittal view of the half-loaded right (c) and left (d) foot; frontal
view of the feet, open toes and heels in contact (e); rear view of the feet, parallel position (f); sagittal
view of the maximum heel-raise of the right (g) and of the left (h) foot.

The whole ambulatory visit lasted roughly one hour, during which one expert health
professional and one engineer worked to collect all the needed data and information.

At the end of the instrumental assessment, the diabetologist was involved in prelim-
inary data analyses and, together with the health professional, authorized and started
the consolidated prescription procedure (SoC shoes and insoles) and identified the off-
the-shelf home shoe to host the 3D insoles (MAC2 Fanny home shoe, (Optima Molliter
s.rl., Civitanova Marche, Italy), an MD-certified shoe for the prevention of diabetic foot
complications). The selection was conducted among a certain number of MD-certified
home shoes made available at the healthcare premises for the DIAPASON feasibility study
and whose commercial standard insoles had been previously scanned in the sizes from EU
36 to EU 45. The final decision was taken after the volunteer’s agreement.

The data collected through the Medere app were immediately sent to Medere; some
additional processing time was required to prepare the synthesis of the additional data and
information.

3.2. 3D Insoles Fabrication Process

The 3D-insoles manufacturer received the data collected through the Medere app and
the following additional information to model the insoles:

• A woman, 50 years, 1.62 m, 85 kg;
• Type 2 DM with neuropathy;
• Bilateral flatfoot, hallux valgus and overlapping toes;
• Achilles tendon pain at right (solved at left after ankle osteotomy);
• Active at home (walking and standing);
• Self-reported unbalance and postural instability;
• Ankle joint mobility was slightly reduced when unloaded and compromised when

loaded;
• Ankle dorsi-flexion was slightly weaker than plantarflexion; the left leg was slightly

weaker than the right;
• Barefoot pronation and hallux scarcely loaded during gait;
• Very high plantar pressure (peaks and impulses) at the hindfoot, more on the right

foot; abnormally high pressures on the left foot; unexpected offload of the forefoot
(Figure 7, containing peak pressure maps and pressure impulse maps);

• The selected home shoe was a Molliter Fanny, EU size 38 (the technical details of the
shoe and insole were already available in the Medere DIAPASON database).

73



Diabetology 2023, 4

Figure 7. Volunteer’s peak pressure map (left) and pressure impulse map (right) averaged over
the at-regimen footprints extracted from the three repetitions of the TUG and sent to Medere for
insoles modeling and manufacturing. Data were acquired by the Pedar-X system and insole size VW,
acquired and processed by novelGmbH software and OriginPro2022.

Based on the received data, Medere modeled the insoles based on the patented process
(as previously described) and integrated the received additional information.

The model was created to maximize the contact between the plantar surface of the
insole and the foot of the patient, with the aim of distributing the pressure evenly across the
foot and increasing the level of stability. The arch support was modeled to reduce barefoot
pronation.

The foot pressure map was aligned with the CAD model of the insoles to identify
the area of interest (e.g., peak pressure regions) and to subdivide the insoles into different
parts. Using a parametrization method based on the anthropometric and pressure data, the
density of the different parts of the insoles was calculated. The initial step was to calculate
the density of the main part and then the density of the parts where the pressure needed to
be reduced.

The model was imported into a slicing software (Simplify3D V4.1.2—Simplify3D,
LLC.). The parts were aligned and positioned on the printing bed surface, and the pre-
viously calculated parameters for the density were assigned to each part. For this case
study, the regions of max pressure were identified in correspondence with the heels only.
Therefore, the model was divided into two parts, which were printed with the following
parameters:

• Infill type: Full honeycomb;
• Infill density: 29% for the main part, 25% for the heel region.

A flexible filament with Shore A 82 was used for the printing process (Filaflex82A-
RECREUS INDUSTRIES S.L., Elda (Alicante) Spain). The insoles were then covered with
EVA Shore A 35 sheet.

The 3D insoles were then shipped to the project PI, who preliminarily checked them
for congruency and alerted the ASL ROMA2 ambulatory of Visit 2 for the volunteer.

3.3. 3D-Insoles Testing at Visit 2

The whole 3D fabrication process took one week (standard fabrication time, no priority
was asked to the Manufacturer). Three weeks were however needed to have the SoC
footwear ready and to allow the volunteer to go to the shoemaker to gather them. During
visit 2 both products were tested, to optimise the number of visits.

The instrumental assessment protocol at visit 2 was much simpler than visit 1, and
only consisted of the following steps (testing of the SoC footwear, very similar to this, is
not reported since it falls outside the scope of this paper):

• With the home shoes and their commercial insoles: standing for 10 s and three repeti-
tions of the TUG test (the pressure data were from Pedar-X; wide insoles size VW; the
video recordings (webcams) were taken in the rear and sagittal views, Figure 8a). The
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TUG test lasted 41.7 s in total (barefoot total duration: 44.4 s); the mean TUG duration
was 13.2 s (barefoot mean TUG duration: 14.1 s);

• With the home shoes and the 3D-printed personalized insoles: standing for 10 s and
three repetitions of the TUG test (the pressure data were from Pedar-X; wide insoles
size VW; the video recordings (webcams) were taken in the rear and sagittal views,
Figure 8b). The TUG test lasted 38.9 s in total, and the mean TUG duration was 12.5 s.

Figure 8. Volunteer’s testing of 3D-printed insoles. Peak pressure map and values >200 kPa over
at-regimen footprints of the three repetitions of TUG while wearing the selected home shoes (d) and
their commercial insoles (a) or the 3D-printed personalized insoles (b). Reference, barefoot Peak
pressure map is reported in (c) for a qualitative comparison. Data were acquired by the Pedar-X
system and the insole size VW.

The pressure data were processed to investigate the appropriateness of the 3D insoles
with respect to the risk thresholds and gait balance (only data from at-regimen footprints)
and their eventual advantage with respect to the commercial accommodative insoles of
the home shoes. Briefly: the peak pressures were greatly reduced by the home shoes
and their commercial insoles with respect to the barefoot conditions, with the maximum
peak at the right hindfoot being reduced by roughly 45% (Figure 8a); the 3D-printed
personalized insoles, together with the home shoes, performed even better, with the
maximum peak pressure at the right hindfoot—the only remaining area with pressures
above the 200 kPa threshold—reduced by >50% (Figure 8b). The overall assessment,
including visual examinations from the clinician and health professional, feedback from
the volunteer, comparisons with Visit 1’s barefoot assessment and a review of the video
recordings, fetched a positive evaluation of the 3D insoles.

4. Discussion

4.1. 3D-Printed Insoles: Feedback from the Recent Literature

Advances in 3D technology may represent a promising, significant improvement in
the optimization of the therapeutic performance of plantar orthoses.

In the specific field of diabetic foot care, robust clinical studies are still needed to pro-
vide evidence either of a comparable clinical efficacy of 3D-printed insoles, with respect to
custom conventional insoles (SoC solutions), or even of their superiority. However, several
preliminary studies have reported on the potentialities of 3D-printed insoles for diabetic
foot management or with respect to other relevant foot and musculoskeletal pathologies.
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Zuniga et al. [15] reported a proof-of-concept of 3D-printed insoles for patients with
diabetes and tested it on one volunteer only. Their developed 3D-printed insoles used
two polymers, thermoplastic polyether-polyurethane and thermoplastic polyurethane
polyester-based polymer, and they assessed their performance through measurements of
plantar pressure distribution during walking. The two 3D-printed insoles performed as
well as a standard insole, with no significant difference in the average peak pressures. They
concluded that 3D-printed insoles have the potential for diabetic foot management and that
the digital manufacturing workflow of customized insoles can be helpfully implemented
in middle-income countries.

Chhikara et al. [16] recently conducted a valuable review on the effectiveness of 3D-
printed orthoses for diabetic foot management. They reported on the following human
subject studies: Telfer et al. [17] compared standard milled insoles with 3D-printed insoles
in 20 patients with type 2 diabetes and proved that the former performed better than
the latter in improving plantar offloading. Anggoro et al. [18] conducted a preliminary
study on the expectations and satisfaction of two patients with a long history of diabetes
after having used the 3D-printed insoles for 6 weeks and obtained high satisfaction and
expectation scores and overall satisfactory performance and good comfort. Tang et al. [19]
conducted an exploratory study on one healthy volunteer, and the supplied 3D-printed
insoles showed an effective reduction in the peak plantar pressures (>33%) compared to
SoC insoles. Hudak et al. [10] enrolled one patient with diabetes to compare an SoC insole,
a hybrid 3D-printed insole with a bi-laminate foam top, and a fully 3D-printed insole: the
latter showed improved durability, reduced shear stiffness and lower plantar pressures. The
authors of review [16] concluded that: the available literature on development of 3D-printed
orthosis for patients with Diabetes is still limited; more generally, the 3D-printed orthoses
demonstrated equivalent performance in clinical aspect; 3D-printing process may bring
to biomechanical changes in the foot, however further validation is required to confirm
that these changes can indeed be associated with clinically relevant outcomes; additive
manufacturing applied to the diabetic foot management may benefit of the integration
with Finite Elements Analysis (FEA), biomechanical measurements and modelling; there
is still a lack of orthoses for post-ulcer diabetic foot and 3D-printed insoles impact as an
intervention against the foot ulcer progression is yet to be tested [20]; patients with partial
foot amputations can also be managed using 3D-printed partial foot orthosis [21,22].

Shaikh et al. [23] conducted quite an extensive, experimental study involving 200 pa-
tients suffering from various foot-related problems and joint pain; 18 of them (38–69 years
old) suffered from diabetic foot complications. Their 3D-printed insoles were designed
using plantar pressure systems and a clinical practitioner’s assessment and, for patients
with diabetes, also providing additional podiatry elements. In particular, diabetic 3D-insole
fabrication exploited the slicing options, which allowed for variable density printing and
the possibility to add elements for corn pressure relief, metatarsal bar and pads since the
insole design phase. The insoles were tested under walking and other relevant motion
tasks, with only two dropouts (with active ulcers and obesity) among patients with diabetes.
The authors found that the custom 3D-printed insoles provided biomechanical correction
whenever required, contributed to alleviating pain and relief from high peak pressures,
and showed the potential of being long-lasting (still well-performing after 21 months for
the patients who participated in the follow-up).

Daryabor et al. [24] recently published a systematic review aimed at evaluating custom
3D-printed insoles for flat feet. As the main outcome of their narrative analysis, based on
10 studies, including 225 subjects with flexible flatfeet, the evidence from the literature
was found to be weak; however, it emerged that using custom 3D-printed insoles may
positively affect pain and foot function, with no significant change in the vertical loading
rate during walking or running. However, the authors reported insufficient evidence to
conclude the comparison between 3D-printed insoles and other types of insoles.

Xu et al. [25] compared custom 3D-printed insoles with traditional prefabricated
rehabilitation insoles in 80 patients with bilateral symptomatic flatfoot. After 8 weeks,
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their RCT showed that the 3D-printed insoles reduced the pressure on the metatarsals and
redistributed it over the midfoot significantly more than the prefabricated insoles.

Jandova et al. [26] showed that, in both flatfoot and high-arched feet, 3D-printed
insoles perform as comparably well as traditional, customized insoles. The study relied on
51 adults, and comparisons were conducted on the basis of plantar pressure distribution.
The authors concluded that in the case of a high-arched foot, where peak pressures are
higher and more difficult to compensate for, 3D-printed insoles might reach even better
results than traditional customized insoles.

Jin et al. [27] tested a customized 3D-printed heel support insole on a sample of
30 healthy male participants. The authors found that the biomechanical properties of
the customized 3D-printed heel support may be better than those of the traditional heel
support insole, especially when there is a need for an additional increase in heel height.
Their volunteers did not decrease midfoot motion function while using the insoles.

Prakotmongkol et al. [28] compared custom 3D-printed insoles with regard to custom
conventional insoles for flatfeet, focusing on foot and ankle function, navicular height,
patient satisfaction and insole durability. Their RCT (60 patients in total) lasted for three
months and revealed that the scores of foot and ankle functions and insole use significantly
improved at three months in both the intervention and the control group; deformation
of insoles was found in both groups with no significant difference between them, and
durability and patient-reported satisfaction were significantly higher for the intervention
group.

4.2. Interpretation and Potential Impact of the Case Study Outcomes

When dealing with patients, the adoption of this new technology mandatorily requires
an investigation of the feasibility of the whole fabrication process, thus also including
those phases of the workflow which mostly impact the patient, namely the acquisition of
the input data, the identification of the most suitable shoes to use and/or adapt the final
product testing.

The hereby reported case study showed that an integrated process to obtain 3D-
printed personalized insoles for patients with diabetic foot disease may be feasible, safe
and effective in delivering an appropriate offloading device while also optimizing the
number and duration of the patient’s visits. Specifically, the case study was conducted by
rigorously applying the procedure designed and approved within an Italian project, the
DIAPASON project, where the SoC process for diabetic ulcer prevention in the territorial
healthcare facilities of the ASL ROMA2 Regional Health Agency had been integrated
(i) with an instrumental assessment of the in-shoe plantar pressure profile at the SoC
footwear prescription and testing phases and (ii) with functional tests (HHD, HRT and
TUG) at the prescription phase only. Additional data collection was required, specifically
for the 3D fabrication process, consisting of a 3D scan of the foot and a sequence of foot
images under pre-established loading conditions, all acquired by means of a dedicated app.
Gathering a few models and sizes of home shoes marketed as MD-certified for the diabetic
foot and scanning their commercial insoles (to be replaced by the 3D-printed personalized
insoles), represented the remaining preliminary actions needed to complete the input
dataset of the 3D workflow. Key findings from the case study may thus be summarized
as follows: the 3D insoles fabrication process was feasible and required only two visits by
the patient to the diabetic foot outpatient service (ambulatory setting): Visit 1 lasted about
one hour and it involved one health professional and one technology expert to gather and
process data, and one diabetologist to approve the data synthesis and home shoes selection,
while Visit 2 lasted <20 min and involved the same personnel as Visit 1. The experimental
setup for quantitative and semi-quantitative data collection was safe and adequate for the
purpose, with no risks of adverse events for the volunteer.

In agreement with [10], the proposed integrated fabrication process resulted in effec-
tively optimizing the resources, delivery times and burden on the patient. According to the
Italian SoC process, in fact, at least two additional visits are needed at the manufacturer’s

77



Diabetology 2023, 4

premises: the first for the imprint collection and the shoe selection, and the second to test the
insole fit with the patient’s foot and the selected shoe before the delivery for clinical testing.

Results of the case-study were well in agreement with Hudak et al [10], who described
a comparable approach to deliver 3D-fabricated personalized insoles for the diabetic foot.
Differently from the foot data acquisition method used in the hereby described case-study
(foot 3D scan and images), they started their fabrication workflow by scanning the foam
crush box impression of the patient’s foot. However, to define the 3D model of the foot,
they similarly collected the patient-specific plantar pressure distribution using the same
in-shoe Pedar-X device. They defined the offloading regions using the 200 kPa threshold
value [6], and manually identified anatomical landmarks of the foot (heel and first and fifth
metatarsal heads) to facilitate proper insole positioning and sizing. Finally, they modelled
the insole to match the geometry of the patient’s scanned foot, and defined the offloading
segments on the basis of the plantar pressure map. The reported results of the technical
assessment showed a matched or improved durability, a reduced shear stiffness, and a
reduction in plantar pressure of their 3D insoles compared to SoC insoles. Further, the
Authors stressed the advantage of the new process when compared with the SoC one,
where: manually performed modifications are usually done to the plaster model; layers of
foam of different compositions are usually glued together; the pressure-relieving region is
based on clinical judgments and obtained by adding material to the positive plantar model,
or using disks of low-density foam, or by removing material from the base of the insole in
the desired region; the insole is finally manually shaped to ensure proper fit to the patient’s
foot and shoes; last but not least, the entire fabrication process typically requires patient
visits over multiple days and may last for weeks.

Despite the fact that therapeutic personalized insoles based on 3D technology are
not yet refundable in Italy, a regulatory official act already exists [29], which is expected
to enter into force by April 2024. The current approved budget for SoC personalized
insoles reimbursement may be adequate for the 3D-printed personalized insoles. Of course,
manufacturers should reorganize their workflow. In the case of a remote process, which is
more convenient for the patient, it will be necessary that the clinical foot service reorganizes
itself so as to acquire all the needed measurements and scans and to have a set of shoes
and home shoes available to allow for on-site identification as the best solution for the
specific patient. The reported case study, and the pilot study, which is ongoing within the
DIAPASON project on very old and fragile patients, may thus result as valuable for the
spread of 3D-printing techniques in the Italian scenario of diabetic foot management, and
similar feasibility and experimental studies are needed and welcome.

The case study also allowed us to explore the portability of the proposed novel care
model in other healthcare structures or even in long-term care facilities or community set-
tings, so as to reach those fragile and disadvantaged patients who have serious limitations
to reach dedicated labs, shoemaker settings or outpatient’s clinics. The assessment phases
of the whole process showed the potential to be moved from the ambulatory to other
local settings; however, this means that the portable equipment and the expert personnel
shall move twice for each patient to reach the local setting. Reasonably, the process might
become feasible and sustainable if groups of patients are scheduled for assessment on the
same day.

4.3. Limitations of the Study

The outcomes of the reported case study, though encouraging, remain valid within
the specific, adopted 3D fabrication process, including materials, algorithms and modeling
features. The case study relied on a patented process integrated with a consolidated
assessment protocol; however, to generalize the feasibility and effectiveness of 3D-printing
technology with respect to diabetic foot management, many experimental studies are still
needed. Insole effectiveness was tested with respect to plantar pressure distribution and
the quantified outcomes of the functional tests addressing balance and force, as well as on
visual inspection from an expert podiatrist and diabetologist and on the patient’s feedback;
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however, shear stress measurements would have completed the overall insole assessment.
Further, the study did not contain information on the durability and follow-up outcomes;
the patient is, however, followed, and the eventual relevant outcomes will be documented
in future works.

Transferability of the results to other patients might represent another limitation.
The volunteer in this case study was quite young (50 years old); however, all tasks and
measurements had already been validated on cohorts of very old and fragile patients, and
they had been found safe and feasible, even in the case of partially impaired patients, where
the use of walking aids and the assistance from healthcare personnel was included (and
properly accounted for) in the functional assessment.

5. Conclusions

Despite the limited evidence from the literature, custom 3D-printed insoles seem to
have the potential for diabetic foot management, their effectiveness appearing as at least
comparable or even greater than custom conventional insoles, with an expected longer
durability. Further validation is, however, still required to confirm that these high-level
performances can indeed be translated into clinically relevant outcomes.

The hereby reported case study proved the feasibility and safety of an integrated
workflow, including in-shoe pressure measurements and the outcomes from functional
tests to obtain 3D-printed insoles for patients with diabetic foot disease. The insoles were
found effective in delivering the appropriate offloading while also optimizing the number
and duration of the patient’s visits: specifically, only two visits at the diabetic foot outpatient
service were needed, with no additional visits at the manufacturer’s premises (as it happens
in the case of SoC insoles manufacturing). The workflow, successfully tested during the
case study, can thus be used to implement a pilot study—the ongoing DIAPASON project—
at the territorial healthcare facilities of the Italian ASL ROMA2 Regional Health Agency,
dealing with very old patients with type 2 diabetes and foot complications. The workflow
also has the potential to be used in long-term care facilities or community settings, with an
expected relevant impact on diabetic foot management, the burden of care for fragile or
disadvantaged patients and healthcare resources. The essential requirement is, of course,
that the portable equipment and expert, trained personnel are available to reach local
settings twice for each patient. Italian legislation has already officially approved the
reimbursement of 3D-printed insoles for diabetic foot management; the law is expected to
enter into force within the spring of 2024.
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Abstract: Background: Tissue healing consists of four main phases: coagulation, inflammation,
proliferation, and remodeling. In diabetic patients, this process is stagnant in the inflammatory stage,
leading to chronic wounds. The aim of this study is to evaluate in an animal model the biological
evidence related to the use of the Rigenera® technology (Turin Italy), an innovative mechanical
procedure to isolate autologous micrografts (AMG). Methods: Fifty male Wistar rats were divided
into four groups: control (C), control treated with micrografts (CM), diabetic (DB), and diabetic
treated with micrografts (DBM). The experimental setup involved: the quantification of the total
collagen and elastic fibers; histopathological analysis; immunohistochemical analysis for collagen
type I (COL1), collagen type III (COL3), vascular endothelial growth factor (VEGF-A), and interleukin
4 (IL4) and 10 (IL10); evaluation of the oxidative stress; measurement of gluthatione (GSH); and,
finally, an enzyme-linked immunosorbent assay (ELISA) on tumor necrosis factor-α (TNF-α). Results:
The AMG technology induces a faster healing process: VEGF-A, IL4, IL10, and GSH increased, while
TNF-α and oxidative stress decreased. Conclusions: Animals treated with micrografts showed more
favorable results for healing compared to those that did not receive treatment, demonstrating a
positive participation of the micrografts in the treatment of difficult-to-heal wounds.

Keywords: regenerative medicine; chronic wounds; diabetes; cytokines; skin healing; impaired
healing

1. Introduction

The skin is considered the largest organ in the human body. In an adult, it repre-
sents about 16% of the total body weight, and, when distended, it occupies an area of
approximately two square meters. Histologically, it is divided into the epidermis, dermis,
and hypodermis (also known as the subcutaneous fat layer) [1]. The epidermis is the
superficial layer of the skin, and it is composed of keratinized, stratified, and squamous
epithelial tissue (Figure 1). It is avascular and receives nutrients by diffusion through the
layer just below it, the dermis. In the epidermis, there are distinct layers arranged from
the outermost to the innermost region, including the stratum corneum, stratum lucida,
stratum granulosum, and stratum spinosum [2]. The deepest layer, known as the basal
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layer, is situated adjacent to the dermis, with finger-like projections towards it, referred to
as the dermal papillae. The presence of these projections, known as rete ridges, is absent in
the early stages of wound healing, which renders the wound more vulnerable to injury if
exposed to trauma [3].

Figure 1. Schematic illustration depicting the stratification of the epidermis. The diagram showcases
the different layers of the skin, arranged in a hierarchical manner from the deepest to the most
superficial regions, namely: (a) the basal layer; (b) the spinous layer; (c) the granular layer; and (d) the
stratum corneum. It should be noted that the lucid layer is situated above the granulosa layer, but it
is only present in specific areas of the body, such as the tips of the fingers, the soles of the feet, and
the palms of the hands.

The basal layer is formed by a single row of cuboidal or columnar keratinocytes,
interspersed with stem cells responsible for the renewal of resident cells; it has a great
ability to proliferate, and daughter cells migrate towards the skin surface. That suprabasal
migration is accompanied by cell maturation until the formation of corneocytes on the
skin surface [4]. Their cytoskeleton contains intermediate filaments formed by keratin that
attach to desmosomes. In this way, the cells of the basal layer attach to each other and to
the adjacent spinous layer [5]. When attached to hemidesmosomes, actin filaments allow
the attachment of keratinocytes to the basement membrane, located between the epidermis
and the dermis [6].

There are four main types of cells in the epidermis: keratinocytes, melanocytes, Langer-
hans cells, and Merkel cells. Keratinocytes make up about 90% of the epidermis, and the
source of replacement of these cells is the basal layer; they produce the keratin protein that
provides protection to the skin and the underlying tissues against heat, chemical agents,
and microorganisms [7].

Keratinocytes are identified as the primary cell responsible for the healing of wounds
of the epidermis and for maintaining tissue integrity. A stratified keratinized epithelium
undergoes constant turnover, regenerating completely in 48 h. Keratinocytes originating
from the basal layer are devoid of keratin and begin to accumulate more and more of this
protein as they pass from one epidermal layer to another. This process is accelerated in the
case of injuries, such as abrasions and burns [8].

Melanocytes are cells with long and thin processes, called dendrites, placed between
the keratinocytes. They correspond to 8% of skin cells and release melanin pigment granules
that are absorbed by the keratinocytes. Once in keratinocytes, melanin forms a barrier
around the core on the side facing the skin surface. In this way, melanin protects cellular
DNA against the deleterious effects of ultraviolet radiation [9].

The Langerhans cells migrate to the epidermis from the bone marrow. They represent
a small percentage of the total epidermis cells and participate in the immune response.

Merkel cells are located deeper in the epidermis, where they come into contact with
sensory neurons; together with them, they participate in the sense of touch [10].

The dermis is the layer that lies just below the epidermis and receives the increased
blood supply to the skin. Most skin appendages are in the dermis: apocrine glands, eccrine
glands, and hair follicles. The dermis is a connective tissue containing collagen and elastic
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fibers. Fibroblasts, macrophages, and adipocytes constitute the cellular component from
the dermis. It has two layers: superficial or papillary and deep dermis or reticulate [11].

The superficial layer corresponds to only one-fifth of the total dermis. It contains
fine elastic fibers. Its total area is increased by the presence of dermal papillae, which
are finger-like projections towards the epidermis. In some dermal papillae, corpuscles of
Meissner (touch-sensitive nerve endings) and also free nerves (responsible for sensations
of heat, cold, pain, tickling, and itching) are present [12].

In the deepest layer of the dermis, the reticular region, tissue is observed as dense,
irregular connective tissue, with bundles of collagen fibers and thicker elastic fibers. Among
the bundles of collagen fibers, follicles, hair, sweat, and sebaceous glands, nerves and fat
cells can be observed. The combination of collagen fibers and elastic fibers gives the dermis
the properties of elasticity, strength, and extensibility. When tissue damage reaches the
reticular dermis, grafts are usually necessary [13].

The deepest layer of the skin is called the hypodermis or subcutaneous layer. It
contains a large amount of adipose tissue, sensitive receptors pressure (Pacinian corpuscles),
and large blood vessels that supply the dermis. Fibers that come from the dermis cross the
hypodermis and attach to tissues and underlying organs [14].

The skin possesses an excellent regenerative capacity due to the presence of various
mesenchymal stem cells (MSCs) located in its appendages (hair follicles, sebaceous glands,
and sweat glands) as well as in the basal layer [15]. These cells exhibit a high degree of plas-
ticity and are arranged in distinct compartments known as niches, where they interact with
neighboring cells and a specific extracellular matrix to determine their functions [16–18].
In the skin, three different niches of MSC have been identified: (i) the basal layer of the
epidermis, (ii) the hair follicle bulb (present in mice, but not in humans), and (iii) the base
of the sebaceous gland duct, which suggests the existence of a niche also in the duct of the
sweat glands [19–21].

A wound is defined as damage to or discontinuity of the structural anatomy of the
skin and the consequent loss of its normal functions. It can be a simple interruption of the
epithelial integrity or it can be deeper, extending to the subcutaneous tissue, with damage
to various structures, such as tendons, muscles, vessels, nerves, organs’ parenchyma, and
bones [22].

Healing consists of the reestablishment of the continuity of the epidermis, so that the
tissue that differentiates it acts as a physical, chemical, and bacterial barrier, which is one
of the skin’s vital functions [1]. The healing process requires an integrated expression of
several chemokines, cytokines, growth factors, and cell types that are present in the wound
from tissue injury to the final healing events. Throughout this process, their expression
varies temporally and quantitatively. They are produced by cells present at the wound site
and act in paracrine and autocrine signaling [23].

Wound healing can happen by regeneration or through the reparation process. When
regeneration occurs, the tissue for reconstruction is the same as that of the healthy tissue.
This can be observed in the superficial epidermis, in the mucous membranes, or in fetal
skin. In tissue repair, the wound is filled with fibrotic tissue and presents with scars [11,24].

Tissues have different healing times. Wounds can be classified as acute or chronic
according to the way they establish and evolve. Acute wounds heal within the period
expected and in a way that is hassle-free. Chronic wounds are those that do not fulfill the
progression of the normal healing stages, and the damage established is not repaired in the
expected order and time. Many factors can contribute to the interruption and consequent
damage of normal healing: infection, tissue hypoxia, necrosis, and exudates. Excessive
amounts of inflammatory cytokines can prolong one or more phases of the healing time,
leading to wound chronicity [23].

After the injury has occurred, to reestablish the anatomical condition and function
(that is, healing), the following steps are necessary in the affected tissues: coagulation and
hemostasis, the inflammatory phase, the proliferative phase, and the remodeling phase.
These phases are sequential, overlapping, and interdependent such that in different areas
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of the same wound, distinct phases of the healing process can be observed. Thus, deficiency
in any of the healing stages determines the failure of the event [25–27] (Figure 2).

 
Figure 2. Temporal sequence illustrating the phases of epithelial healing. The diagram showcases the
different phases that occur during the process of tissue regeneration and how they are interposed
with one another.

Diabetes mellitus (DM) is an important global health problem caused by changes in
nutritional habits, sedentary lifestyle, overweight, population growth and aging, increasing
urbanization, and the greater survival of diabetic patients. It has a cost of billions of annual
dollars that impacts the health systems of all countries, but it is more representative in
underdeveloped countries. Type 1 diabetes is the carrier of exogenous insulin, while type 2
diabetes is more common and accounts for 85–90% of cases. Diabetes is characterized by
disturbances in the secretion and action of insulin and can be managed with food control
and physical exercise. Other less common types of diabetes have been reported, such
as genetic defects of beta cells and of the insulin, degenerative diseases of the pancreas,
diabetes related to other endocrinopathies, and drug diabetes. Complications include
cardiovascular and cerebrovascular diseases, retinopathy, nephropathy, and ulcers and
skin conditions [28]. Diabetic individuals have difficulty healing wounds in the extremities,
especially in the feet. Diabetic foot (DF) wounds are caused by neuropathy and vascular
insufficiency, with 20% having previous arterial occlusive disease, 50% having peripheral
neuropathy, and 80% having both conditions. Any trauma leading to the formation of
skin ulcers predisposes patients to complications [29,30]. Treatments for DF ulcers aim to
increase vascularity and to break down physiological barriers that prevent healing, but the
success of treatment depends on several factors. Chronic wounds of diabetic feet have their
healing interrupted in the inflammatory phase due to deficiencies in cells involved in the
process, as well as of chemokines, cytokines, and growth factors.

A possible countermeasure to treat chronic wounds in diabetic patients is the use
of adult stem cells for tissue maintenance and repair [31]. Among them, mesenchymal
stem cells (MSCs) are present throughout the organism and in the perivascular region of
adult tissues. They are multipotent and capable of forming ectoderm, mesoderm, and
endoderm cells [32], and they release exosomes to stimulate tissue regeneration and to
regulate the immune system [33,34]. However, an important limitation of using MSCs
lies in the necessity to cultivate cells, which involves enzymatic manipulation, leading
additionally to an increase in the time to obtain them and the financial cost [35,36].

Rigenera® technology (Human Brain Wave, Turin, Italy) is now a currently available
alternative technology for obtaining micrografts (namely progenitor cells (PCs) within their
own extracellular matrix) involving disposable medical devices as mechanical disruptors of
biological tissues [37–45]. It allows for obtaining micrografts in an autologous, homologous,
and minimally invasive manner, and these can be used immediately without the need for
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culture cells. Scientific studies have shown that the cellular population obtained after the
mechanical disaggregation is positive for mesenchymal stem cells, with markers identifying
those cells as PCs, and they have shown a viability ranging between 70 and 90%. AMTs
have the ability to act both through cellular differentiation and in a paracrine manner
through the release of secretomas containing various molecules that will act on neighboring
cells; they have the potential to stimulate multiple events at once, allowing interdependent
phases to be resolved endogenously [46].

In this study, diabetic foot wounds were used as an experimental model in order to
verify the performance of AMTs in the evolution of the healing process in skin wounds. Fifty
male Wistar rats were involved and divided into four groups: “control (C)”; “control treated
with micrografts (CM)”; “diabetic (DB)”; and “diabetic treated with micrografts (DBM)”.

2. Results

2.1. Histopathological Analysis

Research findings on hematoxylin-eosin-stained slides revealed an extensive inflam-
matory infiltration among the granulation tissue seen in all groups at the start of healing
(3 days). Nevertheless, the number of neutrophils in the CM group is substantially smaller
(Figure 3). The images were acquired from samples collected 3 days after the creation of
the artificial wound.

3 days 

    
C CM DB DBM 
(a) (b) (c) (d) 

Figure 3. Photomicrograph showcasing the animals’ skin on the third day of treatment. The image
features the four different groups, namely (a) C “control”, (b) CM “control treated with micrografts”,
(c) DB “diabetic”, and (d) DBM “diabetic treated with micrografts”. It is observed that all groups
display an abundance of inflammatory cells, particularly degenerated neutrophils, within the granu-
lation tissue. However, the CM group (b) exhibits a lower quantity of inflammatory cells compared
to the C group. The staining utilized in the image is hematoxylin eosin (HE).

Despite the progression of the healing process, inflammatory cells remained in the dia-
betes groups (DB and DBM) longer than in the non-diabetic groups (C and CM) (Figure 4).

14 days 

    
C CM DB DBM 
(a) (b) (c) (d) 

Figure 4. Photomicrograph displaying the animals’ skin on the fourteenth day of treatment, featuring
(a) C “control”, (b) CM “control treated with micrografts”, (c) DB “diabetic”, and (d) DBM “diabetic
treated with micrografts” groups. The image shows that the wound is completely re-epithelialized
in all four groups. However, in the diabetic group (c), the lining epithelium is thinner and contains
fewer layers in the stratum corneum. Additionally, collagen appears less organized in this group as
compared to the others. Notably, the presence of persistent inflammatory cells is observed in the
diabetic and diabetic groups treated with the micrograft.
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According to histological studies, the CM group is in the healing phase after 3 days,
which is equal to the C group after 7 days of recovery. At 7 days, the proliferation phase
begins, leading to fibroblasts migration, angiogenesis, and the commencement of epithelial-
ization (Figure 5).

7 days 

    
C CM DB DBM 
(a) (b) (c) (d) 

Figure 5. Photomicrograph displaying the animals’ skin on the seventh day of treatment, featuring
(a) C “control”, (b) CM “control treated with micrografts”, (c) DB “diabetic”, and (d) DBM “diabetic
treated with micrografts” groups. The image highlights the presence of hemorrhage and the formation
of blood vessels in the C group. In the CM group, a greater quantity of fibroblasts and collagen fibers
are observed in comparison to the C group. However, the presence of blood vessels and hemorrhage
is lower in this group. In the DB group, an expressive presence of inflammatory cells is observed,
which is also present in the DBM group. The staining utilized in the image is hematoxylin eosin (HE).

The epidermal tissue was detected at 3 days in the treatment groups (Figure 6),
indicating a faster epithelialization in the micrograft groups.

 

 

(a) (b) 

Figure 6. Photomicrograph showcasing the presence of lingual epithelial (indicated by an arrow)
at three days in the CM “control treated with micrografts” group (a) and in the DBM “diabetic
treated with micrografts” group (b). The staining technique employed in the image is hematoxylin
eosin (HE).

Angiogenesis occurs in all groups; however, it takes longer to begin in the diabetic
group, with detection occurring after just 7 days. Active fibroblasts were likewise discov-
ered only after 7 days of recovery. The CM group has much more fibroblasts and collagen
fiber production than the C group. Although there are still disordered regions, collagen is
thicker than in the control group.

Granulation tissue with many newly formed capillaries and fibroblasts is present in
the DBM group in the middle of the extracellular matrix formed by the newly formed
fibrillar collagen synthetized. By 14 days (Figure 7), there was a full region of healing in all
groups, with no discontinuity of the epidermis, and the healing was in the final phase of
proliferation and the beginning of remodeling. Every layer of the epidermis is visible, from
the stratum basale to the stratum cornea; however, the epidermis is thinner and has fewer
keratin layers in the diabetic group. The formation of epidermal attachments has begun
in the groups treated with the micrograft, but it is still lacking in the untreated groups.
Granulation tissue has already been totally replaced by collagen, although collagen remains
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fibrillar, with thin and disordered fibers, with an appearance of newly formed collagen in
the diabetic group. The majority of fibroblasts have already been replaced by fibrocytes.

14 days 

    
C CM DB DBM 
(a) (b) (c) (d) 

Figure 7. Photomicrograph displaying the animals’ skin on the fourteenth day of treatment, featuring
(a) C “control”, (b) CM “control treated with micrografts”, (c) DB “diabetic”, and (d) DBM “diabetic
treated with micrografts” groups. The image demonstrates complete epithelialization of the wound
in all groups. In the CM group (b), the formation of an epidermal annex is observed. In the DB
group (c), a reduction in the thickness of the epidermis and keratin layers is observed. Conversely,
in the DBM group (d), the epidermis is fully re-epithelialized, with several layers of keratin and
keratohyalin granules. The staining technique employed in the image is hematoxylin eosin (HE).

2.2. Collagen and Elastic Fibers Quantification

The animals in the C group had less collagen at 7 and 14 days of evolution than the
DBM group, which was still at 3 days of healing. As a result, the DBM group produced more
collagen in a shorter healing time than the C groups with longer healing times (Figure 8).

  3 days 7 days 14 days 

(a) C 

   

(b) CM 

   

(c) DB 

   

(d) DBM 

   

Figure 8. Photomicrograph displaying the rat skin with Mallory’s trichrome for collagen quantifi-
cation at 3, 7, and 14 days of healing evolution of (a) C “control”, (b) CM “control treated with
micrografts”, (c) DB “diabetic”, and (d) DBM “diabetic treated with micrografts” groups. The blue
color represents collagen.
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The morphometric analysis for elastic fibers quantification revealed no statistically
significant differences between the groups (Figures 9 and 10).

14 days 
    

 
 
 
 
 

C CM DB DBM 
(a) (b) (c) (d) 

Figure 9. Microscopic images of nitric-orcein-stained mouse skin depicting elastic fiber quantification
during the 14-day healing progression. (a) C “control”, (b) CM “control treated with micrografts”,
(c) DB “diabetic”, and (d) DBM “diabetic treated with micrografts”.

(a) (b) 

Figure 10. Statistical analysis of collagen production (a) and quantification of elastic fibers (b),
measured using the Gimp 2.0 software. Statistical analyses were performed using the Kruskal–Wallis
test with post hoc Dunn. Means denoted by the same letter do not exhibit significant differences
(p < 0.05). The different groups analyzed include the C group (control), CM group (control treated
with micrografts), DB group (diabetic), and DBM group (diabetic treated with micrografts).

From the statistical analysis conducted to quantify collagen production and elastic
fibers, it was found that there is a statistical difference between C (7 days) and C (14 days)
compared to DBM (3 days) for collagen (Figure 10a). However, no statistically significant
differences were observed among the groups for elastic fibers (Figure 10b).

2.3. Immunohistochemical Analysis for COL1, COL3, VEGF-A, IL4, and IL10

Throughout the 3-day assessment, there were no significant changes in collagen I
labeling. At 7 days, the CM group had more COL1 marking than the C group. The animals
in the DB and DBM groups had the lowest marking and did not distinguish from one
another. At 14 days, the same behavior was seen (Figure 11a).

At the 3-day assessment, there were no significant changes in collagen III labeling. At
7 days, tissues in the C and CM groups had more marking in their fragments, followed
by the animals in the DBM group. The animals in the DB group had the least amount of
staining. The animals in the CM and DBM groups had more marking at 14 days than the C
and DB groups, with the latter having the lowest average (Figure 11b).
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 11. The different groups statistically analyzed include C “control”, CM “control treated
with micrografts”, DB “diabetic”, and DBM “diabetic treated with micrografts”. (a) Pixel-based
quantification of collagen I in skin tissue samples obtained from experimental animal groups. Tukey
and Kramer Multiple Comparisons tests revealed no significant differences (p > 0.05) among means
marked with the same letter. (b) Pixel-based quantification of collagen III in skin tissue samples
obtained from experimental animal groups. Tukey and Kramer Multiple Comparisons tests revealed
no significant differences (p > 0.05) among means marked with the same letter. (c) Pixel-based
quantification of VEGF in skin tissue samples obtained from experimental animal groups. Tukey
and Kramer Multiple Comparisons tests revealed no significant differences (p > 0.05) among means
marked with the same letter. (d) Pixel-based quantification of IL4 in skin tissue samples obtained from
experimental animal groups. Tukey and Kramer Multiple Comparisons tests revealed no significant
differences (p > 0.05) among means marked with the same letter. (e) Pixel-based quantification of
IL10 in skin tissue samples obtained from experimental animal groups. Tukey and Kramer Multiple
Comparisons tests revealed no significant differences (p > 0.05) among means marked with the
same letter.

At 3 days, there were significant variations in the evaluation of VEGF, with skin
samples from the CM and DBM groups demonstrating higher marking than the DB and C
groups, with the latter showing the lowest markup. There were no variations in marking
between the experimental groups after 7 days. By 14 days, however, the animals in the CM
and DBM groups had more markings than the C and DB groups, which did not differ from
each other (Figure 11c).
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We observed the same trend at the 3- and 7-day evaluations, characterized by increased
marking in the skin pieces of the CM and DBM animals, whereas the C and DB groups
showed less staining without significant differences. The animals in the CM group, on the
other hand, had more marking at 14 days. The animals in the C and DBM groups did not
vary from one another, but the DB had less marking (Figure 11d).

During 3 and 7 days, there was no significant change in the labeling of this cytokine. By
14 days, however, the animals in the CM and DBM groups had more marking. The animals
in the C and DB groups had less marking but did not vary from one another (Figure 11e).

2.4. Evaluation of the Oxidative Stress—Measurement of Gluthatione (GSH)

Tissue assessment of GSH levels at three points in the groups’ studies revealed that the
groups treated with the micrograft had greater levels than the diabetic group (Figure 12a).
In terms of tissue concentrations of skin lipid peroxidation (TBARS) levels, the DB group
showed a substantial rise, but the DBST group showed a decrease when compared to the
diabetic and control groups (Figure 12b).

 
(a) (b) 

Figure 12. Graphs showing GSH and TBARS values in the skin of animals belonging to different
experimental groups (nmol/mg of protein) on the 14th day of treatment. The experimental groups
include the C (control group), the CM (control group treated with AMGs), the DB (diabetic group),
and the DBM (diabetic group treated with AMTs). Statistical significance was determined by the
Kruskal–Wallis test with Dunn’s post hoc analysis. Means sharing the same letter are not significantly
different from each other. (a) GSH; (b) TBARS.

2.5. Evaluation of Tumor Necrosis Factor-α (TNF-α)

In terms of TNF-α dose, the control group (C) had a greater concentration than the
other experimental groups on the third day. However, on the seventh and fourteenth days,
the diabetic (DB) group had a greater concentration, contrasting with the other groups’
findings (Figure 13).
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(a) (b) (c) 

Figure 13. The graphs display the TNF-α values in the skin of animals belonging to different
experimental groups (pg/mL), including the C (control group), the CM (control group treated with
AMGs), the DB (diabetic group), and the DBM (diabetic group treated with AMTs). The y axis shows
the different treatment times, which are labeled as the 3rd treatment time, 7th treatment time, and
14th treatment time. The statistical analysis was performed using the Kruskal–Wallis test with Dunn’s
post hoc test. Means with the same letter are not significantly different from each other. (a) TNF-α
3 days; (b) TNF-α 7 days; (c) TNF-α 14 days.

3. Discussion

The process of tissue healing involves a series of events that are interdependent
and involve various chemokines, cytokines, and growth factors produced by cells that
participate in tissue repair [11,23–25]. This process goes through phases of coagulation and
hemostasis, inflammation, proliferation, and tissue remodeling [24]. In extremity wounds
of diabetic individuals, the healing process is interrupted in the inflammatory phase due
to a large amount of cytokines, chemokines, and pro-inflammatory factors that prevent
progression to the proliferation phase and result in chronic wounds [47].

Stem cells are seen as a possible solution to this problem as they can release exosomes
containing factors that positively interfere in healing and also differentiate into other cell
types, which can act on stagnant healing and act on several factors simultaneously [48].

Micrografts containing progenitor cells have been shown to induce a faster evolution
of the wound healing process [49]. Animals treated with micrografts present at 3 days a
histological appearance similar to those at 7 days that did not receive the micrograft.

The presence of neutrophils in the proliferation and remodeling phases has been
shown to be a characteristic of diabetic animals, which was different from the control group.
This finding may be due to the greater number of inflammatory cytokines in diabetics,
which attract a greater number of neutrophils to the lesion.

The skin wound samples for histopathological analysis were collected three, seven,
and fourteen days after creating the artificial wounds for several reasons, which can be
justified based on the wound healing process and recent scientific studies. Firstly, this
multi-time-point approach allows for a more comprehensive assessment of the dynamic
changes that occur during different phases of wound healing. The three-day time stop
captures the early inflammatory phase, characterized by acute inflammation, immune cell
infiltration, and the initiation of tissue repair processes. By collecting samples at this time
point, the initial response to the wound and the early cellular and molecular events can
be monitored. The seven-day time stop represents the proliferative phase, during which
granulation tissue formation, angiogenesis, and collagen synthesis occur. It is a crucial
period for cell proliferation, migration, and extracellular matrix deposition. Collecting
samples at this time point enables the evaluation of tissue regeneration and the progression
of healing. The fourteen-day mark corresponds to the remodeling phase, characterized by
collagen remodeling, wound contraction, and the maturation of the newly formed tissue.
By collecting samples at this time point, the structural and functional changes that occur
during this critical phase of wound healing can be assessed [25,50,51].

The quantification of collagen production through staining showed that collagen
production was more effective in animals treated with micrografts at 3 days of healing
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compared to those at 7 and 14 days of evolution of control animals. The elastic fibers
present in the skin showed no significant difference among the groups studied with regard
to fiber production elasticity.

Angiogenesis is the process by which new blood vessels are formed from preexisting
vessels in the tissue. VEGF is a potent stimulator of this process, and increased expression
of VEGF indicates that blood vessel formation is active, which is important for cell growth
and proliferation as well as the formation of granulation tissue. In this study, it was found
that at 3 days of healing, VEGF was increased in the groups treated with micrografts
compared to the untreated groups, indicating an earlier recovery of vascularization in the
CM and DBM groups and favoring faster healing.

Overall, micrografts containing progenitor cells have been shown to accelerate and
produce collagen in greater quantities than the control group with longer healing time,
resulting in scar tissue with better collagen organization.

Cytokines are proteins that bind to cell membrane receptors and induce their biologi-
cal effects. The action of cytokines can be autocrine, paracrine, or endocrine. TNF-α is a
cytokine produced by macrophages, lymphocytes, and monocytes. Its main physiologi-
cal effect is to promote immune and inflammatory responses through the recruitment of
neutrophils and monocytes to the site of infection and the activation of these cells [52].
TNF-α is present in chronic wounds, such as those present in diabetic feet. In wounds that
heal under normal conditions, TNF-α decreases as the cells that produce it are eliminated
from the inflammatory process. However, in the wounds of diabetic feet, TNF-α tends
to remain at high levels. The treatment with micrografts showed a reduction in TNF-α
in diabetic animals compared to those who were also diabetic but did not receive treat-
ment. Thus, the applied micrograft helped to reduce this cytokine, and, consequently, its
inflammatory effects.

In addition to pro-inflammatory cytokines, anti-inflammatory cytokines are also im-
portant regulators of healing. IL-4 is a cytokine with anti-inflammatory characteristics
that is produced mainly by mast cells, eosinophils, Th2 cells, and basophils. IL-4 works
in tissue homeostasis by changing macrophages from the M1 profile (pro-inflammatory)
to the M2 profile (anti-inflammatory) [53]. Up to 7 days of healing, IL-4 maintained its
highest levels in the groups treated with the micrograft. In this phase, inflammatory cells
were present from the wound, including macrophages. Therefore, IL-4 may have activated
the macrophage alternative pathway for the M2 profile, contributing to the reduction of
inflammation. IL-4 is also able to promote the repair of epithelial wounds in vitro by
reducing the cytokine-induced epithelial barrier defects.

The importance of IL-10 in wound healing lies in its limitation and termination of
inflammatory responses. IL-10 inhibits the infiltration of neutrophils and macrophages
into the lesion, as well as the expression of various pro-inflammatory chemokines and
cytokines [54]. In this study, at 3 and 7 days after injury, there was no significant difference
in IL-10 production among the groups studied. Only at 14 days of healing was IL-10
increased in the groups treated with micrografts compared to the untreated groups. The
two together, IL-4 and IL-10, being anti-inflammatory in nature, maintain a favorable
environment for healing throughout the healing process. IL-10 is also capable of inhibiting
TNF-α. In fact, IL-10 was higher at 14 days in the micrograft-treated groups at the same
time that TNF-α was lower in these same groups.

Oxidative stress is the result of an increase in reactive oxygen species (ROS) and/or
reactive nitrogen species (RNS) as a result of a constant imbalance between the production
of reactive molecules (mainly ROS and RNS) and antioxidant agents [55]. The level of
TBARS is pointed out as an effective method to identify these radicals, and high levels
of TBARS are present in patients with complications of diabetes mellitus. The level of
TBARS was shown to be significantly increased in the DB group compared to the DBM and
CM groups.
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4. Materials and Methods

4.1. Animal Model

Fifty male Wistar rats (90 days old, weighing around 300 ± 30 g) from the Department
of Animal Morphology and Physiology, Rural Federal University of Pernambuco, were
involved in this study. The project was submitted to the institutional ethics committee and
approved under protocol number 23082.014335/2018–85 and license No. 89/2018.

These animals were kept in cages, with food and water ad libitum, at a temperature of
22 ± 1 ◦C and with artificial lighting that established a photoperiod of 12 h of light and 12 of
dark hours, considering the light period from 06:00 to 18:00 h. The animals were randomly
divided into 4 groups, namely: control (C) (n = 10); control treated with micrografts (CM)
(n = 10); diabetic (DB) (n = 15); and diabetic treated with micrografts (DBM) (n = 15).

4.2. Diabetes Induction

Diabetes was induced in the animals of the DB and DBM groups by intraperitoneal
administration of Streptozotocin solution (Sigma Chemical Co., St. Louis, MO, USA) after
a 14 h fasting period. Diabetes was confirmed on the seventh day after the application.
Streptozotocin was diluted in 10 mM sodium citrate buffer (pH 4.5) and administered in a
single dose of 60 mg/kg of animal weight. The C and CM groups received, in the same
way, equivalent doses of saline solution. After 30 min from administration, all animals
were fed normally [56].

Only animals with blood glucose above 200 mg/dL (Accu-Chek Activ Kit Glucometer,
Roche Diabates Care, Indianapolis, IN, USA) were included in this study, except for the
control groups.

4.3. Wound Preparation

The lesions were performed on the backs of the left hind legs of the rats, with a sterile
scalpel, in order to remove the skin and subcutaneous tissue until exposure of the muscle
tendons (Figure 14).

Figure 14. A lesion was performed on the left hind legs of the animals, which involved the removal of
the overlying skin and subcutaneous tissue to expose the underlying muscle tendons. The resulting
lesion area measured approximately 1 cm2.

4.4. Autologous Micrografts Rigenera® Technology

AMGs were obtained utilizing a Class II medical device, called Rigeneracons, that
consists of a grid with six micro-blades encircling hundreds of holes that are 80 μm in
diameter, allowing the selection of AMGs with exact sizes using a dimensional exclusion
method. An electrical motor, known as Sicurdrill, drives the mechanical fragmentation
(Figure 15). Many soft and hard tissues, including the dermis, cartilage, bone, fat, and
heart tissues, may be swiftly and effectively broken down using the technology. The AMG
solution can be injected around the margins and the bed of a wound or used to imbibe a
dermal substitute. Because the AMG technology does not require the use of enzymes or
other chemicals, the operation takes only 30 min to complete.

94



Diabetology 2023, 4

  
(a) (b) 

Figure 15. After shaving, a skin incision was made on the animal’s back (a). The skin fragment was
subsequently cut into smaller pieces, as shown in image (b), before being placed into the Rigeneracons
device for processing.

4.5. Histopathological Analysis

The animals in both the experimental and control groups were sedated with ketamine
hydrochloride (80 mg/kg) and xylazine (6.0 mg/kg) intramuscularly three, seven, and
fourteen days after the artificial wounds creation. The wound skin was collected by a
rectangular incision around the lesion (Figure 16). The rats were then euthanized with
100 mg/kg sodium thiopental.

 

Figure 16. A skin fragment was collected for analysis, ensuring a sufficient safety margin around
the wound. Half of the fragment was fixed in buffered formalin, while the other half was frozen at
−20 ◦C for subsequent analysis.

Half of the material was fixed in buffered formalin for 48 h before being paraffin
embedded. The sections were stained with hematoxylin and eosin, Mallory’s trichrome,
and nitric orcein for histological investigation using a light microscope (OLYMPUS BX-50,
Tokyo, Japan). The other half was frozen at −20 ◦C in a freezer.

Samples for histological analysis were collected at three, seven, and fourteen days
following the injury.

4.6. Collagen and Elastic Fibers Quantification

Histological slices were stained with Mallory’s trichrome and nitric orcein, respectively,
to quantify the collagen and elastic fibers. For this purpose, three slides were utilized for
each group, with five fields captured on each slide. The images were captured with a Sony®

(Tokyo, Japan) video camera attached to an Olympus® (Tokyo, Japan) Bx50 microscope and
submitted to the Gimp 2.0 application for quantification using the RGB Histogram (Red-
Green-Blue), which is based on luminescence intensity and where the tones of the image
pixels vary from 0 to 255, with tone 0 representing absolute darkness (lowest luminescence)
and tone 255 representing absolute white (higher luminescence) [57].

4.7. Immunohistochemical Analysis for COL1, COL3, VEGF-A, IL4, and IL10

COL1A1 (sc-293182, Santa Cruz Biotechnology, Santa Cruz, CA, USA), COL3A1 (sc-
271249, Santa Cruz Biotechnology, Santa Cruz, CA, USA), VEGF-A (MBS2540134, My-
BioSource, San Diego, CA, USA), IL-4 (sc-53084, Santa Cruz Biotechnology, Santa Cruz, CA,
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USA), and IL-10 (sc-365858, Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies in
a 1:100 dilution ratio were used.

The slides were deparaffinized and rehydrated in xylene and alcohols, respectively.
The antigen recovery was carried out in the microwave for 5 min at high temperature with
a citrate buffer solution (pH 8.0). Endogenous peroxidase was inhibited by a 3% hydrogen
peroxide in methanol solution [58]. The nonspecific antigen–antibody interaction was
inhibited by incubating the slides in PBS and 5% bovine serum albumin (BSA) for 1 h.
All antibodies were diluted in PBS/BSA 1% overnight. The parts were then treated with
Histofine® (Cod. 414191F—Nichirei Biosciences, Tokyo, Japan) for 30 min. The antigen–
antibody reaction was detected as a brown precipitate after four minutes of treatment
with 3,3 diaminobenzidine and counterstained with hematoxylin. A video camera (Sony)
coupled with the Olympus BX-50 microscope was used to collect the images.

4.8. Evaluation of the Oxidative Stress—Measurement of Gluthatione (GSH)

The skin’s oxidative stress was assessed by measuring lipid peroxidation and GSH
levels. The quantities of acid reactive chemicals thiobarbiturate (TBARS) were used to
estimate lipid peroxidation (Figure 17), whereas non-protein sulfhydryl groups were used
to estimate reduced GSH (Figure 18) [59,60]. Skin pieces were macerated in 1.15% KCl in a
proportion of 10 mL/1 g until completely homogenized. The homogenate was transferred to
a test tube, and 2 mL of the reagent (0.375% thiobarbituric acid and 75% acid trichloroacetic
acid) was added for every mL of the mixture. Duplicate tubes were sealed and heated in a
water bath (100 ◦C) for 15 min. The supernatant was separated, and the absorbance was
measured at 535 nm [61].

Figure 17. Lipid peroxidation is a widely recognized cellular injury mechanism in both plants and
animals, often used as an indicator of oxidative stress in cells and tissues. Polyunsaturated fatty acids
give rise to unstable lipid peroxides, which subsequently decompose to form a range of complex
compounds, including reactive carbonyl compounds like malondialdehyde (MDA). Thiobarbituric
acid reactive substances (TBARS) measurement is a well-established screening and monitoring
method for lipid peroxidation. In this method, MDA in the sample reacts with thiobarbituric acid
(TBA) to form the MDA–TBA adduct, which can be quantified colorimetrically at 532 nm. This
analytical approach relies on the reaction of MDA with TBA, a chromogenic reagent, at a constant
temperature of 25 ◦C.
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Figure 18. Glutathione is a tripeptide that exists in two forms: reduced (GSH) and oxidized (GSSG).
The ratio of GSH to GSSG within cells is a widely used marker of cellular oxidative stress, as an
increased GSSG-to-GSH ratio indicates greater oxidative stress. GSH acts as an important antioxidant
by neutralizing (reducing) reactive oxygen species, protecting cells from oxidative damage.

4.9. Evaluation of Tumor Necrosis Factor-α (TNF-α)

TNF-α dose was determined using the ELISA method, according to the manufacturer’s
instructions (RAB0479-1KT—Sigma-Aldrich (St. Louis, MO, USA)) [62].

4.10. Statistical Analysis

Statistical analysis was conducted using the Kruskal–Wallis test with post hoc Dunn
analysis to assess collagen production and quantification of elastic fibers utilizing Gimp 2.0
software. The significance level was set at p < 0.05.

Regarding collagen I quantification, pixel-based analysis was performed on skin tissue
samples from the animal groups. Tukey and Kramer Multiple Comparisons tests showed
no significant differences (p > 0.05) among means labeled with the same letter.

Similarly, pixel-based quantification of collagen III, VEGF, IL4, and IL10 in skin tis-
sue samples showed no significant differences (p > 0.05) among means marked with the
same letter.

For GSH and TBARS values, statistical significance was determined using the Kruskal–
Wallis test with Dunn’s post hoc analysis (p < 0.05). Means sharing the same letter were not
significantly different from each other.

The analysis of TNF-α values in the skin of animals across different experimental
groups and treatment times was performed using the Kruskal–Wallis test with Dunn’s
post hoc test (p < 0.05). Means with the same letter were not significantly different from
each other.

The software used for statistical analysis was GraphPad Prism 9.0.0.

5. Conclusions

Autologous micrografts have demonstrated effectiveness in promoting healing of
difficult-to-heal wounds by influencing epithelialization, angiogenesis, and collagen pro-
duction. Treatment with AMG has been observed to reduce tissue inflammation, resulting
in improved healing in animals with and without diabetes.
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Abstract: Type 2 diabetes mellitus (T2DM) is a common metabolic disease characterised by insulin
resistance and elevated blood glucose levels, affecting millions of people worldwide. T2DM individu-
als with dyslipidaemia have an increased risk of cardiovascular disease (CVD). A complex interplay
of risk factors such as hyperglycaemia, dyslipidaemia, hypertension, obesity, inflammation, and
oxidative stress favour the development of atherosclerosis, a central mechanism in the pathogen-
esis of cardiovascular disease. Dyslipidaemia, a hallmark of T2DM, is characterised by elevated
triglycerides, decreased high-density lipoprotein (HDL) cholesterol and the presence of small, dense
low-density lipoprotein (LDL) particles, all of which promote atherosclerosis. In this article, we
have attempted to present various treatment strategies that include pharmacological interventions
such as statins, ezetimibe, PCSK9 inhibitors, fibrates, and omega-3 fatty acids. We have also tried to
highlight the pivotal role of lifestyle modifications, including physical activity and dietary changes, in
improving lipid profiles and overall cardiovascular health in T2DM individuals. We have also tried
to present the latest clinical guidelines for the management of dyslipidaemia in T2DM individuals. In
conclusion, the treatment of dyslipidaemia in T2DM individuals is of great importance as it lowers
lipid particle levels, slows the progression of atherosclerosis, and ultimately reduces susceptibility to
cardiovascular disease.

Keywords: type 2 diabetes mellitus; dyslipidaemia; metabolic disorder; pharmaceutical treatment;
nonpharmaceutical treatment

1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterised by
insulin resistance and high blood glucose levels. It is estimated that 462 million people are
affected by this disease, which corresponds to a prevalence rate of 6059 cases per 100,000.
T2DM is more common in developed regions (Europe, North America) with equal gender
distribution [1]. T2DM is a significant risk factor for cardiovascular disease including
coronary artery disease, myocardial infarction, stroke, peripheral artery disease, and heart
failure. Cardiovascular comorbidities in T2DM patients impose high costs on both the
population and individuals. Cardiovascular expenditure accounts for between 20% and
49% of the total direct costs of treating T2DM at the population level. In the 2016 analysis
of the economic burden of T2DM complications in Sweden, the cost per person was EUR
1317. This comprehensive figure encompasses a complex interplay of factors, with a notable
25% of the total costs being due to absenteeism. The main contributors to these costs were
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macrovascular complications such as angina, heart failure, and stroke, and microvascular
complications such as eye disease (e.g., retinopathy), kidney disease, and neuropathy.
Furthermore, early mortality in the working-age population resulted in an additional cost
of EUR 579 per person, while expenditure on drugs to treat risk factors amounted to EUR
418 per person [2]. The increased risk of CVD in individuals with T2DM is influenced by a
complex interplay of risk factors that include hyperglycaemia, dyslipidaemia, hypertension,
obesity, inflammation, and oxidative stress. These risk factors contribute to the development
and progression of atherosclerosis, one of the major underlying processes in CVD [3,4]. The
aim of this review is to shed light on the management of dyslipidaemia in people with type
2 diabetes mellitus, focusing on the underlying pathophysiology and the intricate web of
interrelated metabolic disorders.

2. Pathophysiology

The pathophysiology of atherosclerosis in T2DM is a complex process, but it is im-
portant to understand its relationship to the increased risk of cardiovascular disease and
mortality in people with T2DM. Atherosclerosis in T2DM is primarily caused by a combina-
tion of metabolic abnormalities, inflammation, oxidative stress, and endothelial dysfunction.
The main pathophysiological mechanism is hyperglycaemia due to insulin resistance, which
can damage blood vessels and increase the risk of atherosclerosis. People with T2DM have
a significantly increased risk of developing cardiovascular disease, including coronary
heart disease, stroke, and peripheral vascular disease. Cardiovascular disease is the leading
cause of morbidity and mortality in this population, with T2D patients at similar risk
to people who have already had a heart attack (coronary risk equivalent) [3,5,6]. The
complicated pathophysiological processes described above contribute significantly to this
increased risk. Dyslipidaemia, characterised by increased triglyceride levels, decreased
high density lipoprotein (HDL) cholesterol levels and small, dense low-density lipoprotein
(LDL) particles, is common in T2DM and promotes the development of atherosclerotic
plaques. Chronic low-grade inflammation and oxidative stress are hallmarks of T2DM and
play a critical role in the development and progression of atherosclerosis. These processes,
in conjunction with endothelial dysfunction, lead to a proinflammatory and prothrombotic
state in the blood vessels. The formation of atherosclerotic plaques with lipid deposits,
inflammatory cells, smooth muscle cells, and fibrous tissue marks the beginning of the
vicious circle [3,7,8]. Vulnerable plaques are prone to rupture, which can lead to thrombosis
and cause acute cardiovascular events such as heart attacks and strokes. As atherosclerosis
progresses, artery walls can remodel, leading to narrowing and reduced blood flow in
the affected vessels. In summary, the pathophysiology of atherosclerosis in T2DM plays a
critical role in the increased risk of cardiovascular disease and mortality in these patients.
Understanding the intricate relationships between these factors is essential for effective
management and risk reduction in people with T2DM [3,6,8].

3. Type 2 Diabetes Mellitus and Dyslipidemia Interconnection

Dyslipidaemia is one of the most common findings in people with type 2 diabetes,
affecting about 72–85% of those affected [9]. It additionally increases cardiovascular risk,
especially the risk of developing coronary heart disease. The most important lipid abnor-
malities in diabetics are increased levels of triacylglycerols and decreased HDL cholesterol.
In addition to quantitative changes in lipoproteins, there are also qualitative and kinetic
changes in lipoprotein metabolism that contribute to the development of atherosclero-
sis [10]. Prior to the development of manifest type 2 diabetes, increased insulin resistance
affects the accumulation of triglycerides and small, dense LDL particles. Starting from
the chylomicron level, diabetics experience increased production of chylomicrons as a
result of insulin resistance, leading to postprandial hyperlipidaemia, although the com-
plex pathway that triggers this phenomenon is not yet fully understood [11,12]. On the
other hand, the clearance of chylomicrons is impaired due to the decreased activity of
lipoprotein lipase (LPL), an enzyme necessary for the degradation of chylomicrons [13].
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In addition, the production of large VLDL particles is increased, leading to an increase in
plasma triacylglycerol levels. Studies have shown the link between VLDL production rates
and fatty liver in people with type 2 diabetes [14]. Unlike other lipids, LDL cholesterol
levels are not significantly increased in diabetics compared to the general population, but
increased glycation of LDL leads to severe atherosclerosis. Glycated LDL cholesterol has a
lower binding affinity to LDL receptors and is taken up by macrophages, leading to the
formation of foam cells [15]. In addition, oxidised LDL particles increase the formation of
cytokines (TNF-α, IL-1), adhesion molecules that promote the inflammatory atherosclerotic
process. Diabetics also have reduced levels of HDL cholesterol, which plays a key role
in the uptake and transport of lipoproteins. Studies have shown that HDL particles are
more degraded in diabetics due to the accumulation of triacylglycerol [16]. HDL plays an
important role in cardiovascular prevention due to its antioxidant and vasodilatory effects,
so lower levels also increase overall cardiovascular risk. The most common quantitative
changes in the lipid profile of diabetics are increased triglyceride levels, residual particles,
and decreased HDL cholesterol levels. Qualitative and kinetic changes in the metabolism
of LDL cholesterol have a major atherogenic effect, so that the treatment of dyslipidaemia
should be taken very seriously.

4. Target Lipid Levels in Type 2 Diabetes Mellitus

The American Diabetes Association recently released updated guidelines for 2023
that include new recommendations for people with diabetes, including guidance on
managing lipid levels. According to the current recommendations, it is advisable to
prescribe high-intensity statin treatment for people with diabetes who are at increased
risk for cardiovascular problems, especially those with one or more risk factors for
atherosclerotic cardiovascular disease (ASCVD). The primary goal is to reduce LDL
cholesterol levels by at least 50% from baseline, aiming for an LDL cholesterol level of
less than 70 mg/dL (1.8 mmol/L) [17]. However, in clinical practise, it can be difficult
to determine the exact baseline LDL cholesterol level before starting statin therapy.
Therefore, for these individuals, it is recommended to focus on achieving a target LDL
cholesterol of less than 70 mg/dL (1.8 mmol/L) rather than on the percentage reduction
in LDL cholesterol. If appropriate, it may also be useful to supplement maximally
tolerated statin therapy with ezetimibe or a proprotein convertase subtilisin/kexin type
9 (PCSK9) inhibitor to achieve the desired LDL cholesterol reduction of at least 50%
and reach the recommended LDL cholesterol target of below 70 mg/dL (1.8 mmol/L).
Although primary prevention trials have typically involved limited numbers of older
people with diabetes, they have not shown significant differences in the relative benefits
of lipid-lowering therapy between age groups. However, because older age is associated
with a higher risk profile, the absolute benefit of lipid-lowering therapy is greater.
Therefore, it is advisable to recommend moderate-intensity statin therapy to people
with diabetes aged 75 years or older. High-intensity statin therapy is recommended
for all people with diabetes who have a history of ASCVD. The goal is to achieve a
significant reduction in LDL cholesterol levels of at least 50% from baseline, with a
specific goal of maintaining LDL cholesterol levels below 55 mg/dL (1.42 mmol/L) [17].
If these targets are not met despite administration of the maximally tolerated statin, it is
advisable to consider additional administration of ezetimibe or a PCSK9 inhibitor. The
new guidelines do not include precise target values for other lipoproteins. Therefore,
it is advisable to consider the following target values: HDL cholesterol levels should
be above 40 mg/dL (1.02 mmol/L) and triglyceride levels should be below 150 mg/dL
(1.7 mmol/L) [18] (Table 1).
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Table 1. Statin treatment goal in T2DM individuals.

TD2M Individuals

>40 years old
>10 years T2DM

At least one MACE
T2DM end

organ damage
LDL-C >2.5

<40 years old

>40 years old >10 years T2DM At least one
MACE T2DM end organ damage LDL-C >2.5

Index N/A Moderate intensity statin treatment High intensity statin treatment

5. Treatment of Dyslipidaemia in Type 2 Diabetes Mellitus

The treatment of dyslipidaemia in individuals with type 2 diabetes mellitus (T2DM)
can be divided into two categories: nonpharmacological and pharmacological. If we
talk about pharmacological therapeutic strategies with regard to elevated lipid levels
in individuals who have already been diagnosed Type 2 DM, the most important approach
is treatment with statins. Other options include cholesterol absorption inhibitors, fibrates,
PCSK9 inhibitors, and omega-3 fatty acids [19].

Despite the significant benefits of treatment strategies that reduce CVD risk factors,
CVD remains the major cause of morbidity and mortality in individuals with T2DM. The
risk of MACE in T2DM is strongly determined by the presence of target organ damage,
with risks increasing with the number of diseases present. In light of this information, the
main focus of treatment for dyslipidaemia in individuals with T2DM is early initiation of
treatment [19]. According to the latest guidelines, individuals who have had diabetes for
at least 10 years or less but have known cardiovascular disease and/or at least one target
organ damage and elevated lipid levels should start statin treatment immediately [19,20].
If an early 50% reduction is achieved, further supplementation is not required but
continuation of pharmacological and nonpharmacological treatment is. However, if the
desired reduction is not achieved, the additional administration of ezetimibe or PCSK9
inhibitor is suggested depending on the primary or secondary prevention setting [19,20]
(Figure 1).

5.1. Statins

Statins are the first treatment option for individuals with T2DM. Management
of LDL cholesterol is of paramount importance in these individuals. The Cholesterol
Treatment Trialists (CTT) study performed a comprehensive analysis of the data and
uncovered 3247 serious vascular events in the diabetic cohort [21]. Strikingly, each one
millimole per litre (mmol/L) reduction in LDL cholesterol was associated with a re-
markable 9% proportional reduction in all-cause mortality in participants with diabetes.
Remarkably, this reduction paralleled the 13% decrease observed in individuals without
diabetes, underscoring the importance of LDL-C modulation in preventing mortality [21].
This positive trend was underlined by a statistically significant reduction in vascular
mortality in the diabetic cohort, while no discernible effect on non-vascular mortality
was observed. In addition, a substantial proportional reduction in major vascular events
of 21% per mmol/L reduction in LDL cholesterol was observed in participants with
diabetes, mirroring the effects in participants without diabetes [21]. The discernible
effects of statin therapy also extended to specific cardiovascular outcomes in the diabetes
population, including reductions in myocardial infarction or coronary death, coronary
revascularisation, and stroke. Notably, these results held true regardless of whether
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participants had a history of vascular disease [22,23]. After 5 years, statin therapy had
significant clinical benefit in the diabetic cohort, as evidenced by a reduction in major
vascular events among participants receiving statin therapy [21]. Overall, these results
highlight the compelling efficacy of statin therapy in reducing the burden of serious
vascular events in people with diabetes mellitus and support the thesis that statins
are a key therapeutic intervention for LDL-C management in the context of diabetes
treatment. On the other hand, recent studies have brought to light a possible increase in
the incidence of diabetes mellitus (DM) in individuals receiving statin therapy [24,25].
This trend has been supported by clinical trials, with the clearest effects observed in
people who are already at increased risk of DM, such as those with prediabetes [26]. It is
critical to emphasise that these results should not diminish our commitment to patient
care, as the overarching benefits of reducing cardiovascular disease persist and far out-
weigh the increased incidence of DM. Conversely, a separate prospective study of T2DM
individuals found no statistically significant difference in glycosylated haemoglobin
(HbA1c) levels between statin-treated and non-statin-treated groups [27]. The safety
profile of statins is well established, with adverse effects such as muscle pain and liver
damage frequently reported [28]. These adverse effects may be the most important factor
in the low adherence to statin treatment. However, newer approaches such as fixed-dose
combination therapy with statins and other drugs such as antihypertensives or even
antidiabetics are leading to better adherence and positive cardiovascular outcomes in
individuals [29].

5.2. Ezetimibe

Ezetimibe, a lipid-lowering agent that acts as a cholesterol absorption inhibitor, is
associated with a 19% reduction in LDL-C levels [30]. Although ezetimibe alone has no
positive results in risk reduction MACE, when added to statin therapy, ezetimibe has
shown remarkable ability to reduce the risk of serious vascular events. It is important to
note that the magnitude of relative risk reduction in MACE is directly proportional to the
absolute degree of LDL-C reduction, a relationship consistent with the observed effects
of statins [31]. In the study IMPROVE-IT, which included a subgroup of individuals
diagnosed with T2DM, it was expected that this subgroup would have a higher rate of
major vascular events than individuals without DM. In fact, the placebo arm of the study
showed that individuals with DM had a significantly increased rate of MACE, with
a 7-year Kaplan–Meier rate of 46% compared to 31% in individuals without DM [32].
Of particular importance is the observation that ezetimibe proved to be particularly
effective in individuals with DM in the IMPROVE-IT study. When ezetimibe was added
to their treatment regimen, individuals with DM experienced a relative risk reduction of
15% in MACE, which corresponds to a substantial absolute risk reduction of 5.5% [32].
However, it is worth noting that the IMPROVE-IT study did not demonstrate a significant
reduction in MACE with single-use ezetimibe [33]. The reduction in major vascular
events was most notable when ezetimibe was used in conjunction with statin therapy,
highlighting the synergy between these therapies in achieving significant clinical benefits
in cardiovascular risk management. Importantly, the safety profile of the combined statin-
ezetimibe treatment remained consistent regardless of the presence of DM, underscoring
the tolerability of this therapeutic approach [32,33] (Table 2) Based on the observed
results, ezetimibe is used as a second treatment option in combination with statins
in individuals in whom LDL-C lowering cannot be achieved with statin treatment
alone [19,20].
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Figure 1. Recommendations for the treatment of dyslipidaemia in T2DM.
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Table 2. Overview of the pharmacological approaches to dyslipidaemia in T2DM individuals.

Pharmacological Approach to Dyslipidaemia in T2DM Individuals

Drug Dosage Mechanism of Action Common Adverse Events
Monitoring

(Except Lipid Profile)

Statins
10–80 mg

Oral use/daily
HMG-3-CoA

reductase antagonist

Statin-associated
muscle disease

Fatigue

Hepatic dysfunction

Serum aminotransferases

Serum creatine-kinase

Regular blood count

Ezetimibe
10 mg

Oral use/daily
NPC1L1 transporter

inhibitor

Hepatic dysfunction

Muscle-related effects

Serum aminotransferases

Serum creatine-kinase

Alirocumab
Evolocumab

140 mg
75–300 mg

Subcutaneous
injections/2–4 weeks

PCSK9 inhibitors—
monoclonal
antibodies

Local injection reactions -

Fibrates
145–215 mg

Oral use/daily PPARs activators

Hepatic dysfunction

Muscle-related effects

Renal dysfunction

Serum aminotransferases

Serum creatine-kinase

Serum renal function tests

Regular blood count

5.3. PCSK9 Inhibitors

PCSK9 monoclonal antibodies such as evolocumab and alirocumab have attracted
considerable attention due to their efficacy in lowering LDL-C levels, which is around
60% [33,34]. In the FOURIER study, the relative risk reduction for MACE was consistent
in all patient groups with and without diabetes mellitus. However, the baseline risk
profile of individuals with DM, characterised by an inherently higher cardiovascular
risk, resulted in a more pronounced absolute risk reduction of 2.7% in MACE over
3 years [34]. These outstanding results are consistent with those of the ODYSSEY study,
which demonstrated a consistent benefit of PCSK9 inhibitors, particularly in diabetic
individuals after an acute coronary syndrome [35]. These studies highlight the potent
LDL-C lowering effect of PCSK9 monoclonal antibody inhibitors and their potential to
reduce the risk of MACE in both diabetics and non-diabetics [34,35]. A recent study that
deepened our understanding of the effects of PCSK9 inhibitor therapy examined the
effect of alirocumab in individuals of different glycaemic categories [34]. Importantly,
alirocumab resulted in similar relative reductions in the incidence of primary cardio-
vascular endpoints in all glycaemic categories. However, in individuals with diabetes,
there was a greater absolute reduction of 2.3% in the incidence of primary endpoints
than in individuals with prediabetes (1.2%) or normoglycaemia (1.2%) [36]. Further-
more, in individuals without diabetes, the risk of new-onset diabetes was not increased
by alirocumab therapy. These results highlight the safety profile of alirocumab with re-
spect to new-onset diabetes [36,37]. Similar observations were made with evolocumab
in a study that included individuals with and without diabetes. Evolocumab reduced
cardiovascular outcomes in both patient groups [34,37]. These results suggest that the
benefit of evolocumab is not dependent on diabetes status. Importantly, evolocumab
did not increase the risk of new-onset diabetes in individuals without diabetes. In
addition, haemoglobin A1c (HbA1c) and fasting plasma glucose (FPG) levels remained
constant over time in all glycaemic categories between the evolocumab and placebo
groups [38]. In addition, the frequency of adverse events was comparable between the
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evolocumab and placebo groups, further underscoring the safety profile of this PCSK9
inhibitor therapy regardless of diabetes status [34,35]. Overall, these comprehensive re-
sults highlight the robust efficacy and safety of monoclonal antibody PCSK9 inhibitors
in both diabetic and non-diabetic individuals, supporting their role in controlling
LDL-C levels and lowering MACE. However, the elephant in the room needs to be
addressed, as the cost–benefit analysis of PCSK9 inhibitors is still ongoing. While some
countries report further price reductions to increase cost-effectiveness, inclusion in
T2DM treatment may justify their cost [39].

5.4. Fibrates

Fibrates are drugs used primarily to treat abnormal lipid profiles and conditions
such as hypertriglyceridaemia and low levels of high-density lipoprotein cholesterol
(HDL-C). These drugs work by activating peroxisome proliferator-activated receptors
(PPARs), which regulate lipid metabolism [40]. The therapeutic efficacy of treating
elevated triglyceride levels (TG) and low high-density lipoprotein cholesterol (HDL-C)
levels, which are common in people with diabetes mellitus (DM), remains controver-
sial. This debate arises from observations in studies such as FIELD and ACCORD,
conducted in the context of T2DM cohorts, in which the effects of fenofibrate therapy
on MACE did not yield positive results. In the FIELD study, fenofibrate showed a
27% reduction in CVD in individuals with elevated TG levels and elevated HDL-C lev-
els [41]. Similarly, the ACCORD study confirmed that participants with both elevated
TG and low HDL-C levels appeared to benefit from taking fenofibrate and statin at the
same time [42]. The available evidence suggests that diabetics with dyslipidaemia may
derive clinical benefits from TG -lowering therapy when administered concurrently
with statin treatment.

5.5. Omega-3 Fatty Acids

Omega-3 fatty acids are essential polyunsaturated fats that provide a number of
health benefits. These fats are abundant in certain fish such as salmon, mackerel, and
sardines, as well as in flaxseeds, chia seeds, and walnuts [43]. They have the benefit
of lowering triglyceride levels, improving blood vessel function and possibly reducing
inflammation [44,45]. Omega-3 supplements are widely available in various forms such
as fish oil capsules, krill oil, and algae-based supplements, so it is extremely difficult to
regulate them and determine the exact dosage. There are limited data on the effects of
adding omega-3 fatty acids to statin therapy in individuals with elevated plasma levels TG.
The study REDUCE-IT sought to fill this gap by investigating the effects of icosapent ethyl at
a dose of 2 grammes twice daily in high-risk HTG individuals taking statins concomitantly.
The results showed a 25% reduction in the composite primary outcome, which includes
cardiovascular death (CV), non-fatal myocardial infarction (MI), non-fatal stroke, coronary
revascularisation, or unstable angina. This decrease corresponded to an absolute decrease
of 4.8% [45]. Contrastingly, the ASCEND trial revealed that omega-3 fatty acids did not
demonstrate a reduction in MACE [46] Although more research is needed, omega-3 fatty
acids have an excellent safety profile. The most commonly reported adverse effects are
gastrointestinal discomfort, increased risk of bleeding, and allergic reactions. While certain
observations suggest the potential benefits of omega-3 fatty acids for individuals with
T2DM, it is crucial to recognize that they cannot replace standard recommended treatments
and are not in the guidelines for dyslipidaemia treatment. Both individuals and healthcare
professionals should remain mindful of the potential impacts that supplements may have
on patients [47].
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5.6. Non-Pharmaceutical Treatment

A healthy lifestyle is a key element in the prevention of adverse cardiovascular
events. A healthy lifestyle includes not only physical activity, but also improving di-
etary habits, reducing environmental risk factors, and maintaining mental health [48].
People who have type 2 diabetes mellitus have a higher risk of developing severe
cardiovascular events. Expected lifestyle changes for these people therefore include
improving dietary habits, increasing physical activity, and even taking medication
to prevent further complications [49]. Added fats, sugars, or processed meats and
sweetened beverages can significantly increase the risk of developing diabetes mellitus
and cardiovascular disease. For example, drinking a single sweetened beverage per
day can increase the risk of developing diabetes mellitus by up to 20% [50]. Physical
activity and balanced dietary habits lead to weight loss in overweight individuals.
Weight loss has a significant impact on lipid levels as well as on the treatment of type
II diabetes mellitus, thus improving overall health. The effects of increased physical
activity on lowering HbA1c levels have been known for several decades and point
to the importance of a healthy lifestyle for blood glucose levels and cardiovascular-
related morbidity and mortality in people with diabetes mellitus [51]. Exercise and
increased physical activity have the greatest impact on HDL and triglyceride levels. In
the study by Coillard and et al., participants were divided into four subgroups based
on baseline HDL and triglyceride levels: The first consisted of people with normal
levels (high HDL and low triglycerides), the second consisted of people with isolated
low HDL and normal triglycerides, the third consisted of people with isolated high
triglycerides and normal HDL levels, and the fourth subgroup included people with
elevated triglycerides and low HDL. Among those with a combination of initially low
HDL and elevated triglycerides, increased physical activity had the most significant
effect, with a 4.9% increase in HDL levels, compared with a slight increase of 0.4%
among those with isolated low HDL levels [52]. In addition, some studies suggest that
not only physical activity but also its intensity has an impact on lipid management.
In the STRRIDE study, changes in serum lipoproteins were monitored in participants
with dyslipidaemia who took part in a range of physical activities. After eight months,
HDL cholesterol levels and concentrations of large HDL particles were higher in those
who engaged in intensive and vigorous physical activity than in the other groups.
The STRIDDE-PD study included people with prediabetes, and global radiolabelled
efflux capacity increased significantly (6.2%) in the high-volume/high-intensity group
compared with all other STRRIDE-PD groups [53,54]. A combination of physical activ-
ity and healthy diet has shown a greater impact on lipid management. In a study of
22 obese men with metabolic syndrome, 3 weeks of physical activity combined with
dietary changes resulted in an increase in platelet-activating factor acetylhydrolase
activity [55]. Some diets tend to have a positive effect on the lipid profile of people
with diabetes mellitus. For example, a ketogenic diet with 70% fat, 20% protein, and
only 10% carbohydrate has been shown to reduce body mass, lower triglycerides and
increase HDL levels in people with diabetes mellitus. In one study, no significant
differences were found in the values for total cholesterol and LDL cholesterol. Another
important outcome of the ketogenic diet is a reduction in waist circumference, which
leads to a further reduction in the risk of complications of diabetes mellitus and the
development of cardiovascular complications. In addition, in the same study, there is a
significant improvement in blood glucose regulation due to a decrease in HbA1c [56].
Although there are studies that point to negative effects of the ketogenic diet on lipid
levels, most studies report a reduction in weight and a resulting improvement in the
lipid profile [57]. The Mediterranean diet, characterised by ingredients such as olive oil,
seeds, whole grains, nuts, and fruits, is usually recommended as a golden model for the
prevention of metabolic syndrome and its components. There are data indicating a sig-
nificant impact of this diet on LDL cholesterol levels and triglyceride levels, especially
in people suffering from type 2 diabetes mellitus. In a study by Elhayany and et al.
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three different dietary approaches were compared during a one-year follow-up period.
All participants had diabetes mellitus and were followed in a community-based setting.
During this period, participants strictly followed the dietary recommendations for
the low-carbohydrate Mediterranean diet, the classic Mediterranean diet, or the diet
recommended by the American Diabetic Association in 2003. The low-carbohydrate
Mediterranean diet has been shown to be particularly beneficial in lowering HbA1c
and has been the only one associated with an increase in HDL cholesterol. The classic
Mediterranean diet and the low-carbohydrate diet resulted in a greater reduction in
triglyceride levels [58] (Figure 2). Olive oil, a major component of the Mediterranean
diet, has shown positive effects on regulating lipid profiles, improving HDL functions
such as cholesterol metabolism and cholesterol efflux capacity, and promoting an
anti-inflammatory effect [59]. Consumption of phenol-containing olive oil increased
HDL cholesterol and lowered total cholesterol and LDL cholesterol, resulting in a
reduction in the ratio of total cholesterol/HDL cholesterol and LDL cholesterol/HDL
cholesterol [60]. The CORDIOPREV (Coronary Diet Intervention with Olive Oil and
Cardiovascular Prevention) trial showed that a 1.5-year intervention with a Mediter-
ranean diet resulted in improved flow-mediated vasodilation and endothelial function
and reduced overall cardiovascular risk in participants with diabetes mellitus and dys-
lipidaemia [61]. According to some studies, taking probiotics has also been shown to be
beneficial. There is data to suggest that probiotics can lead to a reduction in total choles-
terol and LDL cholesterol. The combination of probiotics and fermented dairy products
can lead to an even greater reduction in LDL cholesterol than when probiotics are taken
in capsule form [62]. Certain probiotic species such as Lactobacillus acidophilus and
Lactobacillus plantarum have been shown to have more lipid-lowering effects and have
been successful in lowering LDL cholesterol and total cholesterol [63]. The decrease in
lipid levels varies from study to study and needs further investigation. On the other
hand, in patients with dyslipidaemia and type 2 diabetes mellitus, synbiotics have
shown an effect of significantly lowering fasting blood glucose levels and increasing
HDL [64]. Probiotics have been shown to be beneficial in lowering liver enzymes and
total cholesterol in patients with non-alcoholic fatty liver disease (NAFLD) [65]. In
one study, NAFLD was induced in Iberian pigs fed a high-fat diet, as opposed to the
control group, with or without probiotic supplementation. The high-fat diet caused
inflammation and ectopic lipid accumulation in skeletal muscle, with no significant
difference found between the groups with and without probiotic addition [66]. The full
potential of probiotic supplementation in patients with metabolic syndrome and its
components is often controversial, but it is certainly an interesting field waiting to be
explored and used in the nonpharmacological treatment of patients. The microbiome
diet, a new dietary trend, focuses on consuming less processed foods and increasing the
intake of foods rich in prebiotics. Prebiotics are dietary fibres that promote beneficial
gut bacteria. By promoting a healthier gut balance, this diet aims to improve metabolic
function and reduce inflammation. Research has shown that a high-fat diet can disrupt
the balance of the gut microbiome, leading to metabolic problems such as insulin
resistance and inflammation. It is thought that by promoting a diverse and balanced
gut microbiome community, the microbiome diet can positively influence conditions
such as T2DM and dyslipidaemia [67]. The exact model of dietary habits and physical
activity that will lead to adequate control of the risk of major cardiovascular events
has yet to be found, but research to date may lead to a new answer to this dilemma.
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Figure 2. Overview of nonpharmaceutical treatment options in T2DM.

6. Conclusions

The treatment of dyslipidaemia in individuals with type 2 diabetes mellitus (T2DM)
is of paramount importance because of the high risk of cardiovascular disease (CVD).
T2DM is a complex metabolic disorder that not only affects glucose metabolism but also
strongly influences lipid profiles, contributing to the development and progression of
atherosclerosis—a key process underlying CVD. The pathophysiology of atherosclerosis in
T2DM involves a complex interplay of metabolic abnormalities, inflammation, oxidative
stress, and endothelial dysfunction. High glucose levels, a hallmark of T2DM, can damage
blood vessels and lead to inflammation and oxidative stress that further increase CVD
risk. Dyslipidaemia is common in T2DM. It is characterised by elevated triglycerides,
reduced HDL cholesterol levels and the presence of small, dense low-density lipoprotein
(LDL) particles. These lipid abnormalities contribute to the formation of atherosclerotic
plaques. A comprehensive approach that includes pharmacological therapies, lifestyle
modifications, and individualised treatment plans can significantly improve lipid profiles
and reduce the risk of major cardiovascular events, ultimately improving the overall health
and well-being of people with T2DM. While we have known therapeutical approaches to
dyslipidaemia treatment in T2DM individuals, clear primary and secondary prevention
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protocols are still up for debate. However, treatment initiation at the earliest moment is of
the utmost importance.
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Abstract: Despite the progress in treatment options and improved understanding of pathophysiology,
type 2 diabetes remains one of the costliest and most harmful global chronic diseases. The current
guidelines encourage physicians to fight an uphill battle and react to an incubated disease state
that has been propelled forward by clinical inertia. The authors completed a literature search of
PubMed, ScienceDirect, and NIH, searching with the terms intermittent fasting, type 2 diabetes, and
prediabetes, and excluded studies related to religion-based fasting. There is emerging evidence that
intermittent fasting could be an option to aid in weight loss, reduce hepatic steatosis, and lower the
level of biomarkers such as fasting glucose while improving insulin resistance. If incorporated into
the lives of patients with risk factors for type 2 diabetes, intermittent fasting could prove to be a
cost-effective and efficient tool for preventing this insidious disease. This clinical review examines
current evidence supporting the implementation of this lifestyle to prevent the onset or exacerbation
of type 2 diabetes and the hurdles that must still be overcome for physicians to confidently prescribe
this to their patients.

Keywords: diabetes; intermittent fasting; prevention

1. Introduction

1.1. Intermittent Fasting

Intermittent fasting (IF) is a popular dieting strategy that has been implemented by
many to lose weight, but uncertainty remains as to whether this lifestyle change could
be beneficial in the prevention of multiple metabolic disorders, including type 2 diabetes
mellitus (T2DM). It is well understood that human evolution, on a biological level, lags
behind rapid sociological and technological advancement. In other words, the same
physical bodies our hunter–gatherer ancestors used to survive prolonged periods of fasting
have not evolved to accommodate a lifestyle of working sedentary desk jobs 8 h a day
with all kinds of processed foods readily available for snacking. The theory of IF is rooted
in this evolutionary science and is reinforced by the biochemical processes in our bodies.
When fasting, glycogenolysis activates in the short term to mobilize the glycogen stores
from meals prior. After about 12 h, the stores are depleted, and the body finds energy
through other metabolic pathways such as gluconeogenesis, lipolysis, and beta-oxidation
(β-oxidation). As the fat stores are burned for fuel, there is a subsequent loss of weight
and a decreased percentage of body fat. Alternating periods of fasting with periods of
eating prevents total starvation and allows the body to function properly while still taking
advantage of the above benefits. This aesthetic benefit has been one of the main incentives
for people to adopt IF into their lives, but there are many more benefits to following this
lifestyle than meets the eye.

Intermittent Fasting Schedules

There are different intermittent fasting schedules (Table 1). The most common one
is the daily time-restricted variant (16:8), which involves fasting for about 16 h in a 24 h
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period [1]. During the 8 h feeding window, an individual can eat ad libitum with or
without whatever restrictions they deem fit with help from their doctor. This plan allows
for much flexibility but may require a motivated attitude for long-term adherence. Due
to the inherent flexibility and multitude of variables involved with this regimen, there
is significant variation in its results and outcomes. The nutritional quality of the food
consumed during the feasting window most likely also affects the outcomes.

Table 1. Description of common IF schedules. The varying schedules of IF may be modified based on
the individual’s needs and capabilities.

Schedule Description Possible Modifications

Daily (16:8)

All days of the week involve a
16 h fasting period of zero
calories, followed by an 8 h

window of ad libitum eating.

Certain dietary restrictions
can be added to modify

results, or the fasting period
may be increased to 18 h.

Alternate-day (4:3)

Fasting is carried out every
other day for a 24 h period

and alternates with days of ad
libitum eating.

The fasting days typically
involve a 25% caloric intake

compared to normal, but this
can be decreased to complete

zero-calorie fasting.

Whole-day (5:2)

Zero-calorie fasting is
completed for two days out of
the week, usually in between a
few days of ad libitum eating.

While zero-calorie fasting is
the standard, a modified
decrease in caloric intake,

such as 25% of normal, may
be implemented based on

individual capabilities.
IF versus other dietary plans.

Other notable intermittent fasting schedules include the alternate-day (4:3) and whole-
day (5:2) schedules. The 4:3 schedule involves 4 days of ad libitum eating with 3 days of
complete zero-calorie fasting or a modified 25% typical caloric intake fasting interwoven
weekly. The 5:2 schedule consists of 5 days of ad libitum eating with 2 days of complete,
zero-calorie, intermittently paced fasting throughout the week. In a systematic review,
these two schedules were compared for improving body composition and clinical markers
for disease. Alternate-day fasting trials of 3 to 12 weeks in duration appear to be effective
at reducing body weight, body fat, total cholesterol, and triglycerides in normal-weight,
overweight, and obese humans as compared to whole-day fasting trials lasting 12 to
24 weeks, which also reduce body weight and body fat and favorably improve blood
lipids [2].

Intermittent fasting has been compared to continuous energy restriction (CER) for
weight loss and related benefits. While intermittent fasting appears to produce similar
effects to continuous energy restriction in reducing body weight, fat mass, fat-free mass and
appetite and improving glucose homeostasis, it does not appear to improve weight loss
efficiency [3]. However, a systematic review analyzing 11 comparative studies concluded
that there was a significant difference in the change in body weight that favored IF over
continuous caloric restriction [4]. A different 12-month trial examining insulin-resistant
individuals compared the effects of modified 4:3 IF with 25% caloric intake versus daily 75%
caloric intake (CR) compared to a control [5]. The research found that in this population, the
weight loss was not different between the IF (−8% ± 2%) and CR (−6% ± 1%) groups by
month 12 relative to the controls (p < 0.0001), and the fat mass and BMI decreased (p < 0.05)
similarly for the IF and CR. However, IF produced greater decreases (p < 0.05) in fasting
insulin (−52% ± 9%) and insulin resistance (−53% ± 9%) compared with CR (−14% ± 9%;
−17% ± 11%) and the controls by month 12 [5]. Research has shown that IF boosts verbal
memory, improves blood pressure and resting heart rate, and can help obese adults lose
weight [1]. As for patients with T2DM, most of the available research shows that IF can
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help people lose body weight and decrease their levels of fasting glucose, insulin, and
leptin, all while reducing insulin resistance and increasing levels of adiponectin [1,6,7].

1.2. Fasting for the Future

There have been studies showing the benefits of IF on animal models. In animal
models, intermittent feeding improves insulin sensitivity, counters obesity caused by a
high-fat diet, and ameliorates diabetic retinopathy [8].

Metabolic syndrome (MS) has been strongly linked to diabetes. Rodent studies have
shown the potential for MS reversal when subjects followed a 4:3 IF schedule. Subjects
experienced reductions in abdominal fat, inflammation, and blood pressure as well as
an increase in insulin sensitivity and improvement in cardiovascular system functional-
ity [9,10]. Some medications, such as metformin, show similar benefits in animal models
from alternate-day IF by challenging the metabolism to switch. However, the available
data from animal models suggest that the safety and efficacy of such pharmacological
approaches are likely to be inferior to naturally induced metabolism switching caused by
intermittent fasting [6]. In a study where mice were kept on the 4:3 IF schedule vs. ad libi-
tum feeding, the IF group on average had significantly lower serum glucose concentrations
and insulin levels compared to the control group [11].

The mice on the IF diet also exhibited a two-fold increase in the fasting serum con-
centration of β-hydroxybutyrate compared with mice fed ad libitum, which aligns with
the knowledge that fasting raises the concentration of ketone bodies in the blood due to
lipolysis. This increase in blood ketones could offer some neuroprotection as well as the
added benefit of resistance to epileptic seizures [12–14]. Further, there are multiple studies
examining the effects of IF on the aging process of rodents, with some showing increased
lifespans by as much as 80% compared to ad libitum feeding [15–18]. The evidence for the
effects of time-restricted daily 16:8 IF in human models remains relatively scarce. This narra-
tive review will delve into the available literature and attempt to illuminate the usefulness
of implementing IF alongside established drug and surgical therapies for the prevention
of T2DM.

1.3. At the Core of Prediabetes and Type 2 Diabetes
1.3.1. Visceral Fat

Ongoing research has elucidated the complex pathophysiology of T2DM, from the
Triumvirate to the Ominous Octet [19] to the Egregious Eleven [20]. What seems to be
of the greatest clinical interest currently is the relationship between visceral fat buildup
and the progression of T2DM. In patients with established type 2 diabetes, visceral fat
accumulation has a significant negative effect on glycemic control through a decrease
in peripheral insulin sensitivity and an enhancement of gluconeogenesis [21]. The exact
mechanism of this was not investigated in this study, but correlations were seen: insulin-
mediated glucose clearance was inversely related to visceral fat levels in a nonlinear fashion,
and this relationship remained weakly significant after adjusting for BMI (partial r = 0.33;
p = 0.01) [21]. To examine whether visceral fat contributed to enhanced gluconeogenesis,
the percent gluconeogenesis was regressed against visceral fat levels, first purely and
then after adjustment for confounders. In both models, the association between percent
gluconeogenesis and visceral fat was positive (r = 0.28; p < 0.03 and partial r = 0.30; p = 0.04,
respectively). When gluconeogenesis fluxes were calculated, they were more strongly
associated with visceral fat in a direct fashion (partial r = 0.45; p = 0.003) [21]. Screening
for visceral fat levels while implementing feasible exercise regimens and healthier eating
habits early could be the key in keeping T2DM at bay.

1.3.2. Hepatic Steatosis

Hepatic steatosis has also been linked to the progression of prediabetes (higher likeli-
hood of impaired fasting glucose (IFG) and impaired glucose tolerance (IGT) or both) [22].
It has been established that a fatty liver has increased hepatic glucose production due to
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impaired insulin signaling [23]. In this study, the adjusted liver fat metric was significantly
correlated with prediabetes progression since, most notably, insulin sensitivity was in-
versely correlated (r = −0.44, p < 0.0001) and sensitivity decreased from the normal glucose
tolerance (NGT) group to the IFG+IGT group [22]. Individuals with IGT or IFG + IGT
more often had a fatty liver than individuals with NGT or isolated IFG [22]. Screening
for levels of hepatic steatosis could be another useful tool for patients who have a risk of
developing T2DM.

Intermittent fasting has demonstrated beneficial effects on hepatic steatosis. Using
MRI technology and the 5:2 IF schedule, a small study was conducted with participants
with prediabetes evaluating probiotics during a 12-week IF program. The results showed
that, after 12 weeks of intermittent fasting, subcutaneous fat (%) changed from 35.9 ± 3.1
to 34.4 ± 3.2, visceral fat (%) changed from 15.8 ± 1.3 to 14.8 ± 1.2, liver fat (%) changed
from 8.7 ± 0.8 to 7.5 ± 0.7, and pancreatic fat (%) changed from 7.7 ± 0.5 to 6.5 ± 0.5 (all
p < 0.001) [24]. In mice, despite being fed a high-fat or a high-fructose diet for 8 weeks,
alternate-day IF for 4 weeks was effective in decreasing hepatic lipogenesis and increasing
β-oxidation markers, resulting in a reduction in hepatic steatosis and inflammation [25]. In
a proteomic analysis involving rats undergoing a modified daily IF schedule of 18:6 (time-
restricted feeding between 1600 and 2200) for 15 weeks, the results showed that, compared
with the comparison group that consumed a 60% high-fat diet ad libitum, the expression
of PPARα (a transcription factor that is the primary regulator of liver β-oxidation) in the
6 h IF group on the same diet was significantly increased, and the lipid synthesis gene FAS
was decreased [26]. This means that these IF rats experienced more breakdown of liver
fat and stored less liver fat compared to the ad libitum group. In a human study, adults
with obesity and non-alcoholic fatty liver disease (NAFLD) were randomized between
four groups for 3 months: 4:3 IF with 25% caloric intake only (fasting group), 4:3 IF with
60 min of aerobic exercise five times a week (combo group), exercise-only group, and
no-intervention control group [27]. This randomized controlled trial found that by month 3,
the intrahepatic triglyceride content was significantly reduced in the combo group (−5.48%;
95% CI, −7.77% to −3.18%) compared with the exercise group (−1.30%; 95% CI, −3.80%
to 1.20%; p = 0.02) and the control group (−0.17%; 95% CI, −2.17% to 1.83%; p < 0.01) but
was not significantly different compared to the fasting group (−2.25%; 95% CI, −4.46%
to −0.04%; p = 0.05) [27]. Also, body weight, fat mass, waist circumference, and alanine
transaminase levels significantly decreased, while insulin sensitivity significantly increased
in the combination group compared with the control group [27]. These studies alone
highlight the importance of lifestyle changes in combating hepatic steatosis and allude to
the effectiveness of intermittent fasting as an option.

Preventing visceral adiposity and liver fat accumulation could slow or prevent the
onset of T2DM, relieving both the health burden as well as a significant economic burden.
In the U.S. healthcare system, one out every four dollars is spent on caring for people
with diabetes. And 48% to 64% of lifetime medical costs for a person with diabetes are
for disease-related complications [28]. By the time someone is diagnosed with T2DM
and intervention is initiated, it is already very difficult to effectively treat the disease.
Maintaining a healthy and non-sedentary lifestyle proves to be the best deterrent and can
be reinforced with proper patient education [29].

2. The Role of Intermittent Fasting in Combating Type 2 Diabetes Mellitus

2.1. What Is at Stake?

Diabetes has become a non-communicable pandemic. An estimated total of 37.3 mil-
lion people (11.3%) in the United States have diabetes [30]. There are 96 million people
(38%) who live with prediabetes at an estimated rate of progression of 1.5 million people
per year [30]. The costs associated with treating this disease through classical methods
are enough to prioritize treatment and prevention through affordable and straightforward
interventions such as IF. According to the American Diabetes Association (ADA), the total
estimated cost of diagnosed diabetes in 2017 was USD 327 billion, including USD 237 billion
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in direct medical costs and USD 90 billion in reduced productivity at work [31]. Under-
standing and effectively implementing IF into the lifestyles of at-risk patients for diabetes
may prove to be beneficial before medication and insulin interventions become involved.

2.2. The Effects of Intermittent Fasting on HbA1c Levels

The INTERFAST-2 trial demonstrated safety and efficacy in reducing the total daily
insulin dose and body weight in insulin-treated people with T2DM [32]. Forty-six partici-
pants were randomly assigned between a 4:3 schedule IF group and a control group for
12 weeks. The IF group spent significantly less time on average above the blood glucose
range compared to the control group, significantly more time on average within this range,
and a similar amount of time on average below this range as compared to the control group.
There was also a significant difference between the groups for the endpoint measurements
set by the trial investigators. An HbA1c reduction ≥ 3 mmol/mol was seen in 60% of the
IF group compared to 25% in the control group (p < 0.05). An insulin dose reduction ≥ 10%
was seen in 75% of the IF group compared to 0% in the control group (p < 0.001). A weight
reduction ≥ 2% was seen in 80% of the IF group compared to 4% in the control group
(p < 0.001). And all three endpoints combined were achieved by 40% of the IF group
versus 0% in the control group (p < 0.001) [32]. While this study observed the treatment
of people with T2DM, the positive benefits may be extrapolated to diabetes prevention
as well. Lifestyle modification with an intermittent fasting protocol and proper diet help
lower blood glucose levels, maintain body mass index, and reduce inflammation, which is
the main cause of chronic diseases among the general population [33].

Intermittent fasting using a 16:8 schedule with a 25% energy restriction has shown
similar results in lowering fasting glucose, insulin, and HbA1c compared to a 25% contin-
uous energy restriction [34]. In a trial of patients with T2DM and an average HbA1c of
7.3%, a modified 5:2 IF schedule with two fasting days having a 25% calorie intake was not
significantly different from CER [35]. The IF group lowered their mean HbA1c by 0.3%,
while the CER group’s mean was lower by 0.5% [35]. Obesity is widely known to be the
most significant modifiable risk factor for developing T2DM. Calorie-restrictive regiments
such as IF have been shown time and time again to help decrease weight and BMI fat
mass. In an observational analysis of participants in the Look AHEAD trial, those who lost
5–10% of their body weight had 3.5:1 increased odds of decreasing HbA1c levels by 0.5%
as well as seeing beneficial reductions in other metabolic markers [36]. Due to the scarcity
of randomized human trials and variations in fasting schedules, there remains ambiguity
about the true relationship between IF and levels of HbA1c; however, there does seem to
be a positive correlation that must be explored more with long-term studies.

2.3. From Healthy to Prediabetes to Type 2 Diabetes Mellitus

Preventing the crossover from healthy to prediabetes to T2DM is difficult for many
reasons, one of which is the need for consistent and accurate monitoring. This may be
difficult to achieve. When should one begin monitoring for metabolic changes? When
should one implement an IF schedule if they are concerned about developing T2DM? The
exact beginning of elevated biomarkers is difficult to trace and varies greatly, as illuminated
by the variable data from studies. As many as 183 million people globally are unaware
that they have T2DM [37], and it can be present for up to 12 years in some cases before
being diagnosed [38]. If a patient has a relevant family history, it is important to educate
and empower them as early as possible since T2DM has a strong genetic component [39].
Despite this, genetic testing is still not clinically useful due to reasons such as the low
discriminative ability of genetic testing and the non-significant added value of observable
clinical risk factors [40]. The sooner the individual is made aware of these risk factors, the
sooner they can begin adopting important lifestyle modifications such as IF to prevent
progression from prediabetes to type 2 diabetes.

Both IFG and IGT can be used to measure and predict progression from prediabetes to
T2DM. However, because IGT is more prevalent than IFG in most populations, consistently
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conducting 2 h oral glucose tolerance tests (OGTT) to identify those with IGT often yields a
greater proportion of people at risk for developing T2DM than simply looking at fasting
plasma glucose (FPG) [41]. This is not a common first-line screening tool due to its cost
and inconvenience compared to other initial analyses [42]. Prediabetes and T2DM have
insidious onsets that begin to develop many years before they are diagnosed in a clinic.
The exact onset varies across individuals and populations. A large retrospective analysis
concluded that significantly elevated FPG can be seen 10 years ahead of a diagnosis with
T2DM, and glucose dysregulation could precede a diagnosis by 20 years [43]. This inherent
variability between individuals makes timely assessment and response difficult. Hopefully,
though, these challenges will be resolved in the future with the development of new
medical technologies in this sphere.

2.4. Current Alternative Therapies for the Prevention of Type 2 Diabetes Mellitus

It is now common knowledge that moderate weight loss, an active exercise routine,
and a healthy whole food diet are all positive lifestyle changes that can aid in the preven-
tion of T2DM [44]. There are also pharmacological interventions available for high-risk
populations, such as those with IFG and IGT, that can be used in conjunction with lifestyle
modifications. Metformin is the most commonly used medication in the treatment of T2DM,
but it may prove useful as a method of prevention too. In the Diabetes Prevention Program
(DPP) trial, 1073 participants with IGT were administered 850 mg of metformin twice a
day, and 1082 participants were administered a placebo. Both groups were followed up
for a median period of 2.8 years, which showed in the end that metformin reduced the
incidence of T2DM by 31% compared with a placebo [45]. Some of the active participants
followed up 10 years later when it was determined that T2DM incidence was still reduced
more with metformin (18% compared to the placebo) [46]. The relative risk reduction
(RRR) and number needed to treat (NNT) are compared to other studies examining lifestyle
interventions (Table 2). In a Finnish study, 523 overweight subjects received seven sessions
of nutritional and activity guidance, followed by visits every three months thereafter to
help in reducing weight [47]. Weight loss and blood glucose levels were significantly im-
proved in the intervention group and were maintained during a 3-year median follow-up
period [47,48]. In a Da Qing study, 577 participants were distributed into a control group
and three different intervention groups: diet, exercise, or combined [49]. Compared with
the control group, those in the combined lifestyle intervention groups had a 51% lower
incidence of diabetes (95% CI 0.33–0.73) during the active intervention period and a 43%
lower incidence (0.41–0.81) over the 20-year period after the follow-up in 2006, controlled
for age and clustering [49].

Table 2. Randomized controlled trials for lifestyle interventions for the prevention of type 2 diabetes.

Study Country N
Baseline

BMI
(kg/m2)

Intervention
Period
(Years)

RRR (%) NNT

Diabetes Prevention
Program [45] USA 3234 34.0 2.8 58 21

Diabetes Prevention
Study [47,48] Finland 523 31.0 4 39 22

Da Qing [49] China 577 25.8 6 51 30
References. DPP Research Group. N Engl J Med. 2002, 346, 393–403 [44]. Eriksson, J.; et al. Diabetologia. 1999, 42,
793–801 [45]. Lindstrom, J.; et al. Lancet. 2006, 368, 1673–1679 [46]. Li, G.; et al. Lancet. 2008, 371, 1783–1789 [47].

Other pharmacologic agents, such as alpha glucosidase inhibitors and thiazolidine-
diones, have also proven to be effective in the delay of or prevention of T2DM. The STOP-
NIDDM trial randomly assigned individuals with IGT to thrice daily 100 mg acarbose for
a mean period of 3.3 years and demonstrated a 35.8% relative reduction in T2DM when
compared to a placebo [50]. Treatment with troglitazone in the TRIPOD study delayed or
prevented the onset of T2DM, wherein the protective effect was associated with the preser-
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vation of pancreatic beta-cell function [51]. The DREAM trial recruited 5269 patients with
IFG, IGT, or both. The results revealed that rosiglitazone was very effective in lowering the
incidence of T2DM, (60% compared to the placebo) [52]. A later study included 207 patients
with IGT who received a combination of 2 mg rosiglitazone and 500 mg metformin twice
daily for a median period of 3.9 years. This low-dose combination therapy was highly
effective in the prevention of T2DM, with a low incidence of clinically relevant adverse
effects [53].

There are many options currently available for the prevention and treatment of T2DM.
The lipase inhibitor orlistat was utilized in a randomized study. When compared to lifestyle
changes alone, orlistat plus these changes resulted in a 37.3% reduction in the risk of
developing T2DM in patients with obesity over the course of four years [54]. The bile acid
sequestrant colesevelam has been shown to improve insulin sensitivity and β-cell function
similarly in subjects with IFG and T2DM, which led to a follow-up study illustrating the
positive effects of this drug in patients with prediabetes by significantly reducing A1c levels
and normalizing FPG compared to a placebo [55,56].

DPP-4 inhibitors and GLP-1 receptor agonists are versatile medications implemented
to combat diabetes but could also be used in prediabetes stages. Vidagliptin was compared
to a placebo in 179 subjects with IGT, and the participants saw a 32% reduction in post-
prandial glucose [57]. There are strong studies with GLP-1RA that could be added to this
discussion. Human studies using exenatide or liraglutide have demonstrated significantly
substantial weight loss and glucose tolerance improvement in patients with IFG or IGT,
with benefits very apparent by about 20 weeks and, in the case of liraglutide, lasting for as
long as 2 years [58,59].

Although it is not a common first-line method of prevention or treatment, metabolic
surgery is another tool used to prevent type 2 diabetes among those at risk. Metabolic
(bariatric) surgery is an effective and cost-effective therapy for people with T2DM and
obesity. With an acceptable safety profile, it provides an appropriate treatment for people
who struggle with achieving treatment goals through medication and lifestyle modifications
alone [60]. Patients who undergo bariatric surgery tend to see significant improvements
in A1c levels and a reduction in the number of their medications and insulin doses [61].
These findings could possibly extend to those with obesity and prediabetes. Compared to
standard typical care, metabolic surgery reduces the long-term incidence of T2DM by 78%
in obese individuals and by 87% in individuals with IFG [62]. This intervention is usually
reserved for individuals struggling with morbid obesity, and it is unclear if the benefits
seen from this surgery are merely due to the weight loss accompanied by it. Regardless,
this modality is the least likely to be used in the prevention of T2DM, mainly due to the
cost and risks associated with surgical procedures.

3. The Challenges to Overcome

3.1. Catching It Early

As mentioned previously, T2DM is a disease with an insidious onset, which makes
early detection and intervention tremendously important. It is better to prevent the onset
of a disease than to treat an ongoing one, especially when the excess lifetime medical
expense is roughly USD 124,600 per person diagnosed with T2DM at the age of 40 [63]. The
American Diabetes Association recommends beginning screening for diabetes in adults
aged 45 years or older and then following up once every 3 years if the results are normal,
with screening beginning earlier in overweight adults with one or more risk factors [64].
Compared with the ADA recommendations, the USPSTF recommendation is broader
because it sets a minimum age of 35 years for screening and does not require any additional
risk factors other than an elevated BMI [65]. There is a case to be made for beginning
screening earlier as a US-population-based analysis found that screening for type 2 diabetes
is cost-effective when started between the ages of 30 years and 45 years, with screening
repeated every 3–5 years [66]. There are no established criteria for screening in healthy
adults without risk factors, although visceral adiposity and hepatic steatosis could already
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be building up inside unaware individuals. This is where lifestyle modification, education
on self-management, and patient empowerment become so crucial [67].

There are many biochemical tests conducted to monitor disease progression and
diagnose T2DM. The “gold standard” is the 2 h OGTT, but it requires an 8 h fasting period
beforehand and a time commitment from nursing staff that is not readily convenient, along
with other limitations [68]. It is an accurate test for measuring 2 h post-prandial glucose
(2hPG) and IGT, which may be a better predictor of outcomes than FPG or HbA1c. A
multicenter study demonstrated that 2hPG is an independent predictor of diabetes and a
novel risk assessment for cardiovascular disease, and mortality was better in this case than
with FPG and HbA1c [69]. Developing a more streamlined version of the OGTT with fewer
limitations could allow it to become a more common first-line monitoring tool in clinics.
Combining FPG and HbA1c testing may be an optimal approach to identifying prediabetes
and T2DM in clinics, but it is not used very often this way. Using both simultaneously could
be more effective than choosing one over the other for initial screening. A community-based
study showcased support for the clinical utility of using a combination of FPG and HbA1c
levels from a single blood sample to identify undiagnosed T2DM in a population, as a high
positive predictive value was seen for subsequent diagnoses of diabetes [70].

3.2. Implementing and Adhering to Intermittent Fasting

Implementing consistent and long-term lifestyle changes is a difficult task, and in-
termittent fasting is no exception. Helping patients go through these changes through
strong motivation and support is one of the intrinsic responsibilities of a clinician. The au-
thors provide some best practice suggestions for helping patients with therapeutic lifestyle
changes (Figure 1). It is already evident that adherence to calorie-restriction diets tends to
decline over time, perhaps because patients lose motivation or feel like they have reached
a good point to stop [71]. A study examining the effects of four popular diets showed
that, regardless of diet, about 25% of the participants adhered to a self-reported level of
six out of ten by the end of the 1-year period, with adherence levels declining steadily
over the 12 months [72]. On average, weight regain post-diet initiation begins about
6–9 months into the program, reflecting temporal decreases in adherence to the relevant
prescribed regimen [73]. Key factors that promote adherence to IF include, but are not
limited to, improvements in physical health, positive psychological impacts, and strong
social support [74]. Some barriers to adherence include feelings of hunger and sluggishness,
difficulties with self-monitoring, and social situations that discourage fasting schedules [74].
Most studies specifically target populations that struggle with obesity in observation of the
weight-loss benefits, but other populations may see benefits as well. Although patients with
certain health conditions should avoid IF, it has been linked to improving other metabolic
ailments, such as dyslipidemia and hypertension [75]. Regardless, the data on the long-term
effects of intermittent fasting remain very limited.

The absence of large long-term studies on the direct relationship between IF and its
effects for people with T2DM is also a challenge to overcome. Most currently available
published research articles, systematic reviews excluded, do not contain sample sizes in
the thousands. It would be helpful to have larger sample sizes in future studies to draw
more robust conclusions. Although there is a large study in progress at this time of writing
known as DRIFT [71], more randomized human trials are needed.
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Figure 1. An example of implementing IF into the lives of patients. This represents a generalized
strategy that may be modified to fit the situation.

4. Conclusions

Intermittent fasting is a popular lifestyle dietary plan that may prove to be a useful
and cost-effective tool in preventing T2DM. Currently, the most pronounced results of
integrating IF occur in the population of people struggling with obesity. While IF is
generally a safe plan to follow, it should be avoided by individuals who require a higher
caloric diet, such as children and women who are pregnant or breastfeeding, and by those
who are susceptible to eating disorders like bulimia nervosa. People with type 1 diabetes
who require insulin should also avoid IF, as prolonged episodes of hypoglycemia may occur.
Although animal models and short-term human trials have demonstrated the positive
effects of IF, more research involving long-term multi-year timelines must be conducted
to examine the chronic metabolic changes associated with IF. With more established and
long-term evidence, physicians can gain confidence and may be more likely to recommend
IF to their patients. IF is easily assessable and affordable compared to other interventions.
Since T2DM is a chronic condition, it requires a chronic prophylactic and cure, and future
studies involving IF might demonstrate it to practically and effectively function as both.
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Abstract: Alexithymia is the inability to describe one’s own feelings and is being increasingly
researched. According to contemporary psychodynamic theories, negative emotions cannot be
adequately named and externalized, but remain trapped in the body. Recent research shows the
connection of alexithymia with numerous somatic diseases. Diabetes mellitus type 2 and obesity
represent great challenges in treatment, and the psychological profiles in these diseases are being
studied more and more often. Therefore, alexithymia enters the focus of some research as a factor
that could play a significant role in these diseases, namely as the one that makes a difference. The aim
of this paper is a review of the literature with the purpose of understanding the current knowledge
about the interconnection between alexithymia, obesity and type 2 diabetes mellitus.

Keywords: alexithymia; obesity; diabetes mellitus type 2; psychodynamic psychotherapy

1. Introduction

Alexithymia is a psychological term used to describe a personality trait or psycho-
logical construct characterized by difficulties in identifying, describing, and expressing
one’s emotions. People with alexithymia have trouble understanding and verbalizing their
own emotional experiences and recognizing emotions in others. The term was first coined
in 1970s [1], meaning “no words for emotions”. It is characterized by restricted imaginal
processes, difficulties in recognizing and identifying subjective feelings and describing
them to others. Another key feature is an externally orientated cognitive style which causes
individuals to rely on external stimuli or behaviors to regulate their emotions rather than
internally processing and understanding their emotional experiences. In addition to this,
emotional apathy is often present, causing alexithymic individuals to appear emotionally
distant or indifferent to others because of their difficulties in understanding and express-
ing emotions. It is considered a stable personality factor, that varies in intensity among
individuals. It is important to highlight that having alexithymia does not mean that a
person lacks emotions altogether; instead, they experience emotions differently and find it
challenging to articulate and understand them in a typical way. Although it is not classi-
fied as a mental disorder itself, it is often associated with other psychological conditions
and medical conditions, such as depression, anxiety, and eating disorders, making it an
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important treatment target as it is related to poorer treatment outcomes [1]. Obesity, a
medical condition characterized by excessive body fat accumulation and defined as Body
Mass Index (BMI) ≥ 30 kg/m2, is not strictly considered an eating disorder, yet some stud-
ies have found a positive correlation between obesity and alexithymia [2]. Apart from
alexithymia as a psychological factor, obesity is also characterized by genetic, biological,
social, cultural, and environmental factors, making it one of the biggest public health
concerns nowadays, due to its multidimensionality and growing prevalence [2]. As such, it
significantly affects the latter development of cardiovascular diseases and diabetes. In this
paper, we explore the current literature on the impact of alexithymia as an independent
factor in the development and outcome prediction of obesity and DM type 2.

2. Materials and Methods

Our primary focus in writing this paper was to find the correlation between type 2
diabetes mellitus and alexithymia and how they are interconnected. We conducted our
research by analyzing the literature on PubMed, concentrating on studies which spoke
about our topics of interest. Our inclusion criteria were following. We searched only
articles that are in English language. There was no strict time limit for the papers that
are included, but mainly we focused on recent studies. On the other hand, we have not
rejected all the older studies, so we included all the studies that three authors (FM, TG,
EP) found relevant. The process of that deciding was through in-person and telephone
meetings and discussing the literature that we found. What was considered relevant was
based on our research experience and looking into research methodology and the number
of participants. Searching the literature, we found that phenomena like emotional eating
and binge eating disorders in most cases link diabetic and alexithymic patients. We also
included a summary table (Table 1) in our paper that presents findings from different study
groups regarding the relationship between alexithymia and obesity. The table provides
insights from various studies, showcasing the diverse results observed in different research
contexts. Moreover, in Table 2 the varied relationships between alexithymia and T2DM are
presented and summarized, including the findings of the studies which we observed.

3. The Complex Relationship between Alexithymia and Obesity

The underlying mechanisms connecting alexithymia and obesity are complex and
not fully understood, but several factors may contribute to this relationship. One of
the most important ones is emotional eating. Alexithymic individuals may struggle to
recognize and cope with their emotions, leading them to use food as a way to manage
their feelings. Emotional eating can lead to overeating and contribute to weight gain and
obesity. This finding is in perfect accordance with the addiction theory developed by
McDougal, which explains the function of acting, in this case eating, as a way of avoiding
psychic work—which in alexithymic individuals includes processing emotions [3]. Some
studies have suggested that alexithymia may be linked to impulsive behaviors, including
impulsive eating patterns. This impulsivity can lead to a lack of self-control and overeating,
contributing to weight gain. Stress plays another significant role in the relationship between
these conditions, especially as it is becoming deep-rooted phenomenon in people’s lives.
As alexithymia is associated with difficulties in managing stress and negative emotions,
individuals with this trait may be more prone to experiencing chronic stress, which can
lead to unhealthy eating habits and significant weight gain over time. Another possibility
upon which has been argued is the fact that alexithymic individuals may have a limited
awareness of their physical and emotional states, including hunger and fullness cues. This
lack of self-awareness can lead to overeating and difficulties in maintaining a healthy
weight. Finally, since alexithymic individuals present with significantly reduced motivation
for weight loss and thus difficulty in engaging in weight loss efforts, the entire process of
weight reduction therapy is more challenging for them. It is important to note that not all
individuals with alexithymia will experience obesity, and not all obese individuals will
have alexithymia. The relationship between these factors is, as already mentioned, still an
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area of ongoing research, and individual differences play a significant role in how these
traits manifest. Many studies on this topic conclude that alexithymia only exists in people
with obesity, with other psychological characteristics (e.g., eating disorders), but rarely
in patients with no mental health issues. Different hypotheses may explain the strong
correlation between alexithymia and mental illness. The first one considers alexithymia
to be a primary personality psychological factor, thus highly correlated to mental health
problems, in particular depression, anxiety and binge eating. In that context, alexithymia,
through a facilitating role in endangering mental health, results in emotional eating, which
is involved in weight gain and inadequate weight loss in obese subjects. On the other hand,
alexithymia could be a “secondary trait”, in this manner presenting itself with the difficulty
to identify and describe feelings in a response to a certain event where, e.g., depression
or anxiety is a primary condition [4]. These findings collectively suggest that there may
be a complex relationship between alexithymia and obesity. While some studies found
positive correlations between alexithymia and body weight, others found associations with
emotional eating, depression, and different facets of emotional processing (Table 1).

Table 1. This table offers an overview of different study groups and their findings regarding the
relationship between alexithymia and obesity.

Study Group Results

Troisi et al. (2001) [5] No significant association between BMI and TAS total score
was found.

Pinaqui et al. (2003) [3] Alexithymia was the predictor of emotional eating in
population of obese women suffering from BED.

Zak-Golab et al. (2013) [6] Higher BMI was associated with severe depression symptoms,
but not alexithymia.

Pinna et al. (2011) [4]

Alexithymia was significantly more frequent among obese
patients compared to controls with normal BMI, with this

group of obese subjects achieving higher mean scores on TAS.
BED was associated with a significantly higher frequency of

alexithymic traits and higher TAS scores.

Fernandes et al. (2017) [7]

Meta-analyses of 31 studies comparing emotional processing
in individuals with obesity demonstrated that obese

individuals had higher scores of alexithymia, difficulty in
identifying feelings, and externally oriented thinking style,

when compared with control groups.

C. Di Monte et al. (2020) [2] A significant positive correlation between alexithymia level,
measured with TSIA scale, and body weight was found.

TSIA—Toronto Structured Interview for Alexithymia; BED—binge eating disorder; BMI—Body Mass Index,
TAS—Toronto Alexithymia Scale.

It is important to note that the relationship between these factors may vary among
different populations and individuals. Further research may be needed to better understand
the mechanisms and implications of this relationship.

4. The Importance of an Adequate Assessment Tool for Alexithymia

It is worth noting that in all these studies, alexithymia was assessed using a self-
report instrument, the 20-item Toronto Alexithymia Scale (TAS-20), the most widely used
instrument to assess alexithymia. The TAS-20, as a self-report test, shows some limitations.
One of them is the fact that some individuals may not be able to properly rate their deficits in
emotional awareness through the form of a self-report measure. Moreover, reduced fantasy
and imaginal thinking, which are both distinctive features of the alexithymia construct,
are not taken into consideration in TAS-20. To beat these limitations, a new instrument
for alexithymia assessment, the Toronto Structured Interview for Alexithymia (TSIA) was
developed. It consists of four subscales which correlate with four predominant aspects of
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alexithymia construct: difficulty in identifying feelings, difficulty in describing feelings,
externally orientated thinking, and imaginal processes. This assessment proved to be better
because it is the interviewer who applies a score to each of these aspects, thus avoiding
self-evaluation bias. Furthermore, a complete set of prompts and probes is asked in each
question, leading to more precise comprehension of the meaning of the given responses.
Therefore, TSIA presents as a more sensitive assessment tool for alexithymia, and many
researchers advocate for the implementation of TSIA in everyday practice, underlining the
importance of a multimethod assessment for the evaluation of alexithymia [2].

5. How Alexithymia Influences Coping with Diabetes Mellitus Type 2

Alexithymia further represents a complex construct that goes beyond the basic def-
inition of the mere inability to describe one’s own emotions, but rather predicts how an
individual experience himself and his emotions, as well as the world around him, and
speaks of a lack of the possibility of symbolism, which will mean that these patients tend to
focus on concrete topics [8,9]. If these patients are inclined to a concrete, non-phantasmatic
interpretation of internal and external reality and then we may consider alexithymia to be
very pronounced [8,10]. Diabetes mellitus type 2 represents a very demanding and difficult
diagnosis regarding the importance of discipline not only when taking medication, but
also maintaining a healthy lifestyle. Thus, a person with diabetes mellitus type 2 must
pay attention to the therapy regimen, caloric intake, and qualitative food intake, if on
insulin therapy, have the necessary equipment in every situation, pay attention to foot
care, etc. [11,12]. Eating represents a very essential and important sociocultural role, and
such a level of engagement with one’s own illness certainly makes an individual tired
and frustrated after a while and can lead to some mental health problems [13,14]. Also,
things like continuous glucose monitor implants facilitate disease control and comfort,
which is still relatively challenging in Croatia [15]. However, CGM implants still change
the external appearance and the patient may feel different, ashamed or stigmatized, which
can also be a problem for a certain number of patients. A person with diabetes mellitus can
thus find her/himself in a rather unfavorable position. It should be noted that for some
people, food represents a certain type of escape from reality and comfort. It can also be
present with symptoms associated with atypical depression [9,16], but for some people,
food also represents a small joy during the day, such as eating something sweet (a cake
or the like). A person with diabetes mellitus type 2 must also pay attention to this. This
alone brings us to the very important concept of one’s own awareness and reaction to the
disease and the recognition of one’s own emotions and conditions related to the reaction to
a disease such as diabetes mellitus. Alexithymia in patients with diabetes mellitus has been
investigated for some time, but the results and conclusions are still sometimes contradictory
and the discussion about the exact connection and causal effect is still being investigated.
Melin et al., 2017, in a study comparing patients with DM type 1 and 2, reported that
depression is strongly associated with alexithymia in patients with DM type 2 and that this
is attributable to features of atypical depression since other results indicated no association
with anxiety and elevated levels secretion of cortisol. Furthermore, their results indicate
that people with DM type 2 and depressive symptoms also have a high prevalence of
obesity [9]. Friedman et al. found that alexithymia is associated with depression in type
1 DM patients as well [17]. In 2021, Dincer et al. published a paper in which during
2020 (the pandemic period) they studied the connection between alexithymia, depressive
symptoms, and changes in sexual behavior in patients with DM type 2, and their results
show that after diabetes, 83.3% of patients had impaired sexual functioning, which could
be associated with high levels of depressive and anxiety symptoms, especially during a
pandemic, and alexithymia stands out as a possible connection [12]. Our team’s research
from 2021 revealed that approximately one third of obese patients have sexual dysfunction
and that this association is more pronounced in female obese patients, as well as those who
have more pronounced anxiety and depressive symptoms [18]. All of the above indicates
that difficulties in sexual functioning could be related to depressive symptoms in patients
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with DM type 2 and obesity, where alexithymia could play a significant role, which is still
insufficiently defined. The connection between cognition and alexithymia is increasingly
being investigated, including in patients with DM type 2. Hintistan et al., 2013, in patients
with DM type 2 older than 60 years without a psychiatric diagnosis, found the presence of
alexithymia in 75.8% of patients, and the association was not related to professional status
or level of education. Furthermore, other studies also question whether alexithymia is only
a consequence of a certain cognitive deficit, especially in patients with obesity and DM
type 2 [11,19,20]. Martino et al. note in their review that the prevalence of alexithymia in
patients with DM type 2 ranges from 25 to 50% which is noteworthy as they found that
alexithymia is a predictor of poor glycemic control. They hypothesize that poor awareness
of bodily sensations in alexithymic patents negatively impacts coping strategies in the
management of DM type 2 in both self-care and disease knowledge. They also highlight
how patients with alexithymia may be less prone to recognize their illness and seriously
follow their doctors’ instructions. On the other hand, they explain that poor glycemic
control might negatively impact cognitive and emotional processing, resulting in greater
alexithymia levels overall, which might explain the increased hospitalization rates some
studies found in patients, with those studies finding a correlation between alexithymia
and diabetes. Martino et al. also note the correlation of alexithymia with depression and
anxiety which might prevent the patient making sense of the illness without adequate
psychotherapeutic intervention [14]. Lemche et al. conducted a study exploring the con-
nection between alexithymic symptoms in patients with metabolic syndrome and those
patients developing DM type 2. They found that alexithymia severity is a predictor of DM
type 2 in patients with metabolic syndrome as well as that alexithymia statistically signif-
icantly predicts other indicators of obesity like BMI and waist girth and risk factors like
dyslipidemia, hypertension, and microalbuminuria, all relevant biomarkers in long-term
outcomes in metabolic syndrome patients [21]. These findings collectively highlight the
potential relationship between alexithymia and T2DM, as well as their impact on glycemic
control and emotional well-being. However, it is important to note that research in this
area may vary in terms of study populations and methodologies, and more research may
be needed to further understand the complex interactions between alexithymia, T2DM,
and related factors. (Table 2).

Table 2. This table summarizes findings from various studies regarding the relationship between
alexithymia and type 2 diabetes mellitus (T2DM), as well as their potential impact on glycemic control
and related factors.

Study Results

Melin et al. (2017) [9] Depression was associated with alexithymia in T2DM patients

Luca et al. (2014) [13] Alexithymic patients presented higher HBA1c levels
compared to non-alexithymic ones

Martino et al. (2020) [14] Patients with T2DM reflected greater values of alexithymia

Avci et al. (2016) [16] Alexithymia was 2.09 times higher among T2DM patients
who had HbA1c ≥ 7%

Friedman et al. (2003) [17] Alexithymia is not correlated with glycemic control

Lemche et al. (2014) [21] Alexithymia is a substantial indicator of T2DM and
cardiovascular risks in patients with metabolic syndrome

Celik et al. (2022) [22]
The majority of T2DM patients showed signs of alexithymia
and positive relationship between HBA1c and alexithymia

score was found
T2DM—type 2 diabetes mellitus.

A cross-sectional study by Avci and Kelleci, which enrolled 326 DM2 patients (37.3%
determined to have alexithymia), reported that alexithymia was 2.09 times higher among
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those who had worse glycaemia control (HbA1c ≥ 7.0% vs. <7.0% group), as well as 3.77
and 2.57 times higher for those in whom anxiety (≥11 vs. ≤10) and depression (≥8 vs. ≤7)
were more expressed, respectively. The latter is obviously an interesting finding; however,
the obtained results should be interpreted accordingly bearing in mind the study methodol-
ogy [16]. What is more, as per Luca et al. data, alexithymia more than depression influenced
glycemic control, and HbA1c was only significantly associated (logistic regression), with
alexithymia and insulin therapy, which clearly highlights the importance of this topic [13].
To deduce, a well-summarized body of the literature within the Martino et al. systematic
review revealed a strong correlation between alexithymia, HbA1c and fasting blood glucose
levels: 0.75 and 0.77 (for TAS-20 total scores), respectively. Also, significantly higher levels
of HbA1c and blood glucose were present among alexithymic (25–50% of DM2 population
in general) compared to the non-alexithymic participants [14]. To the best of our knowl-
edge, there are no RCT designs yet, so we can only talk on association, but not on causality.
However, we can speculate that improving glycemic control, and decreasing anxiety and
depression levels, might result in better alexithymia control, and vice versa. All things
considered, it is evident that management of patients living with DM2 should be arranged
to include psychopathological alterations screening and mental health care services for
those at risk in order to improve both DM2 control as well as quality of life [14,23]. On the
other hand, well-management of alexithymia is a cornerstone for improving the psychiatric
treatment outcomes in general also [24,25]; thus, it can be seen as a strong ‘knot’ within
the DM2–psychiatry vicious circle. To clarify, alexithymia is implicated in a wide variety
of psychological problems (depression and schizophrenia), emotional deficits in autism
spectrum disorder, suicidality, increased psychosomatic complaints, and elevated mortality
rates; thus, achieving optimal/rational and personalized antidepressant, antipsychotic,
mood stabilizer, and anxiolytic prescribing (alongside cognitive-behavioral therapy and
psychodynamic therapy) is a hard, but indispensable task for clinicians working with
patients in such a setting [26]. Simultaneously, it is of utmost importance to choose an
optimal antihyperglycemic therapeutic approach (always, but especially in alexithymic
patients), bearing in mind the efficacy/effectiveness, safety profile, comorbidity profile
(both potential benefits and harms), as well as medication adherence rates, and costs [27]. A
recent meta-analysis by Pei et al. 2022 [28] aimed to explore the prevalence of alexithymia
in T2DM patients and its implications. The analysis found a high prevalence of alexithymia
in T2DM patients, with 43.0% of individuals affected, which was much higher than the
general population (12.8%), which suggests that a significant proportion of T2DM patients
are at risk of developing alexithymic traits. It should be noted that most studies excluded
individuals with pre-existing psychiatric disorders. The analysis highlighted the potential
impact of alexithymia on glycemic control, as patients with alexithymia may struggle to
recognize bodily sensations, leading to poorer disease management. Conversely, poor
glycemic control may exacerbate alexithymia due to vascular and neural effects of T2DM.
The study noted differences in alexithymia prevalence between China and non-China
populations which was likely influenced by cultural, religious, and socio-demographic
factors, and it should be noted that the majority of studies originated from China, which
means more research on this topic may further elaborate this phenomenon. The authors
highlight the importance of screening T2DM patients for alexithymia and raising awareness
of the condition among healthcare professionals. The study also notes that most studies
use self-report questionnaires for alexithymia assessment, which may limit the accuracy of
current research.

6. Ways to Fight Alexithymia and Diabetes Mellitus Type 2

When we discuss the therapeutic options for patients with pronounced alexithymia, it
is important to think about how we will consider alexithymia. This points us to the fact
that alexithymia is probably not an entity in itself, but a phenomenon that most likely
occurs either as a symptom or even more likely as some kind of personality trait [24,29,30].
However, it is clearly present in a large proportion of patients, as our review of the literature
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shows. Managing obesity and type 2 diabetes mellitus (T2DM) through psychotherapy
can be a valuable component of a comprehensive treatment plan. Psychotherapy can
address various psychological and emotional factors that contribute to these conditions,
helping individuals make sustainable lifestyle changes, manage stress, and improve over-
all well-being. There are various types of psychotherapy which have been shown to be
helpful in coping with obesity and TD2M. Psychodynamic psychotherapy stands out as a
therapeutic option. Modern psychodynamic therapy primary concentrates on enhancing
self-awareness, through which an individual can achieve a higher level of self-control,
leading to improved decision making regarding diet and exercise. It aims to call into the
preconscious and conscious an unconscious part of the self that is inhibited by the outer
armor, that is, the part from which the inner world of the psyche defends itself, mainly
through various defense mechanisms. However, with psychodynamic psychotherapy, it
is possible to change the personality level and thus empower the person to abandon the
alexithymic pattern [24,29,31]. Furthermore, group psychotherapy, as well as support-
ive therapy in general, also shows positive therapeutic effects [30], although in general,
alexithymia is associated with a minor recovery of psychological symptoms [32]. It is
sometimes stated that difficulties in expressing emotions and verbalizing them are the
most resistant and least responsive symptom, but that other domains respond better to
psychodynamic psychotherapy [29,32]. It was also shown that group therapy or family
therapy provides social support, reducing feelings of isolation and increasing motivation.
Motivational interviewing techniques also proved effective in finding internal motivation
for adopting healthier behaviors. Another therapy worth mentioning is mindfulness-based
therapy which through mindful eating techniques promotes awareness of eating habits,
making individuals more conscious of portion sizes and food choices. In addition to this,
mindfulness meditation can reduce stress, which is beneficial for both weight management
and glycemic control. Creative therapies such as drama, music, and art could also be taken
in consideration when discussing treatment options of alexithymic patients. Engaging
in creative activities can help individuals express emotions indirectly. Creative therapies
provide non-verbal outlets for emotional expression, making it easier for some individuals
to explore their feelings and therefore fight alexithymia. Cognitive-behavioral therapy
(CBT) can be helpful in management of both stress and cravings management as it teaches
stress reduction techniques, reducing the likelihood of stress-induced eating. Moreover, it
can influence changes in behavioral patterns and therefore help individuals identify and
change behaviors related to overeating, emotional eating and sedentary lifestyle. When
we talk about patients with DM type 2 and the pharmacological therapy to which they
have been exposed, the studies available to date have not determined a difference in the
alexithymic status with regard to the exposed therapy (in the sense of a difference depend-
ing on whether the patient is on insulin therapy, oral antidiabetic drugs, or diet) [13,14,16].
What is considered important is certainly to be aware of the severity of diseases such as
DM type 2 and obesity, and to be aware of one’s own reaction to the disease and to act
accordingly, accepting one’s own weakness and vulnerability, since the acceptance of any
disease is also a process, especially when it is a disease that requires a lot of commitment
and lifestyle control, which DM type 2 and obesity certainly are.

7. Conclusions

The spread of obesity and diabetes mellitus type 2 today is very high and worrisome,
and since these are diseases that, in addition to pharmacological treatment methods, also
require lifestyle changes, the study of psychological factors certainly contributes to a better
knowledge of the entities themselves and the creation of an environment that would be
supportive for people with the mentioned diseases. Studying alexithymia as a factor
that makes a difference in these diseases can significantly explain some of the mentioned
phenomena. Further well-designed studies that would explain the role of alexithymia in
patients with obesity and type 2 diabetes mellitus in more detail are definitely needed.
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Abstract: Medication adherence (MA) is a major problem. On average 50% of chronic disease
management medications are not taken as prescribed While digital healthcare tools like mobile apps
offer benefits such as informative messages and prescription management, they must be personalized
and offer support across all medication phases to effectively address individual patient factors and
optimize adherence, with room for further improvements. This scoping review examined the impact
of digital health technologies on MA in adults with diabetes as well as their benefits and barriers.
Using PubMed and Scopus databases, 11 out of 385 studies (2.86%) from January 2017 to August 2023
met the criteria for digital health interventions in diabetes MA, assessed through the Chronic Care
Model. The Chronic Care Model (CCM) is a patient-centered, evidence-based framework designed
to improve the care and outcomes for chronic illness patients, consisting of six core elements and
enhanced by eHealth tools that facilitate self-management and support through digital innovations.
The results demonstrate the effectiveness of digital health technology in improving medication
adherence among adults with diabetes. Specific digital interventions, including mobile apps like
Gather and Medisafe, SMS text messaging, telemonitoring, and tailored care management have
demonstrated effectiveness in enhancing MA. These interventions have shown positive outcomes,
including enhanced glycemic control and increased patient engagement. Some of the limitations,
which these technologies face, are the poor usability, digital illiteracy among the patients, low rates
of sustainability and low accessibility among the elderly population. Digital health technology
shows promise in enhancing medication adherence among adults with diabetes, as revealed in this
scoping review. However, ongoing research is necessary to fine-tune these interventions for improved
outcomes and the overall well-being of individuals with diabetes. Additional improvement of the
technologies and adaptation to the diverse population might be a good field for exploration.

Keywords: digital health; diabetes; medication adherence

1. Introduction

Chronic diseases are the epidemic of twenty-first century. They are common, costly
and some of them could be prevented. Primary care providers are looking for new and
innovative approaches to prevent chronic diseases. The MedTech industry has been work-
ing intensively during the recent years to benefit healthcare with advanced technological
solutions. Electronic solutions help patients and physicians in many areas, by controlling
physiological indicators, monitoring patient status, improving dosage, enhancing adher-
ence. Self-management, as an important part of chronic illness prevention and management
has to include different techniques as this occurs outside the primary healthcare provider.
Creating tools to help the individual develop life skills to support self-management will
lead to improving the patient outcomes [1].

The Ascertaining Barriers to Compliance (ABC) taxonomy was developed with the
aim of systematizing definitions and operationalizations of medication adherence [2].

Diabetology 2023, 4, 465–480. https://doi.org/10.3390/diabetology4040040 https://www.mdpi.com/journal/diabetology
137



Diabetology 2023, 4

Medication adherence is the procedure through which patients follow their prescribed
medication regimens. It can be broken down into three measurable phases as follows:
“Initiation”, “Implementation”, and “Discontinuation” [3]. Medication adherence refers
to patients following the prescribed medication’s timing, dosage, and frequency, which
hinges on their understanding of their health condition and collaboration with healthcare
providers [4]. The significance of adhering to medication has been acknowledged for a
while, yet it was only about 50 years ago that it started receiving proper attention in clinical
settings. Originally referred to as “compliance with therapeutic regimen,” the concept
evolved to “adherence to medication” to emphasize the patient’s more active role [5].
Over time, it was realized that non-adherence stems from intentional and unintentional
factors [6]. Implementing the medication adherence concept is delicate; identifying and
addressing non-adherence is crucial for enhancing treatment. However, labeling patients
as non-adherent doesn’t effectively improve adherence rates [4].

Lack of medication adherence (MA) is a common problem, which endangers the
effectiveness of healthcare systems. The collaboration of the patients in taking the pre-
scribed medications is highly important for reaching the desired clinical outcomes. While
most healthcare systems are able to provide accessible and efficacy medications, the non-
compliance remains high [6].

In the International Diabetes Federation (IDF) diabetes Atlas states that 537 million
adults (20–79 years) are living with diabetes (1 in 10 persons) and that it is expected to rise
to 643 million by 2030 and 783 million by 2045. In Europe 61 million adults are living with
diabetes (1 in 11 persons) with the expectation that this number will rise to 67 million by
2030 and 69 million by 2045 [7].

The percentage of diabetic patients who adhere accurately to prescribed oral hypo-
glycemic therapy varies significantly. Depending on factors like the studied population,
treatment plan, and measurement method, the high adherence group can range from
38.5% to 93.1% of patients [8]. Several factors influence how well patients with T2DM
stick to their medication regimen. The most consistent obstacles to treatment adherence
for this condition involve the patient (such as depression and understanding of the dis-
ease and treatment), the treatment itself (including experiencing adverse reactions and
the complexity of therapy), and the healthcare system (like difficulties in access and high
medication costs) [9].

In cases of type 2 diabetes mellitus (T2DM), not taking medication regularly or follow-
ing the correct schedule harms patients’ health. It also raises healthcare costs due to poor
control, more medical visits, higher expenses, and increased mortality. Ultimately, it leads
to higher outpatient, ER, and hospitalization costs for T2D complications [10–13].

A systematic review conducted by Cheen and colleagues [14] showed a pooled primary
medication non-adherence (PMN) rate of 10% for diabetes mellitus patients, and 12%
and 14% for depression and asthma, respectively, which are the lowest compared to
25–43% for newly diagnosed patients with osteoporosis. The lower non-adherence of these
patients is a result of the symptoms that are visible after non-compliance to the medication
regimen [14]. In a study tracking over 11,000 veterans with T2D for at least 5 years,
poor medication adherence (with medication possession ratio <80%) was significantly
associated with inadequate glycemic control [15]. According to the National Health and
Wellness Survey involving 1198 patients with T2D, each 1-point decrease in self-reported
medication adherence (using the Morisky Medication Adherence Scale) correlated with a
0.21% increase in HbA1c, and increases of 4.6%, 20.4%, and 20.9% in physician visits, ER
visits, and hospitalizations respectively [16].

Significantly, poor medication adherence in type 2 diabetes (T2D) has also been tied to
higher mortality rates [13]. Similarly, Ho et al. found a significant connection between poor
medication adherence in T2D and all-cause mortality over time [17].

Simple changes in the lifestyle of individuals could prevent type 2 diabetes. Early
diagnosis and prevention could improve the results of the pre-diabetic population. Letting
individuals have control over their health and support the self-management of the health
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with new technologies, would lead not only to the prevention of diabetes but also improve
the quality of life [5].

The purpose of this narrative review is to search for evidence for the benefits of the
digital health technologies used to improve medication adherence in adults with diabetes.
The following questions were asked to guide the review:

1. Is there evidence that digital health technologies improve medication adherence in
adults with diabetes?

2. What are the benefits and barriers of the digital health technology for medication
adherence when used by adult patients with diabetes?

2. Materials and Methods

This scoping review follows five stages: (1) problem identification, (2) literature search,
(3) data evaluation, (4) data analysis, and (5) presentation [18]. A literature search was
conducted to find relevant studies published from January 2017 to August 2023.

One researcher conducted the search using: PubMed and Scopus. A combination of
keywords was used, including “digital”, “technology”, “health”, “diabetes”, “medication”,
and “adherence”.

For inclusion in this review, studies were required to explore a digital health technol-
ogy intervention for medication adherence among patients with diabetes mellitus. The
inclusion criteria encompassed the following: (1) randomized controlled trials (RCTs) that
were peer-reviewed and conducted in English language, employing quasi-experimental,
observational, or qualitative designs; (2) studies that involved digital health interventions
aimed at enhancing adherence to prescribed medications among individuals aged 18 years
or older; and (3) studies that specifically concentrated on diabetes type 1 and T2D.

On the other hand, studies were excluded if they met the following criteria: (1) lack of
data regarding medication adherence; or (2) were classified as pilot studies. The process
involved evaluating titles and abstracts to determine their relevance. Then, the selected
studies were reviewed as full text publications.

In this scoping review, the Chronic Care Model (CCM) was employed to assess the
utilization of digital health technology for enhancing medication adherence in diabetes.
The MA interventions were categorized according to the CCM. We categorized the various
MA interventions based on the components of the CCM. This aligned each intervention
with the relevant CCM elements.

The Chronic Care Model (CCM) (Table 1) is a well-established framework focused
on compassionate care for chronic illness patients. It emphasizes improving functionality
and clinical outcomes. This patient-centered, evidence-based framework aims to reshape
outpatient care and enhance healthcare results for those with chronic conditions [19–23].

Table 1. Chronic Care Model components and descriptions.

Chronic Care Model Components Description

Self-management support To empower patients to manage their health
and cope with their condition.

Decision support To promote clinical care that is consistent with
scientific evidence and patient preferences.

Clinical information systems To organize patient and population data to
facilitate efficient and effective care.

Delivery system design To ensure that care is coordinated, proactive,
and patient-centered.

Community support To mobilize community resources to meet the
needs of patients.

Health systems To create a culture and organization that
promote high-quality care.
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The Chronic Care Model consists of six core elements: health system or organization
(HSHO), clinical information systems (CIS), decision support (DS), delivery system design (DSD),
self-management support (SMS), and community resources for patients (CORP) [20,21,24].

The eHealth-enhanced CCM (eCCM) integrates digital health tools into chronic con-
dition self-management. It assesses digital health innovations, extending beyond the
traditional CCM by including eHealth tools and a broader definition of eCommunity,
which covers various digital health support and education. The CCM and eCCM are
interconnected, emphasizing the importance of eHealth [19].

Each digital technology for MA used in patients with diabetes was analyzed from the
perspective of the CCM.

3. Results

3.1. Overview

Of the 385 abstracts, 11 articles (2.86%) that used a digital health intervention to
promote medication adherence to prescribed medications for diabetes were selected in
full text (Appendix A) and evaluated with the Chronic Care Model (see Table 2). Studies
included eight RCTs, and three observational studies. Two studies were conducted in
the USA, two in India, two in Spain, one in the United Kingdom, one in China, one in
Singapore, one in Saudi Arabia, one in the United Arab Emirates. Medication adherence
findings for the intervention and data extraction categories, including the study objective,
design, sample, intervention length, and participant age, are included in Appendix A.

Strategies used to improve medication adherence included three primary approaches:
SMS text messaging, telemonitoring and/or tailored care management, and web-based
software. The subheadings in this section under “Utilization of the Chronic Care Model”
consist of progressively interdependent components of the Chronic Care Model that in-
fluence patient-centered, evidence-based care and are designed to improve health out-
comes by changing the routine delivery of care (ie, self-management support, decision
support, clinical information systems, delivery system design, community support, and
health systems) [25].

The examined research papers are shown in Appendix A, aiming to classify results
according to components of the CCM, facilitating an evaluation of digital health interven-
tions’ impact on medication adherence. A summary of CCM elements used in each study
is outlined in Table 2 [26–36].

Table 2. Chronic Care Model applied to studies.

Study Author, Year
Self-

Management
Decision
Support

Clinical
Information

Systems

Delivery System
Design

Community
Support

Kleinman, N.J. et al., 2017 [26] X X

Huang, Z. et al., 2019 [27] X

Xu, R. et al., 2020 [28] X

Omar, M.A. et al., 2020 [29] X

Almer, A. et al., 2020 [30] X

Shamanna, P. et al., 2020 [31] X

Katz, L.B. et al., 2022 [32] X

Lee, E.Y. et al., 2022 [33] X

Orozco-Beltrán, D.,
Morales, C. et al., 2022 [34] X X

Al-Mutairi, A.M. et al., 2023 [35] X

Heald, A.H. et al., 2023 [36] X
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3.2. Utilization of the Chronic Care Model
3.2.1. Self-Management

The objective of self-management support is to educate patients and families, provid-
ing training and health-related guidance to encourage self-care [25]. Additionally, the elec-
tronic Chronic Care Model (eCCM) introduces 24/7 accessibility, convenience, reminders,
and notifications [19]. In a study conducted by Kleinman and colleagues [26], a m-Health
app—Gather was found to improve medication adherence (39.0% vs. 12.8%;) and increase
frequency of blood glucose (BG) self-testing (39.0% vs. 10.3%). The Gather m-Health
platform offers a solution for individuals with diabetes, aiding in self-management and
results in enhanced diabetes self-management [26]. In study by Huang and colleagues [27],
the Medisafe app was evaluated and showed that the reduced obstacles to medication
adherence in the intervention group. Although no improvement in HbA1c levels was
observed, the app facilitated self-management and support in medication management,
and it is likely to result in short-term enhancements in medication adherence [27]. In a
study conducted by Alamer and colleagues [30], one-way automated SMS (OASMS) was
assessed to study the effects of diabetes self-care messages delivered through non-tailored
one-way automated SMS (OASMS) on managing blood sugar levels in type 2 diabetes).
The study results revealed that the baseline HbA1c values were 10.2% in the intervention
group vs. 9.9% in the control group. When adjusting for baseline HbA1c levels and age
using an ANCOVA model, it was estimated that there was a reduction in HbA1c of −0.97%
in favor of the intervention group. The study demonstrated the feasibility of using SMS
for self-care messages in managing blood sugar levels, which again showed short-term
improvement [29]. Similarly, RCT conducted by Katz and colleagues [32], aimed to show-
case the effectiveness of the OneTouch (OT) Verio Flex glucose meter when used along
with a Spanish-language version of the OT Reveal mobile app. The goal was to enhance
diabetes care and enhance blood sugar control within an underserved Hispanic population
dealing with type 2 diabetes. Over a period of 12 weeks, the individuals in the test group
experienced a notable average decrease in A1C levels of 1.0%, which was considerably
larger than the reduction seen in the control group). This improvement in A1C persisted
during the following 12 weeks as well. Even those who switched to using the meter and
mobile app showed significant enhancements in A1C. The intervention enhanced diabetes
care, blood sugar control, and self-management within an underserved Hispanic popula-
tion [32]. Another study conducted by Lee and colleagues [33] evaluated the impact of a
mobile application that is integrated with an electronic medical record system, designed
for personalized diabetes self-management. The focus of the assessment was on how this
app affected glycemic control in individuals with type 2 diabetes mellitus, specifically in
terms of self-monitoring of blood glucose levels and making lifestyle adjustments. The
main measure of interest was the alteration in HbA1c levels after 26 weeks. Furthermore,
the study also examined self-confidence in managing diabetes, engagement in self-care
practices, and user satisfaction with the iCareD system after the intervention. The average
reduction in HbA1c levels showed a significant decrease in HbA1c levels post-intervention.
Furthermore, there was a substantial reduction in average blood glucose levels without an
increase in hypoglycemic events The app supported self-monitoring of blood glucose levels
and lifestyle adjustments, empowering individuals with type 2 diabetes [33]. Another study,
an ambispective study (retrospective and prospective) was conducted by Orozco-Beltrán
and colleagues [34] to examine how a home-based digital tool for patient empowerment
and communication, known as the DeMpower App, impacts metabolic control of individu-
als with inadequately controlled type 2 diabetes mellitus (T2DM) over a 54-week period.
The DeMpower app group showed a noticeable trend towards a higher proportion of
patients reaching the study’s glycemic target (46% vs. 18%). This trend became statistically
significant when considering the target of HbA1c ≤ 7.5% (64% vs. 24%) or HbA1c ≤ 8%
(85% vs. 53%). Additionally, improvements in other cardiovascular risk factors, medication
adherence, and satisfaction were observed as well. The app empowered individuals with
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inadequately controlled type 2 diabetes for better self-management [34]. Finally, Heald and
colleagues [36] conducted a RCT to assess how the Haelum app improved health outcomes
and patient quality of life among patients with T2D over a 6-month period as well as if the
app improved the patient’s engagement levels [36]. Over 6 months, the treatment group’s
average HbA1c dropped by −7.4%, while the control group only saw a 1.8% decrease.
Similarly, the treatment group’s average BMI decreased by −0.7%, whereas the control
group’s average BMI reduction was −0.2%. A greater percentage of the active treatment
group achieved reductions in both HbA1c and BMI compared to the control group. In terms
of HbA1c, 72.4% of the active treatment group lowered their levels, while only 41.5% of the
control group did Patients in the active treatment group also experienced an improvement
in self-measured quality of life (QoL), as indicated by an average increase of 0.0464 in
their EQ-5D-5L rating from pre-trial to post-trial. These results highlight that offering
personalized care plans, along with support and education through a mobile app, can lead
to reductions in HbA1c and BMI among individuals with T2D. The utilization of a patient
management app, coupled with tailored care plans, also contributed to an enhancement in
patient-reported quality of life (QoL) and engagement [36]. These studies emphasize the
contribution of using digital technologies to medication adherence and self-management,
key aspects of the Chronic Care Model in diabetes.

3.2.2. Decision Support

Decision support focuses on enhancing medical decision-making for healthcare
providers and patients, with the aim of granting access to up-to-date care guidelines
based on evidence [25]. Furthermore, eCCM covers topics like prompts and informational
cues [19]. A study conducted by Shamanna and colleagues [31], examined the difference in
hemoglobin A1c (HbA1c) in 64 patients with diabetes type 2 over a 3-month period using
the Twin Precision Nutrition (TPN) program. The TPN machine learning algorithm utilized
data from daily continuous glucose monitors (CGM) and food intake to offer personalized
recommendations. These guidelines aimed to help patients steer clear of foods that led
to spikes in blood glucose, suggesting alternatives that didn’t cause spikes. In the 90-day
follow-up, the program resulted in significant improvements in decision-making and
glycemic control. HbA1c levels decreased from 8.8% to 6.9%, weight decreased, and fasting
blood glucose levels improved. Physicians used the CGM data to make informed medica-
tion adjustments [31]. The ambispective study by Orozco-Beltrán and colleagues [34] for the
DeMpower app implies that utilizing home digital tools for patient empowerment could
have a meaningful impact on metabolic control. This app served as a home-based digital
tool for patient empowerment, offering decision support for individuals with inadequately
controlled type 2 diabetes. It helped patients make informed choices about their diabetes
management. The study suggested that using home digital tools, like the DeMpower app,
had a significant impact on metabolic control. This type of decision support is particularly
valuable during situations like the COVID-19 pandemic and within the context of digital
health advancements [34].

3.2.3. Clinical Information Systems

Clinical information systems serve the purpose of gathering, managing, and apply-
ing healthcare-related information, including patient registries and electronic medical
records [18]. Furthermore, eCCM highlights the creation of patient portals, utilization
of the Internet, mHealth, mobile phones, wearable devices, and patient health records [19].
Digital health technology enables potential integration of secure messaging, virtual appoint-
ments, remote monitoring with feedback, health risk assessment with feedback, prescription
refills, personalized interventions, and connections to community initiatives [37]. The RCT
conducted by Kleinman and colleagues [26], investigated the Gather app (m-Health diabetes
platform) and the impact on the clinical outcomes, patient-reported outcomes, patient and
provider satisfaction, and app usage. From the clinical information systems perspective of
the Chronic Care Model, the Gather app serves as a tool that enhances information flow
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and communication between patients and providers. It offers the potential to improve
access to high-quality care and empower patients to actively manage their condition. The
study’s positive outcomes suggest that such clinical information systems can contribute
significantly to effective chronic disease management. [26]. A retrospective study in Saudi
Arabia by Al-Mutari and colleagues [35] examined the impact of telemedicine on glycemic
control (measured by HbA1c levels) in patients with type 2 diabetes during a specific period,
particularly the COVID-19 lockdown. Telemedicine, as a component of clinical information
systems, played a critical role in maintaining patient care during challenging times like the
lockdown. It facilitated remote monitoring and communication between patients and health-
care providers, enabling the assessment of glycemic control. While the average HbA1c levels
increased slightly, the study highlighted that a significant proportion of patients (63.1%)
maintained or improved their glycemic control through telemedicine. The gender-based
differences in outcomes also suggested that tailoring telemedicine interventions based on
patient characteristics can be important. However, persistent elevated HbA1c levels in some
patients may indicate the influence of other factors beyond telemedicine, such as lifestyle
and comorbidities [35]. Both studies demonstrate the value of clinical information systems,
including mobile apps and telemedicine, in supporting chronic care management. These sys-
tems enhance information exchange, patient-provider interactions, and monitoring, aligning
with the Chronic Care Model’s emphasis on proactive, well-informed, and collaborative
care for chronic diseases like diabetes.

3.2.4. Delivery System Design

Delivery system design encompasses the significance of interdisciplinary clinical teams
and the cooperation between patients and multiple healthcare providers [25]. Bluetooth-
enabled devices and the utilization of chat, voice, and video communication enable the
healthcare team to offer many aspects similar to a conventional in-person appointment.
The incorporation of advanced technology offers an affordable and adaptable way to
complement formal healthcare practices [37]. Ran and colleagues [28], conducted a study
to evaluate the effectiveness of the EpxDiabetes automated phone calls or text messages as
an intervention for patients with type 2 diabetes. The study assessed patient engagement
and changes in HbA1c levels between the intervention group and the control group. The
study demonstrated that the EpxDiabetes intervention led to increased patient engagement,
with 58% of the intervention group actively responding to ≥25% of texts or calls over
4 weeks. This high level of engagement indicates that the delivery system design effectively
reached and involved patients in their diabetes management. The intervention group
showed an absolute reduction of 0.69% in HbA1c levels, particularly among patients with
a baseline HbA1c level greater than 8%, where there was a significant decrease of 1.17%. In
contrast, the control group had minimal HbA1c reductions. These findings highlight the
effectiveness of the EpxDiabetes intervention in improving clinical outcomes, especially for
patients with uncontrolled diabetes. The EpxDiabetes intervention’s success in reducing
HbA1c levels suggests that it promotes effective communication between patients and
healthcare providers. This aligns with the delivery system design aspect of the Chronic
Care Model, emphasizing the importance of well-organized, coordinated care delivery to
achieve positive outcomes. Overall, Ran and colleagues’ study showcases the value of
a delivery system designed to facilitate automated communication with patients. It not
only enhances patient engagement but also leads to significant improvements in clinical
outcomes, particularly for those with uncontrolled diabetes. This approach aligns well with
the Chronic Care Model’s emphasis on organized, proactive care delivery to effectively
manage chronic conditions [28].

3.2.5. Community Support

Community support connects patients to nearby resources and offers a chance for
organizational leaders to forge new connections and broaden their reach. Within the eCCM
framework, eHealth education is integrated as part of the eCommunity element, covering
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message training, health education, technology instruction, numeracy, literacy, usability, and
security [19]. In the randomized two-arm parallel interventional study conducted by Omar
and colleagues [29] over a 6-month period, a self-management education through social media
network application (i.e., WhatsApp) was assessed. The study aimed to evaluate how a patient-
centered diabetes education program, delivered via WhatsApp, influenced glycosylated
hemoglobin (HbA1c) levels. Additionally, the research aimed to examine whether there was
a correlation between health literacy, numeracy, and the outcomes of the intervention. This
study aligns with the community support aspect of the Chronic Care Model by leveraging a
social media network application (WhatsApp) to deliver diabetes self-management education.
WhatsApp serves as a digital platform that can foster community-like interactions among
participants. The use of WhatsApp for self-management education had a beneficial impact
on glycemic control, as evidenced by a 0.7% reduction in HbA1c levels on average. This
suggests that the intervention provided valuable support to individuals with diabetes in
managing their condition. One noteworthy aspect is that the positive influence of social media
on HbA1c levels remained consistent across patients with varying levels of health literacy and
numeracy skills. This implies that the intervention was accessible and inclusive, addressing
the needs of a diverse patient population. Overall, Omar et al.’s study demonstrates the
potential of leveraging digital platforms like WhatsApp to provide community support for
diabetes self-management. The positive impact on glycemic control, regardless of patients’
literacy and numeracy skills, emphasizes the value of such interventions within the Chronic
Care Model’s community support framework [29].

3.2.6. Health Systems

The healthcare system establishes a context where organizational initiatives enhance
patient care [25]. No studies were found that addressed the organization of healthcare and
health systems.

3.3. Benefits and Barriers of Medication Adherence by Digital Health Technology 2

The second aim of this review was to determine the benefits and barriers of MA
technology studied in adults with diabetes. Overall, the strongest benefit of digital health
technologies to measure medication adherence involves patient engagement in diabetes and
hypertension self-management through either one-way or two-way interactive reminders
or educational information. Barriers to digital health technology for medication adherence
in diabetes encompass limited smartphone access, staffing requirements, user engagement
challenges, HbA1c level improvements, holiday season disruptions, digital literacy gaps,
complex relationships between response rates and glucose levels, patient perceptions,
message burden, scalability issues, time-limited interventions, age-related differences,
one-way reminders, dietary maintenance difficulties, high costs, language and cultural
barriers, legal concerns, patient experience, information access, low literacy (especially in
the elderly), and training needs. The benefits and barriers are listed in Table 3.

Table 3. Benefits and barriers of digital health technology for medication adherence.

Study Author, Year
Digital Health
Technology

Benefits Barriers

Kleinman, N.J. et al., 2017 [26] Gather app (m-Health
diabetes platform)

• Improved medication adherence
and blood glucose testing

• Participants have high
satisfaction for all aspects of the
application

• The usage of smartphones is not
among all the population

• There should be an additional
staff member, whose
responsibilities will be to run the
system in the hospitals

• Users may become bored to
using the application within the
course of their treatment
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Table 3. Cont.

Study Author, Year
Digital Health
Technology

Benefits Barriers

Huang, Z. et al., 2019 [27] Medisafe app
• Improved medication adherence
• Physician advocacy
• Digital data collection

• No improvement in
HbA1c levels

• Holiday seasons impact
• Digital literacy and usability

Xu, R. et al., 2020 [28] EpxDiabetes

• Increased feeling of connection
between patient-healthcare
provider, which leads to better
adherence to the therapy

• Complex relationship between
response rate and fasting blood
glucose

• Patients’ perception of benefit
• Initial message burden before

the adjustments
• Scalability and

physician feedback

Omar, M.A. et al., 2020 [29]
Self-management
education through
WhatsApp

• Improved glycemic control
• Convenient access

to Information
• Effective communication
• Inclusivity (regardless

of literacy)
• Higher engagement

among younger
• Cost-effective
• Enhanced patient satisfaction

• Limited duration (6 months)
• Age-related differences

in response

Almer, A. et al., 2020 [30]
One-way automated
short message service
(OASMS)

• Reduction in HbA1c levels
• Simplicity in messaging strategy
• Potential impact on

diabetes self-care
• Enhanced patient satisfaction

• One-way reminders

Shamanna, P. et al., 2020 [31]

Digital Twin
Technology-Enabled
Precision Nutrition (TPN
program)

• Personalized patient treatment
• Precision nutrition guidance

• Patient experience difficulties in
maintaining the low-calorie diet
and the improvements cannot be
maintained in the long-term

Katz, L.B. et al., 2022 [32] OneTouch OT Verio Flex
glucose meter

• The application is well tolerated
within the underserved,
low-numeracy, low-literacy
population

• Real time access of the patient
data from the health care
providers

• The platform gives the
opportunity of the health-care
providers to make quick
conclusions and decisions

• High expenses
• Language and cultural barriers
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Table 3. Cont.

Study Author, Year
Digital Health
Technology

Benefits Barriers

Lee, E.Y. et al., 2022 [33] iCareD system

• High satisfaction of the
participants from the iCareD
program, which improves their
self-care skills

• Age is a barrier to digital
healthcare adoption

Orozco-Beltrán, D., Morales, C.
et al., 2022 [34] DeMpower app

• Improved metabolic control
• Positive impact on HbA1c levels
• Improved medication adherence

• Legal and logistical concerns
• Patient experience

and satisfaction
• Information access

Al-Mutairi, A.M. et al., 2023 [35] Telemedicine—virtual
clinics

• Improvement in treatment
satisfaction and glycemic control

• Cost-effective solution

• Low literacy levels
(elderly population)

Heald, A.H. et al., 2023 [36]
Healum Collaborative
Care Planning Software
and App

• Improved HbA1c levels
• Improved patient self-reported

QoL

• Digital literacy
• Access to smartphones
• Training and support needs

4. Discussion

4.1. Improvement of Medication Adherence Using Digital Health Technology

The results of this scoping review provide substantial evidence supporting the notion
that digital health technology can significantly improve medication adherence among
adults with diabetes. Several studies [26–28,30,32–36] demonstrated positive outcomes
in terms of medication adherence through the use of various digital interventions. These
interventions included mobile applications (e.g., Gather app, Medisafe app, iCareD system),
SMS text messaging, telemonitoring, and tailored care management.

For instance, the Gather app [26] resulted in a substantial improvement in medication
adherence, with a 39.0% adherence rate compared to 12.8% in the control group. Similarly,
the EpxDiabetes intervention [28] led to increased patient engagement, with 58% of the
intervention group actively responding to ≥25% of texts or calls over 4 weeks, and a
significant reduction in HbA1c levels. The OneTouch OT Verio Flex glucose meter [32]
demonstrated the effectiveness of the Spanish-language version of the OT Reveal mobile
app in enhancing medication adherence and blood sugar control within an underserved
Hispanic population.

The DeMpower app [34] showcased a noticeable trend toward improved metabolic
control and medication adherence, with significant reductions in HbA1c levels. Further-
more, the Healdum Collaborative Care Planning Software and App [36] demonstrated
improvements in HbA1c levels and patient-reported quality of life (QoL), highlighting the
positive impact of digital interventions on medication adherence and overall well-being.

These findings collectively indicate that digital health technology can play a pivotal
role in enhancing medication adherence among adults with diabetes, offering tailored
solutions that range from reminders to self-monitoring tools, personalized care plans, and
access to health information.

4.2. Other Similar Studies

In comparison to similar research studies, our scoping review contributes to the grow-
ing body of evidence supporting the use of digital health technology to improve medication
adherence in diabetes patients. While previous reviews [38,39] have explored digital in-
terventions’ impact on medication adherence, our review utilizes the Chronic Care Model
(CCM) framework to categorize and assess these interventions comprehensively. CCM-
based interventions, even without digital tools, effectively enhance clinical, behavioral,
psychological, and diabetic knowledge outcomes, including medication adherence in dia-
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betes patients [40]. Malaysia has successfully implemented the CCM, leading to improved
patient outcomes and enhanced practice-centered care delivery [41].

As digital health advances, technology has integrated medication adherence strategies
for chronic conditions like diabetes [40,42–44]. The CCM has been applied to various
chronic conditions such as asthma, bipolar disorder, breast cancer, diabetes, hypertension,
and obesity [19–25,40–45].

This is a continuation of the integrative review performed by Conway et al. [37] which
covered studies published in the period between January 2006 and October 2016. This
review examined various digital health technologies aimed at improving medication ad-
herence in adults aged 18 and older with diabetes type 1 and type 2. These technologies
included IVR, SMS text messaging, telehealth, and web-based software. In some cases,
interventions involved one-way communication to the patient or two-way communica-
tion between patients and healthcare providers, often involving the timely reporting of
monitored results like blood glucose and blood pressure. The study found that digital
health technologies were diverse, and the populations studied varied in size, ethnicity,
and age range. There is considerable potential for further improving patient-provider
communication through emerging mobile and electronic media, particularly in populations
accustomed to mobile phones, tablets, and similar devices.

Overall, our review corroborates and expands upon existing research by categorizing
digital interventions within the CCM framework, offering a structured perspective on how
these interventions align with established models of chronic care and improve medication
adherence in diabetes patients.

4.3. Limitations and Strengths of This Research

This research paper has several limitations that warrant consideration. Firstly, the
inclusion criteria limited studies to those published in English between January 2017
and August 2023 which is the period after the research conducted by Conway et al. [37]
which covered studies published in the period between January 2006 and October 2016.
Consequently, relevant studies in other languages or published before this timeframe
may have been omitted, potentially introducing language and publication bias.

Additionally, while efforts were made to identify studies focused on diabetes, the
exclusion of pilot studies and those lacking data on medication adherence rates could have
excluded valuable insights. Furthermore, the heterogeneity of interventions and outcome
measures across the selected studies may limit the ability to make direct comparisons
between interventions.

On the positive side, this research paper adhered to a structured scoping review
methodology based on the CCM framework, providing a comprehensive overview of
digital interventions for medication adherence in diabetes. By categorizing interventions
within the CCM, this research paper offers a novel perspective on how digital solutions
align with established models of chronic care.

The selected studies collectively contribute to the evidence base supporting the efficacy
of digital health technology in improving medication adherence among adults with diabetes.
The positive outcomes reported in terms of medication adherence, glycemic control, and
patient satisfaction highlight the strengths of these interventions in enhancing diabetes care.

4.4. Future Research Directions

Future research directions in the field of digital health interventions for medication
adherence for patients with diabetes encompass several key areas to enhance their effec-
tiveness and accessibility. Diverse populations: Future research should explore the impact
of digital health interventions on medication adherence in diverse populations, including
those with varying levels of health literacy, numeracy, and cultural backgrounds. This will
help ensure that interventions are accessible and effective for all segments of the population.

Long-term effects: Investigating the long-term effects of digital interventions on
medication adherence and clinical outcomes is essential. Studies with extended follow-
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up periods can provide insights into the sustainability of improvements and potential
challenges over time.

Integration with healthcare system: Future research should explore strategies for the
seamless integration of digital health interventions into existing healthcare systems. This
includes addressing issues related to scalability, healthcare provider feedback, and the
coordination of care.

Comparative studies: Comparative studies that directly compare different types of digital
interventions (e.g., mobile apps, SMS, telemonitoring) can help identify which approaches are
most effective for improving medication adherence in specific patient populations.

Cost-effectiveness: Evaluating the cost-effectiveness of digital interventions is crucial
for healthcare decision-makers. Future research should include economic analyses to assess
the value of these interventions in relation to their impact on medication adherence and
health outcomes.

Patient-centered research: Engaging patients in the design and evaluation of digi-
tal interventions is essential. Future studies should prioritize patient-centered research
approaches to ensure that interventions align with patient preferences and needs.

5. Conclusions

In conclusion, digital health technology holds great promise for improving medication
adherence in adults with diabetes. While this scoping review provides valuable insights
into the effectiveness of these interventions, continued research is needed to further refine
and optimize digital solutions to enhance medication adherence and, ultimately, the overall
health and well-being of individuals living with diabetes.
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Appendix A

Table A1. Diabetes Mellitus—Digital Solutions to Improve Medication Adherence: Integrative Review.

Autor, Year,
(Country)

Sample, Intervention Length,
Age and Study Purpose

Intervention Medication Adherence Finding

Kleinman NJ et al.,
2017 [26] (India)
link

91 patients aged 18–65; 6 months.
To assess the impact of an
m-Health diabetes platform on
clinical outcomes,
patient-reported outcomes,
patient and provider satisfaction,
and app usage. RCT

Gather app (m-Health
diabetes platform)

In the intervention group, more
participants improved medication
adherence (39.0% vs. 12.8%; p = 0.03) and
increased blood glucose self-testing
(39.0% vs. 10.3%) at 6 months. No other
significant differences were observed.
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Table A1. Cont.

Autor, Year,
(Country)

Sample, Intervention Length,
Age and Study Purpose

Intervention Medication Adherence Finding

Huang Z et al.,
2019 [27]
(Singapore)
Link

51 nonadherent and digitally
literate patients with type 2
diabetes between the ages of 21
and 75 years, 12 weeks follow up.
To determine the feasibility,
acceptability, and clinical
outcomes of using a smartphone
app to improve medication
adherence in a multiethnic Asian
population with type 2
diabetes. RCT

Medisafe app

The intervention group had a lower
post-study ASK-12 score. Medication
adherence ranged from 38.3% to 100%, and
most participants found the app
easy to use.

Xu R et al., 2020
[28]
(USA)
link

65 patients, 6 months. To
determine reduction of HbA1c
and fasting blood glucose (FBG)
among patients with type 2
diabetes mellitus (T2DM). RCT

EpxDiabetes

Intervention group saw a significant
HbA1c reduction of 0.69%, especially for
those with baseline HbA1c >8%. FBG
decreased by 21.6 mg/dL in the
intervention group. Engagement was 58%
for the intervention and 48% for
the control.

Alamer A et al.,
2020 [30]
(USA)
Link

69 patients, ≥18 years; To
evaluate the impact of diabetes
self-care promoting messages via
non-tailored one-way automated
SMS (OASMS) on glycemic
control in type 2 diabetes
(T2DM). Observational

One-way automated
short message
service (OASMS)

ANCOVA model favored the intervention,
showing an estimated HbA1c reduction
difference of −0.97%. This suggests
improved glycemic control in poorly
controlled T2DM.

Shamanna P et al.,
2020 [31]
(India)
link

64 patients, ≥18 years, 3 months
follow up. To examine changes in
hemoglobin A1c (HbA1c),
anti-diabetic medication use,
insulin resistance, and other
ambulatory glucose profile
metrics. Observational

Digital twin
technology-enabled
precision nutrition
(TPN program)

Achieving a 1.9% HbA1c decrease, 6.1%
weight loss, 56.9% reduction in HOMA-IR,
reduced glucose time below range, and less
diabetes medication use.

Omar MA et al.,
2020 [29]
(United Arab
Emirates)
link

218 patients (intervention and
controlled group 109 each), aged
≥ 18, 6 months, To assess the
effects on MA of self-management
education through social media
network application
(i.e., WhatsApp). RCT

Self-management
education through social
media network
application
(i.e., WhatsApp)

After six months, HbA1c dropped
significantly in the intervention group (7.7)
compared to the control (8.4;). The
intervention had a clinically significant
reduction of 0.6%.

Laurence B Katz
et al., 2022 [32]
(Spain)
link

81 subjects, aged ≥18, 6 months.
To demonstrate the clinical value
of OneTouch (OT) Verio Flex
glucose meter used in
combination with a
Spanish-language version of the
OT Reveal mobile application
(app) to support diabetes care and
improve glycemic control in an
underserved Hispanic population
with type 2 diabetes., RCT

OneTouch OT Verio Flex
glucose meter

A significant 1.0% reduction in A1C was
observed after 12 weeks, indicating
improved glycemic control with the OT
meter and app.
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Table A1. Cont.

Autor, Year,
(Country)

Sample, Intervention Length,
Age and Study Purpose

Intervention Medication Adherence Finding

Lee EY et al., 2022
[33]
(China)
Link

234 patients, ≥18 years, 6 months,
to assess the effect of an electronic
medical record-integrated mobile
app for personalized diabetes
self-care, focusing on the
self-monitoring of blood glucose
and lifestyle modifications, on
glycemic control, RCT

iCareD system

At 12 weeks, HbA1c levels differed
significantly among groups. HbA1c levels
showed a statistically significant decrease
after the intervention (UC vs. MC vs. MPC:
−0.49% vs. −0.86% vs. −1.04%;).

Orozco-Beltrán D,
Morales C et al.,
2022 [34]
(Spain)
Link

50 patients, aged ≥ 18 and
≤80 years, observational:
52 weeks of follow-up and
interventional: 52 weeks of
follow-up, to analyze the effect of
a home digital patient
empowerment and
communication tool (DeMpower
App) on metabolic control in
people with inadequately
controlled T2DM, Observational

DeMpower app

The DeMpower app group showed a
significant trend toward achieving
glycemic targets, particularly
HbA1c ≤ 7.5% and HbA1c ≤ 8%. Mean
HbA1c was significantly reduced
at week 24.

Al-Mutairi AM
et al., 2023 [35]
(Saudi Arabia)
Link

4266 patients, aged ≥ 18, 3
months, to investigate the impact
telemedicine had during this
period on glycemic control
(HbA1c) in patients with
T2DM, RCT

Telemedicine—virtual
clinics

In 24.9% of the patients HbA1c decreased
by ≥0.5%, 36.9% of the patients whose
HbA1c increased by ≥0.5% and 38.2%
whose HbA1c changed by <0.5% in either
direction. More males had significant
improvements in glycemia compared to
females (28.1% vs. 22.8%), as were
individuals below the age of 60 years
(28.1% vs. 22.5%). Hypertensive
individuals were less likely than
non-hypertensive to have glycemic
improvement (23.7% vs. 27.9%). More
patients on sulfonylureas had
improvements in HbA1c (42.3% vs. 37.9%,
whereas patients on insulin had higher
HbA1c (62.7% vs. 56.2%).
Patient groups exhibited varying changes
in HbA1c, with notable gender and age
differences. Hypertensive patients were
less likely to have glycemic improvement,
while medication types played a role.

Heald AH et al.,
2023, [36]
(UK)
link

197 patients, aged ≥ 18, 6 months,
to evaluate whether personalized
care planning software and a
patient-facing mobile app could
improve health outcomes
amongst patients with T2D
through the delivery of
personalized plans of care,
support and education to allow
patients to self-manage their
diabetes more effectively, all
accessible on a mobile
device, RCT

Healum Collaborative
Care Planning Software
and App

The active treatment group had significant
reductions in HbA1c (− 7.4%) and BMI
(− 0.7%) compared to the control group
(−0.2%). A higher percentage of the active
treatment group improved their HbA1c
and BMI, and quality of life also improved
by an average of 0.0464.
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Abstract: In the light of the rapidly increasing global incidence of, and therapeutic arsenal for,
diabetes type 2, this brief report underscores the need for advancements in clinical pharmacology
and therapeutics (CPT) education with regard to diabetes type 2. We advocate for the comprehensive
training of medical students and junior doctors in line with current guidelines, and emphasize the
importance of teaching how to draw up individualized treatment plans based on patients’ specific
risk factors and conditions, such as cardiovascular risks, weight, and risk of hypoglycaemia. Within
the curriculum, traditional teaching approaches should be replaced by innovative methods such
as problem-based learning, which has been shown to be more effective in developing prescribing
knowledge and skills. The inclusion of real-world experience and interprofessional learning via
so-called student-run clinics is also recommended. Subsequently, innovative assessment methods
like the European Prescribing Exam and objective structured clinical examinations (OSCE) are
highlighted as essential for evaluating knowledge and practical skills. By adopting these educational
advances, medical education can better equip future practitioners to adequately manage the complex
pharmacological treatment of diabetes.

Keywords: education; clinical pharmacology and therapeutics; undergraduate; postgraduate

1. Introduction

Diabetes mellitus is a disease with a high global health burden [1]. With the alarming
surge in people who are overweight and obese (with the latter encompassing 13% or
650 million people globally), more than 500 million individuals are currently diagnosed
with diabetes type 2, and it is estimated that more than 1.3 billion people will have the
disease by 2050 [1–3]. Diabetes type 2 is accompanied by a spectrum of associated health
complications, such as microvascular (e.g., nephropathy, retinopathy, and neuropathy) and
macrovascular diseases [4,5]. These complications significantly diminish patients’ quality
of life and increase the cost of healthcare, which affects high-, middle-, and low-income
nations alike [6]. Consequently, there is an urgent need for better preventive strategies,
optimal medicinal interventions, and more effective patient education.
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Recent years have seen an increase in the number of therapeutic agents available for
diabetes management, such as sodium-glucose cotransporter-2 (SGLT2) inhibitors, glucagon-
like peptide-1 (GLP-1) receptor agonists, and dual glucose-dependent insulinotropic polypep-
tide (GIP) and glucagon-like peptide-1 (GLP-1) receptor agonists. This growing therapeutic
arsenal makes prescribing challenging, especially for junior doctors who write out most hos-
pital prescriptions, often without direct supervision [7,8]. Worryingly, studies suggest that
junior doctors are responsible for the majority of prescribing errors [7–9], which can in part
be explained by their limited prescribing competence early in their career [10–14], which
do not improve in the year after graduation [11]. This highlights the need for improved
teaching and training in prescribing for both medical students and junior doctors.

In this commentary, we focus on salient aspects of education in clinical pharmacology
and therapeutics (CPT) with regard to diabetes type 2, one of the diseases considered
essential in prescribing education [15]. We make a plea for efficacious pedagogical and
assessment strategies, which may in turn help teaching professionals to update medical
curricula, especially CPT modules and internal medicine [16].

2. What to Teach

First, although self-evident, it is essential to underscore the importance of a thorough
education on diabetes type 2 and its management with anti-hyperglycaemic agents, based
on the most recent (inter)national guidelines and evidence-based medicine, such as the
guidelines jointly established by the American Diabetes Association (ADA) and the Euro-
pean Association for the Study of Diabetes (EASD) [17]. While we will not discuss these
aspects further here, it is essential that students have a comprehensive understanding of the
aetiology, pathophysiology, diagnostic criteria, evaluation, and potential complications and
comorbidities associated with diabetes. Students need to learn that the initial approach to
treating diabetes type 2 hinges on lifestyle recommendations, with an emphasis on factors
such as physical activity, a balanced diet, weight management, smoking cessation, and
limited alcohol consumption [18].

Students must be familiar with the distinct classes of drugs available for the treat-
ment of diabetes (e.g., biguanides, thiazolidinediones, α-glucosidase inhibitors, sulfony-
lurea derivatives, glinides, SGLT2 inhibitors, DPP-4 inhibitors, GLP-1 receptor agonists,
dual GIP and GLP-1 receptor agonists, and insulin). Table 1 gives the key pharmacody-
namic attributes of each drug class, highlighting potential benefits/concerns, prevalent
or perilous adverse events, and contraindications. Broadly speaking, when prescribing
anti-hyperglycaemic agents, prescribers must be cognizant of differences in drug effi-
cacy/effectiveness (where efficacy is based on randomized controlled trial data and ef-
fectiveness on real-word experience), particularly with respect to lowering HbA1c levels,
fluctuations in weight, and the risk of hypoglycaemia. For example, weight reduction
is associated with better outcomes in terms of metabolic and glycaemic control, disease-
modifying effects, cardiometabolic disease, and quality of life determinants [19]. Drug–drug
interactions are reported in the Summary of Product Characteristics (SmPC) of all indi-
vidual drugs. In general, two important interactions are those of drugs associated with a
high risk of causing hypoglycaemia given in combination with drugs that can mask the
symptoms of hypoglycaemia (e.g., the beta-blocker propranolol) or drugs that can worsen
glycaemic control (e.g., corticosteroids) [20,21].

Equipped with the foundational knowledge outlined above, students should be able
to understand and implement current (local) guidelines. This proficiency should empower
them to write specific prescriptions tailored to the individual patient (i.e., desired drug
with correct dosage). A pivotal understanding they must internalize is the difference in
treatment strategies for patients with or without a high risk of cardiovascular disease. No-
tably, SGLT2-inhibitors (i.e., empagliflozin and canagliflozin) and GLP-1 receptor agonists
(e.g., semaglutide, liraglutide and dulaglutide) have demonstrated additional efficacy in
reducing major adverse cardiovascular events (MACE) in patients at high cardiovascular
risk (e.g., those with a stroke or myocardial infarction in their medical history) [17]. Fur-
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thermore, students should base their decision-making on a comprehensive risk/benefit
assessment, selecting the optimal therapeutic strategy tailored to the circumstances of an
individual patient, such as treating professional drivers with drugs that carry a low risk
of hypoglycaemia, considering alternatives to insulin for patients with a needle phobia,
or opting for gliclazide 80 mg extended-release tablets for patients with irregular eating
patterns, instead of 30 mg extended-release tablets. Moreover, when the most appropriate
drug therapy is chosen, students have to be knowledgeable about what information should
be provided to the patient (with or without a consultation with a pharmacist), and what
the correct follow-up management approach is. Although beyond the scope of this paper,
students should also be taught about the cardiovascular risk factors associated with dia-
betes and their treatment, such as hypertension (e.g., preferably renin–angiotensin system
inhibitors in patient with diabetes) [22], and hypercholesterolemia (e.g., statins) [23].

Table 1. Overview of anti-hyperglycaemic drug classes with potential benefits and risks.

Anti-
Hyperglycaemic

Class
Pharmacodynamics Efficacy *

Safety
Profile **

Hypoglycaemic
Risk

Weight
Change ***

Potential
Cardio-Renal

Benefits

Contraindications/Special
Considerations

Costs

Biguanides

- Inhibition of
gluconeogenesis
and glycogenolysis
- Increase in insulin
sensitivity
- Delay in the
absorption of
glucose in the
small intestine

++
- GI ADRs
- Lactic
acidosis

Low ↔
MACE:

potential
benefit

- Acute metabolic acidosis
- eGFR < 30 mL/min
- Decompensated heart
failure, recent myocardial
infarction, shock
- Hepatic insufficiency

Low

Thiazolidinediones
****

- PPAR-γ
activation ++

- Oedema
-
Congestive
heart
failure
- Hep-
atogram
alteration

Low ↑

MACE:
potential
benefit

HF: increased
risk

- (History of) heart failure
- Hepatic insufficiency
- Existing or recovered
bladder cancer

Low

α-gluconidase
inhibitors

- Inhibition of
intestinal
α-glucosidase

+ - GI ADRs Low ↔ Neutral

- Inflammatory bowel
disease
- Colon ulceration
- Partial bowel obstruction
- Hepatic insufficiency
- eGFR <30 mL/min

Low

Sulfonylurea
derivates

- β-cytotropic
drugs (glucose-
independent
stimulation)

++

- Hypogly-
caemia
- GI ADRs
- Skin and
subcuta-
neous
tissue
disorders

High ↑ Neutral

- C-peptide negative DM
- Hepatic insufficiency
- Severe impairment of
renal function (≥G3b);
does not apply for
gliquidone (dose
adjustment per renal
function not needed)

Low

Glinides

- β-cytotropic
drugs (glucose-
independent
stimulation)

++
- Hypogly-
caemia
- GI ADRs

Intermediate ↑ Neutral - C-peptide-negative DM
- Hepatic insufficiency Low

SGLT2 inhibitors

- Competitive
inhibition of
SGLT2; renal
mechanism

+(+)

- Urinary
tract
infection
- Genital
infection
- Polyuria,
pollak-
isuria,
volume
depletion
- Eugly-
caemic
ketoacido-
sis (rare)
- Fournier
gangrene
(extremely
rare)

Low ↓

MACE: benefit
for

canagliflozin
and

empagliflozin
HF: benefit for
dapagliflozin

and
empagliflozin
DKD: benefit

for
canagliflozin,
dapagliflozin

and
empagliflozin

- Recurrent urinary
infections
Considerations:
- Euglycaemic ketoacidosis
(rare)
- Fournier gangrene
(extremely rare)

High
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Table 1. Cont.

Anti-
hyperglycaemic

Class
Pharmacodynamics Efficacy *

Safety
Profile **

Hypoglycaemic
Risk

Weight
Change ***

Potential
Cardio-Renal

Benefits

Contraindications/Special
Considerations

Costs

DPP-4 inhibitors

- β-cytotropic
drugs (glucose-
dependent
stimulation);
-
↑insulin/glucagon
ratio

+

- Very good
safety
profile and
tolerability
- ADRs are
occasional
and not
typical

No ↔
HF: potential

risk of
saxaglitptin

- Consider
discontinuation in case of
acute pancreatitis

High

GLP-1 receptor
agonists

- β-cytotropic
drugs (glucose-
dependent
stimulation);
-
↑insulin/glucagon
ratio

++(+) - GI ADRs No ↓(↓)

MACE: benefit
for

dulaglutide,
liraglutide and

semaglutide
DKD:

potential
benefit for

dulaglutide,
liraglutide,

and
semaglutide
(secondary
outcomes)

- Gastroparesis
- Consider discontinuation
in case of acute
pancreatitis

High

Insulin (human
and analogues)

- Tyrosine kinase
receptor activation ++(+)

- Hypogly-
caemia
- Lipodys-
trophy
- Somogyi
effect
- Injection
site
reactions

High ↑ Neutral

- Injection site reactions
- Higher risk of
hypoglycaemia with
human insulin vs.
analogues

High

* + Intermediate (HbA1c↓ 0.5–1.0%), ++ High (HbA1c↓ 1.0–1.5%), +++ Super high (HbA1c↓ >1.5%); ** Check
the Summary of Product Characteristics for information regarding individual ADR frequency; *** ↓↓ high loss,
↓ loss, ↔ neutral, ↑ gain; **** Benefit in non-alcoholic fatty liver disease and non-alcoholic steatohepatitis. PPAR-γ
Peroxisome proliferator-activated receptor gamma; SGLT2 sodium-glucose cotransporter-2; DPP-4 dipeptidyl
peptidase 4; GLP-1 glucagon-like peptide-1; GI gastrointestinal; ADR adverse drug reaction; MACE major adverse
cardiovascular events; HF Heart failure; DKD diabetic/chronic kidney disease; eGFR estimated glomerular
filtration rate; DM Diabetes Mellitus.

The economic dimensions of care, encompassing both the direct costs of medications
and the nuances of national or local health insurance reimbursement, are also important
within diabetes education, and students should understand this. The general principle
is that newer anti-hyperglycaemic drugs are more expensive than older drugs. In the
Netherlands, for example, the cost of one tablet of metformin (500 mg) is EUR 0.02 compared
with that of EUR 23.84 for one injection of semaglutide (0.25 mg) [24].

Lastly, students need to learn how to interpret new findings and information. They
need to become well versed in the principles of evidence-based medicine and understand
the distinctions between primary and secondary outcomes (e.g., secondary outcomes
often lack sufficient power). In diabetes research, cardiovascular outcomes (MACEs) have
often been a secondary concern, despite the recommendations of the Food and Drug
Administration and the European Medicines Agency.

In summary, we advocate that students should be able to draw up an individualized
therapeutic strategy for patients with diabetes, with a view to achieving the glycaemic
target and reducing the risk of cardiovascular disease. The treatment plan should provide
clear information about the medication, its route of administration, correct dosage, and
any adjustments made on the basis of renal or hepatic function, patient preferences, age,
concurrent health conditions, co-administered drugs, frailty, and cost implications.

3. How to Teach

Traditional teaching methods have focused on lectures and self-study, methods that
are still common in European universities [25]. However, emerging pedagogical strategies
provide innovative alternatives for teaching and training CPT. For instance, problem-
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based learning has proven more effective than traditional methods in equipping medical
students with prescribing knowledge and skills [26–29]. The problem-based approach,
in combination with the effective World Health Organisation (WHO)’s six-step model
which is currently under revision [30–33], is designed to foster active and collaborative
learning by situating learning in real-world contexts or problems [34,35]. For instance,
students can learn about anti-hyperglycaemic agents in small group-based discussions of
real or hypothetical cases. This approach is particularly effective in the bachelor phase [26].
Supplementary Materials File S1 gives an example case that can be used for such discus-
sions. More cases can be found on the European Open Platform for Prescribing Education
(https://www.prescribingeducation.eu/, accessed on 6 November 2023) [36].

The learning context is also important for improving educational outcomes [37]. An
enriched learning context, such as one incorporating responsibilities for patient care, sig-
nificantly improves the prescribing competence of medical students. Competence also
improves when students move from studying case-based scenarios to analysing real patient
records and preparing for therapeutic consultations [38]. Carrying out real-life consulta-
tions helps students to refine their prescription writing abilities. While real-life teaching
should be available in the master’s degree phase at the latest, it is more effective if it is incor-
porated during the bachelor’s degree phase via, for example, so-called student-run clinics
(SRC), which have proven effective in increasing the prescribing competence of medical stu-
dents [39–44]. In SRCs, students have early exposure to prescribing and taking on authentic
patient care responsibilities while assisting physicians in their prescribing tasks [45,46].
SRCs for diabetes management are already available in the United States [46–48], and a
SRC for cardiovascular risk management has proven beneficial to patients, students, and
general practitioners in the Netherlands [43].

Furthermore, we believe that the interprofessional nature of clinical practice should
be mirrored in CPT education. Typically, in diabetes management, the healthcare team
comprises different professionals, such as physicians, specialist nurses, and pharmacists.
Promoting interprofessional learning in (pre-)clinical stages could help students to under-
stand the role of other health professionals, which might facilitate better interprofessional
collaboration in the future. SRCs are a feasible way to incorporate this interprofessional
learning [41,44].

Lastly, it is essential to assess students’ knowledge and skills regarding the safe and
effective prescription of anti-hyperglycaemic drugs. This assessment should not only
include theoretical knowledge (e.g., contraindications and interactions) but also practical
skills, such as the ability to prescribe or conduct therapeutic consultations. Standardized
examinations such as the European Prescribing Exam (https://www.prescribingeducation.
eu/, accessed on 6 November 2023) are suitable for assessing both knowledge and the ability
to prescribe [49], while objective structured clinical examinations (OSCE) can effectively
gauge practical skills [50,51]. Diabetes management is one of the eight main topics of the
European Prescribing Exam and is assessed on all levels of Miller’s pyramid [49]. OSCEs
encourage students’ deeper understanding of diabetes management and the reasons why
they choose a specific drug.

In summary, CPT education must evolve to incorporate problem-based learning,
hands-on experience, and interprofessional collaboration. This will help to prepare medical
students better for the demands of their future roles, particularly regarding the prescription
of critical therapeutics such as anti-hyperglycaemic drugs.

4. Conclusions and Future Direction

In conclusion, CPT education on diabetes management must evolve to align it with
current guidelines, to emphasize the need for a comprehensive understanding of the disease,
and to encourage students to make tailored treatment plans. Problem-based learning,
real-world experience, and interprofessional learning should shape teaching strategies,
preparing students to navigate the complexity of prescribing anti-hyperglycaemic agents in
clinical practice. Innovative assessment methods, including the European Prescribing Exam
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and OSCEs, are crucial to the evaluation of knowledge and practical skills. By embracing
these advances, educational institutions can empower (future) healthcare practitioners to
effectively manage the pharmacological treatment of diabetes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/diabetology4040043/s1, File S1: Example case.
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16. Belančić, A.; Sans-Pola, C.; Jouanjus, E.; Alcubilla, P.; Arellano, A.L.; Žunić, M.; Nogueiras-Álvarez, R.; Roncato, R.; Sáez-Peñataro,
J. European association for clinical pharmacology and therapeutics young clinical pharmacologists working group: A cornerstone
for the brighter future of clinical pharmacology. Eur. J. Clin. Pharmacol. 2022, 78, 691–694. [CrossRef] [PubMed]

17. Davies, M.J.; Aroda, V.R.; Collins, B.S.; Gabbay, R.A.; Green, J.; Maruthur, N.M.; Rosas, S.E.; Del Prato, S.; Mathieu, C.; Mingrone,
G.; et al. Management of Hyperglycemia in Type 2 Diabetes, 2022. A Consensus Report by the American Diabetes Association
(ADA) and the European Association for the Study of Diabetes (EASD). Diabetes Care 2022, 45, 2753–2786. [CrossRef]

18. Visseren, F.L.J.; Mach, F.; Smulders, Y.M.; Carballo, D.; Koskinas, K.C.; Bäck, M.; Benetos, A.; Biffi, A.; Boavida, J.M.; Capodanno,
D.; et al. 2021 ESC Guidelines on cardiovascular disease prevention in clinical practice. Eur. Heart J. 2021, 42, 3227–3337.
[CrossRef] [PubMed]

19. Lingvay, I.; Sumithran, P.; Cohen, R.V.; le Roux, C.W. Obesity management as a primary treatment goal for type 2 diabetes: Time
to reframe the conversation. Lancet 2022, 399, 394–405. [CrossRef] [PubMed]

20. Tamez-Pérez, H.E.; Quintanilla-Flores, D.L.; Rodríguez-Gutiérrez, R.; González-González, J.G.; Tamez-Peña, A.L. Steroid
hyperglycemia: Prevalence, early detection and therapeutic recommendations: A narrative review. World J. Diabetes 2015, 6,
1073–1081. [CrossRef]

21. Dungan, K.; Merrill, J.; Long, C.; Binkley, P. Effect of beta blocker use and type on hypoglycemia risk among hospitalized insulin
requiring patients. Cardiovasc. Diabetol. 2019, 18, 163. [CrossRef]

22. Williams, B.; Mancia, G.; Spiering, W.; Agabiti Rosei, E.; Azizi, M.; Burnier, M.; Clement, D.L.; Coca, A.; De Simone, G.;
Dominiczak, A.; et al. 2018 ESC/ESH Guidelines for the management of arterial hypertension: The Task Force for the management
of arterial hypertension of the European Society of Cardiology and the European Society of Hypertension: The Task Force for
the management of arterial hypertension of the European Society of Cardiology and the European Society of Hypertension. J.
Hypertens. 2018, 36, 1953–2041.

23. Mach, F.; Baigent, C.; Catapano, A.L.; Koskinas, K.C.; Casula, M.; Badimon, L.; Chapman, M.J.; De Backer, G.G.; Delgado, V.;
Ference, B.A.; et al. 2019 ESC/EAS Guidelines for the management of dyslipidaemias: Lipid modification to reduce cardiovascular
risk. Eur. Heart J. 2020, 41, 111–188. [CrossRef] [PubMed]

24. Zorginstituut Nederland. GIP Databank. 2020. Available online: https://www.gipdatabank.nl/ (accessed on 6 November 2023).
25. Brinkman, D.J.; Tichelaar, J.; Okorie, M.; Bissell, L.; Christiaens, T.; Likic, R.; Maciulaitis, R.; Costa, J.; Sanz, E.J.; Tamba, B.I.; et al.

Pharmacology and Therapeutics Education in the European Union Needs Harmonization and Modernization: A Cross-sectional
Survey Among 185 Medical Schools in 27 Countries. Clin. Pharmacol. Ther. 2017, 102, 815–822. [CrossRef] [PubMed]

26. Brinkman, D.J.; Monteiro, T.; Monteiro, E.C.; Richir, M.C.; van Agtmael, M.A.; Tichelaar, J. Switching from a traditional
undergraduate programme in (clinical) pharmacology and therapeutics to a problem-based learning programme. Eur. J. Clin.
Pharmacol. 2021, 77, 421–429. [CrossRef] [PubMed]

27. Brinkman, D.J.; Tichelaar, J.; Schutte, T.; Benemei, S.; Bottiger, Y.; Chamontin, B.; Christiaens, T.; Likic, R.; Ma iulaitis, R.; Marandi,
T.; et al. Essential competencies in prescribing: A first european cross-sectional study among 895 final-year medical students. Clin.
Pharmacol. Ther. 2017, 101, 281–289. [CrossRef] [PubMed]

28. De Vries, T.P.G.M.; Henning, R.H.; Hogerzeil, H.V.; Bapna, J.S.; Bero, L.; Kafle, K.K.; Mabadeje, A.F.B.; Santoso, B.; Smith, A.J.
Impact of a short course in pharmacotherapy for undergraduate medical students: An international randomised controlled study.
Lancet 1995, 346, 1454–1457. [CrossRef] [PubMed]

29. Smith, A.; Hill, S.; Walkom, E.; Thambiran, M. An evaluation of the World Health Organization problem-based pharmacotherapy
teaching courses (based on the “Guide to Good Prescribing”), 1994–2001. Eur. J. Clin. Pharmacol. 2005, 61, 785–786. [CrossRef]
[PubMed]

30. Kamarudin, G.; Penm, J.; Chaar, B.; Moles, R. Educational interventions to improve prescribing competency: A systematic review.
BMJ Open 2013, 3, e003291. [CrossRef] [PubMed]

31. Omer, U.; Danopoulos, E.; Veysey, M.; Crampton, P.; Finn, G. A Rapid Review of Prescribing Education Interventions. Med. Sci.
Educ. 2021, 31, 273–289. [CrossRef]

32. Ross, S.; Loke, Y.K. Do educational interventions improve prescribing by medical students and junior doctors? A systematic
review. Br. J. Clin. Pharmacol. 2009, 67, 662–670. [CrossRef]

33. Tichelaar, J.; Richir, M.C.; Garner, S.; Hogerzeil, H.; de Vries, T.P.G.M. WHO guide to good prescribing is 25 years old: Quo vadis?
Eur. J. Clin. Pharmacol. 2020, 76, 507–513. [CrossRef]

34. Hmelo-Silver, C.E. Problem-Based Learning: What and How Do Students Learn? Educ. Psychol. Rev. 2004, 16, 235–266. [CrossRef]
35. Dolmans, D.; Michaelsen, L.; van Merriënboer, J.; van der Vleuten, C. Should we choose between problem-based learning and

team-based learning? No, combine the best of both worlds! Med. Teachnol. 2015, 37, 354–359. [CrossRef] [PubMed]
36. Bakkum, M.J.; Richir, M.C.; Papaioannidou, P.; Likic, R.; Sanz, E.J.; Christiaens, T.; Costa, J.N.; Mačiulaitis, R.; Dima, L.; Coleman,
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Abstract: Diabetes is a chronic, metabolic disease characterized by hyperglycemia, which occurs
as a result of inadequate production or utilization of insulin. Type 2 diabetes (T2D) is the most
common type of diabetes with estimates projecting a prevalence of more than 1 billion people
living with T2DM by 2050. Hence, it was decided to conduct a systematic literature review of
health economic evaluations of insulin, the most common medication used for the treatment of the
disease, to inform policy. Pharmacoeconomic analyses, written in English and published after 2016,
were considered for inclusion. PubMed/Medline, Global Health, Embase and Health Management
Consortium were searched separately between 5 July 2023 and 17 July 2023. Grey literature articles
were searched on ISPOR and the Cost-Effectiveness Analysis Registry during the same period. After
the exclusion criteria were applied, 21 studies were included. Using the BMJ checklist, a quality
appraisal was performed on all included studies. Data extraction was performed manually. Regarding
evidence synthesis, data were heterogenous and are presented based on study type. The results
showed a variety of treatment combinations being available for the treatment of diabetes, with
insulin degludec/DegLira and semaglutide being cost-effective despite their high cost, due to the
effectiveness of managing the disease. Research around the cost-effectiveness or cost-utility of insulin
has potential to progress further, to ensure informed policy-making in the future.

Keywords: systematic literature review; cost-effectiveness; cost-utility; diabetes; insulin;
pharmacoeconomics

1. Introduction

Diabetes is a chronic metabolic disorder, caused by defects in insulin secretion and/or
insulin action, which results in hyperglycemia; prolonged hyperglycemia can lead to acute
complications (e.g., diabetic ketoacidosis), chronic complications (e.g., retinopathy, chronic
kidney damage, diabetic foot ulcers) and, consequently, impaired quality of life (QOL) and
reduced life-expectancy [1–3]. Over 500 million people were living with diabetes in 2021,
with 96% of cases being Type 2 (T2D); T2D is associated with β-cell dysfunction, insulin
resistance, and the impairment of incretin signaling, and prevalence is projected to increase
to 1.31 billion people worldwide by 2050 [2,4].

Attaining recommended glycaemic targets, a hemoglobin A1c (HbA1c) of around
53 mmol/mol (7%), which is the average blood glucose level over 3 months, results in
the substantial reduction in the onset and progression of macrovascular (e.g., coronary
heart disease, cerebrovascular disease) and microvascular (e.g., diabetic nephropathy,
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retinopathy) complications [5–9]. Time-in-range (TIR), i.e., the amount of time (%) that an
individual’s glucose level remains within the proposed target range, should be more than
70% a day to ensure micro- and macrovascular protection. Other useful clinical targets
in terms of preventing/well-managing complications are time below range (TBR) and
glycemic variability (GV) [10].

Insulin therapy has been the main treatment option for patients with T2D for over a
century and it is ultimately required in the chronic management of T2D, if glycaemic targets
are not achieved following dietary intervention, review of physical activity behaviour,
and oral anti-hyperglycaemic medication [5,11]. There is often a delay in commencing
insulin therapy, due to hesitancy both among patients to take insulin and healthcare
providers to prescribe [12]; a survey of 66,000 patients found that average HbA1c was
80 mmol/mol at the start of insulin therapy and over 90% of participants already had
associated complications [13]. The American Diabetes Association (ADA) and European
Association for the Study of Diabetes (EASD) advocate for early introduction of insulin
when glycaemic measurements do not meet targets [5].

Insulin is available in numerous formulations (e.g., rapid-acting, short-acting,
intermediate-acting, long-acting) to enable the dose and timing to be matched to an individ-
ual’s physiological requirements [11]. The global median government procurement price
for a standardised 100 U/10 mL vial of human insulin is USD 5, compared to long-lasting
‘analogue’ insulin at USD 33; the individual pays USD 9 for human insulin at pharmacies
and private hospitals [14]. That said, the reimbursement environment and guidelines
vary significantly on the national level. In 2022, the global insulin market was valued at
approximately USD 20.18 billion; yet, it is estimated that 60% of users lack secure access to
affordable insulin [15,16].

There are significant costs associated with diabetes and its complications; in 2021
health expenditures were USD 966 billion globally and are forecast to reach over USD
1054 billion by 2045 [4]. Diabetic peripheral neuropathy alone is estimated to cost USD
10.9 billion per year in the United States, whilst diabetic ulceration and amputation costs
the United Kingdom’s National Health Service up to GBP 962 million annually [17,18]. By
2030, the global economic burden of diabetes and its complications is estimated to reach
USD 2.1 trillion, a 61% rise from 2015, even if countries meet the Sustainable Development
Goal of decreasing mortality from diabetes by one third [19].

In addition to the financial burden, the rising prevalence of T2D is a major concern as
the condition is associated with a serious deterioration in general QOL [20]; T2D was ranked
as the seventh leading cause of DALYs (Disability-Adjusted Life Years) in 2017 [21]. Bearing
all this in mind, the aim of this study is to conduct a systematic literature review (SLR) on
pharmacoeconomic evaluations of insulin in the management of T2D at a global level.

2. Materials and Methods

The databases, PubMed/Medline, Global Health, Embase and Health Management
Consortium, were systematically searched for medical subjects, while manual searching
was conducted on ISPOR (The International Society for Pharmacoeconomics and Outcomes
Research) and the Cost-Effectiveness Analysis Registry to include grey literature in order
to reduce bias [22,23]. Each database and website was searched separately between 5 July
2023 and 17 July 2023. The following key-words were used: (diabetes) AND (insulin) AND
(econom* OR economic evaluation). The comprehensive search strategy is included in
Appendix A.

The inclusion and exclusion criteria were informed by the PICOS search framework
(Table 1). Cost-Effectiveness Analyses (CEA) and Cost-Utility Analyses (CUA) were con-
sidered for inclusion, based on the criteria outlined below. Published peer-reviewed SLRs
were utilized to confirm that the correct methods were used and the appropriate results
were included.
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Table 1. The PICOS search framework used to inform the inclusion and exclusion criteria within
the study.

Population Intervention Comparator Outcome Study Design

Patients with T2D * Insulin Insulin or other
pharmaceutical products

Effectiveness and cost-effectiveness in
the management of T2D *

CEA 1

CUA 2

* T2D—type 2 diabetes; 1 CEA—cost-effectiveness analysis; 2 CUA—cost-utility analysis.

During the process of screening, studies written in English, CEAs and CUAs of insulin
in the management of T2D and comparisons of insulin products against other insulin
products or pharmaceutical products used for the management of T2D were considered for
inclusion. Moreover, studies published between 2016 and July 2023 and using data after
2016 were also deemed appropriate. Including studies that had been published before 2016
may have led to inclusion of out-of-date data, as the reimbursement and health economics
environment changes regularly, e.g., in the United Kingdom, drug prices are negotiated
every 5 years [24]. The inclusion criteria also included real-world studies, as well as grey
literature reports and publications by non-industry organisations, to minimise bias. Studies
not written in English, published before 2016 or using data before 2016 and not pertaining
to insulin, were excluded. Studies with participants aged <18 years, pertaining to any other
disease than T2D (T1D, gestational diabetes, cardiovascular diseases), comparing devices
or non-pharmaceutical interventions (e.g., exercise) in the management of diabetes, as
well as studies on insulin biosimilars, did not meet the inclusion criteria. Finally, reviews,
opinions, SLRs, scoping reviews, cohort studies and case-reports were also excluded.

The search for publications was performed independently by two authors (E.G., A.F.),
and all retrieved articles were compared to avoid duplication. Any disagreements were
discussed, whilst potential conflicts were then solved by a third reviewer (A.B.). The SLR
was performed according to PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines [25]. The titles and abstracts of all studies were screened
based on the eligibility criteria by two independent reviewers (E.G., A.F.) and there was
100% agreement between them. Full-text screening was conducted by the two reviewers
(E.G., A.F.) for studies that seemed suitable at the abstract and title screening stage or
when the title and abstract did not provide enough information. There was 85% agreement
between the two reviewers, and a third reviewer (A.B) solved conflicts between them.

For citations published as abstracts that were eligible for inclusion, we attempted to
contact the first and/or last author to ask for raw data and/or potential full-text publica-
tions. This was applied on 14 ISPOR abstracts, out of which, we identified email addresses
for eight authors by searching PubMed/Medline and Google Scholar. However, we did not
receive any relevant answers in the 2-week pre-specified deadline. Thus, we believe, the
choice to exclude them was justified.

To enhance the reliability and relevance of the review at hand, each study was eval-
uated for its quality and bias using specific and recognised tools. The health economic
evaluations were assessed based on the Consolidated Health Economic Evaluation Report-
ing Standards (CHEERS) statement and the British Medical Journal (BMJ) checklist for
economic evaluations [26,27]. Each analysis was then scored based on the BMJ checklist
with a maximum score of 35, while also considering the CHEERS statement. If an analysis
had a score of less than 30/35, it was excluded. By scoring each analysis, it was possible to
ensure the inclusion of studies with robust results and minimised bias.

Data extraction was performed manually using extraction forms created on Microsoft
Excel 360. The following data were extracted from each included study: last name of first
author, year of publication, country/ethnicity, sample size/number of patients and controls
(where applicable), study inclusion/exclusion criteria, analysis type, type of comparison
(insulin vs. insulin or insulin vs. other pharmaceutical products) and additional comments
(if applicable). Considering selection heterogeneity across studies, a meta-analysis could
not have been conducted. Therefore, the results were grouped based on study type (CEA,
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CUA) on the first level and based on comparison (insulin vs. insulin or insulin vs. other
pharmaceutical interventions) on the second level.

3. Results

3.1. PRISMA Flowchart

The database search yielded 7745 citations in total, of which, 2301 were duplicates and
were excluded. Manual searching identified 23 results, of which 100% were duplicates with
the results on the medical databases being consequently excluded, with 2324 duplicates
being removed in total. The steps of the study selection, along with the reasons for the
exclusion of full texts, are presented in the PRISMA flow diagram (Figure 1).

 

Figure 1. The PRISMA flow diagram of the present systematic review.

3.2. Studies Selected

After the inclusion and exclusion criteria were applied, 21 studies were included in the
SLR [28–48]. Overall, 18 CEAs and three CUAs were included. All studies assessed the eco-
nomic impacts of insulin in the treatment of T2D. Table 2 includes the basic characteristics
of each study included.

Table 2. Basic characteristics of each study included in the concept of the present systematic review.

# First Author
Year of

Publication
Setting Study Type Comparison

1 Cannon, A.J. [28] 2020 USA Cost-effectiveness
analysis

Insulin degludec/liraglutide versus basal
insulin and basal-bolus therapy

2 Cheng, H. [29] 2019 China Cost-effectiveness
analysis Insulin degludec versus insulin glargine

3 Dempsey, M. [30] 2018 USA Cost-effectiveness
analysis

Insulin degludec/liraglutide versus insulin
glargine U100 plus insulin aspart

4 Drummond, R. [31] 2018 UK Cost-effectiveness
analysis

Insulin degludec/liraglutide versus insulin
glargine U100 plus insulin aspart

5 Evans, M. [32] 2023 UK Cost-effectiveness
analysis

Insulin aspart versus
once-weekly semaglutide
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Table 2. Cont.

# First Author
Year of

Publication
Setting Study Type Comparison

6 Gu, S. [33] 2020 China Cost-effectiveness
analysis

Insulin vs. other agents (10 pharmacologic
combination strategies overall)

7 Han, G. [34] 2022 China Cost–utility analysis Insulin degludec/liraglutide versus its single
components—degludec or liraglutide

8 Hunt, B. [35] 2017 USA Cost-effectiveness
analysis

Insulin degludec/liraglutide versus insulin
glargine U100

9 Jiang, Y. [36] 2023 China Cost-effectiveness
analysis

Insulin glargine U100/lixisenatide versus
insulin degludec/insulin aspart

10 Kvapil, M. [37] 2017 Czech
Republic

Cost-effectiveness
analysis

Insulin degludec/liraglutide versus basal
insulin intensification strategies

11 Langer, J. [38] 2019 Japan Cost-effectiveness
analysis Insulin degludec vs. other basal insulins

12 Lau, E. [39] 2019 Hong
Kong

Cost-effectiveness
analysis Insulin glargine U100 versus NPH * insulin

13 Luo, Q. [40] 2022 China Cost-effectiveness
analysis

Insulin degludec/insulin aspart versus
biphasic insulin aspart 30

14

McCrimmon, R.J.
(iGlarLixi vs. basal

insulin plus
metformin) [41]

2021 UK Cost-effectiveness
analysis

Insulin glargine U100/lixisenatide versus
insulin degludec/liraglutide and the
free-combination comparators insulin

glargine plus dulaglutide and basal insulin
plus liraglutide

15
McCrimmon, R.J.
(iGlarLixi Versus

iDegLira) [42]
2021 UK Cost-effectiveness

analysis
Insulin glargine U100/lixisenatide versus

insulin degludec/liraglutide

16
Pöhlmann, J.
(ClinicoEcon

Outcomes) [43]
2019 Italy Cost-effectiveness

analysis
Insulin degludec/liraglutide versus insulin

glargine U100/lixisenatide

17 Pöhlmann, J.
(Diabetes Ther.) [44] 2019 Czech

Republic
Cost-effectiveness

analysis
Insulin degludec/liraglutide versus insulin

glargine U100/lixisenatide

18 Pollock, R.F. [45] 2019 Canada Cost-utility analysis Insulin glargine versus dulaglutide

19 Pollock, R.F. [46] 2018 UK Cost-utility analysis Insulin degludec versus insulin
glargine U100

20

Pollock, R.F.
(Applied Health
Economics and

Health Policy) [47]

2019 UK Cost-effectiveness
analysis

Insulin degludec versus insulin
glargine U100

21 Raya, P.M. [48] 2019 Spain Cost-effectiveness Insulin degludec/liraglutide versus
comparator regimens

UK—United Kingdom; USA—United States of America; * NPH—Neutral Protamine Hagedorn.

3.3. Methodology of Selected Studies

Most selected studies included data from clinical trials or pooled analyses and liter-
ature reviews to populate the models. Studies #1, #3, #4, #5, #7, #8, #9, #10, #13, #14, #15,
#16, #17, #18, #19 and #20 included data from clinical trials and reviews, with some studies
including data from local cohort studies. Study #7 used real-world-data (RWD) in addition
to clinical trial data. The authors of studies #2, #6, #11, #12 and #21 used RWD. The original
authors of all studies used publicly available data and monetary information to construct
the economic variables of the models.
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3.4. Quality Appraisal

All studies that were selected met the inclusion/exclusion criteria and the BMJ score
threshold. Comprehensive quality appraisal results are presented in Table 3 below.

Table 3. Overview of quality appraisal of individual studies based on BMJ health economics checklist
and associated scoring.

# First Author Score on BMJ * Checklist

1 Cannon, A.J. [28] 34/35

2 Cheng, H. [29] 35/35

3 Dempsey, M. [30] 35/35

4 Drummond, R. [31] 34/35

5 Evans, M. [32] 35/35

6 Gu, S. [33] 34/35

7 Han, G. [34] 35/35

8 Hunt, B. [35] 35/35

9 Jiang, Y. [36] 32/35

10 Kvapil, M. [37] 33/35

11 Langer, J. [38] 35/35

12 Lau, E. [39] 34/35

13 Luo, Q. [40] 35/35

14 McCrimmon, R.J. (iGlarLixi vs. basal insulin plus metformin) [41] 34/35

15 McCrimmon, R.J. (iGlarLixi Versus iDegLira) [42] 34/35

16 Pöhlmann, J. (ClinicoEcon Outcomes) [43] 35/35

17 Pöhlmann, J. (Diabetes Ther.) [44] 34/35

18 Pollock, R.F. (2019) [45] 35/35

19 Pollock, R.F. (2018) [46] 35/35

20 Pollock, R.F. (Applied Health Economics and Health Policy) [47] 35/35

21 Raya, P.M. [48] 34/35

* BMJ—British Medical Journal.

3.5. Evidence Synthesis
3.5.1. CEA Studies

Cheng et al. found that treatment with insulin degludec (IDeg), when compared
to insulin glargine (iGlar), was associated with improved Quality-Adjusted Life years
(QALYs) (+0.0053) and life expectancy (0.0082 years) in insulin-naive patients with T2D
living in China, with an additional total mean lifetime cost of USD 3278 and an Incremental
Cost-Effectiveness Ratio (ICER) of USD 613,443 per QALY gained [29]. The authors assert
that reduced cumulative incidence of myocardial infarction, stroke and congestive heart
failure in the IDeg arm might have been potential reasons for their findings.

Moreover, Langer et al. state improved effectiveness in terms of QALYs (+0.0354),
slightly higher annual treatment costs (JPY 9510) and a better value-for-money assessment
(JPY 268,811 per QALY gained) for Japanese patients switching from basal insulin to
IDeg [38].

Pollock et al., based on evidence from DEVOTE 16, found that treatment with IDeg
in UK-based patients was associated with superior cost-effectiveness in contrast to IGlar
U100 (ICER GBP 14,956/QALY) [47]. Treatment with IDeg had also slightly superior results
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pertaining to life expectancy (6.8980 years vs. 6.7825 years) at mean costs of GBP 47,311
(versus GBP 45,582) per patient.

Cannon et al. conducted a short-term CEA in the US, comparing insulin degludec/
liraglutide (IDegLira) with basal insulin and basal-bolus therapy, using DUAL V and DUAL
VII clinical study data [28]. The rates of reaching double or triple composite outcomes
(HbA1c ≤ 7.5%, ≤8.0%, and ≤9.0%) were significantly higher for IDegLira versus IGlar
U100 or other basal-bolus regimens for all targets, both in DUAL V and DUAL VII. For
each USD 1 spent on IDegLira, the equivalent annual costs per patient to achieve the
aforementioned HbA1c targets without hypoglycemia and without weight gain were USD
2.43, USD 2.10 and USD 2.05 for IGlar U100, and USD 6.33, USD 5.80 and USD 6.06,
respectively for basal-bolus therapy. A long-term US CEA by Dempsey et al. outlined
that IDegLira usage (in comparison to iGlar U100 + insulin aspart) was associated with
an increase in discounted life expectancy and discounted quality-adjusted life expectancy
(QALE) by 0.02 years and 0.22 QALYs, respectively [30]. The authors argued that these
increases were driven primarily by a small reduction in the cumulative incidence of diabetes-
related complications and delayed time to their onset. Regarding direct mean medical costs
over a patient lifetime, treatment with IDegLira resulted in a USD 3571 cost saving; mostly
due to lower acquisition costs as well as lower rates of hypoglycaemia and cardiovascular
complications in the IDegLira arm.

Drummond et al. suggested an annual improvement of 0.0512 QALYs for IDegLira;
however direct costs were somewhat higher (GBP 303) because of higher acquisition costs
in the UK market (GBP 828) [31]. When combining clinical and cost outcomes, an ICER of
GBP 5924 per QALY was reported for IDegLira in the treatment of patients with TD2 not
reaching glycaemic targets on basal insulin therapy. Hunt et al. also observed IDegLira
superiority over iGlar U100 up-titration in terms of annual costs among HbA1c ≤ 6.5
without hypoglycaemia (USD 10,608), weight gain (USD 29,215) and their combination
(USD 57,351) in US-based patients [35]. Furthermore, in a CEA study in the Czech Republic,
treatment with IDegLira was associated with a gain in QALE of 0.31 QALYs, with an
additional cost of CZK 107,829 (Czech Koruna) over a patient’s lifetime (compared to
insulin intensification regimens), which corresponds to an ICER of CZK 345,052 per QALY
gained [37]. The authors theorised that the latter was mostly driven by a reduction in the
incidence of diabetes-related complications and in the prolongation of symptom onset.

Pöhlmann et al. (ClinicoEcon Outcomes) associated treatment with IDegLira with
superior outcomes, when compared to insulin glargine/lixisenatide (iGlarLixi) (gained
0.09 LY and 0.13 QALYs) in Italian patients, as a result of lower cumulative incidence
of diabetes-related complications and their delayed onset [43]. Treatment with IDegLira
(versus iGlarLixi) yielded an ICER of EUR 7368 per QALY, which fell below the Willingness-
To-Pay (WTP) threshold and confirmed its cost-effectiveness. In addition, Pöhlmann
et al. (Diabetes Ther.) mentioned an association of IDegLira treatment with superior cost-
effectiveness over iGlarLixi in Czech patients [44], a gain in life expectancy of 0.11 years,
QALE of 0.14 QALYs (mainly driven by the same diabetes complication reasons) and
an ICER of CZK 695,998 (versus iGlarLixi pens containing 33 lg/mL of lixisenatide) and
CZK 348,223 (versus 50 lg/mL) per QALY gained, which was below the pre-specified
WTP threshold.

Treatment with IDegLira was associated with improved clinical outcomes, i.e., de-
creased diabetes-related complications and increased QALE, and reduced costs compared
with other injectable regimens in a CEA conducted in Spain [48]. When compared to
multiple daily insulin injections and basal insulin, ICERs of EUR 3013/QALY and EUR
6890/QALY were reported.

Jiang et al. found that treatment with iGlarLixi (net increase of 0.08 QALYs and 0.07 LE
over a patient’s lifetime) was dominant over insulin degludec/insulin aspart (IDegAsp)
with the projection of an annual medication cost of USD 590.41 to USD 865.03 in Chinese
patients [36]. McCrimmon et al. conducted a CEA on a population of UK citizens with TD2,
who were suboptimally controlled on basal insulin plus metformin, and demonstrated
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lower estimated costs with iGlarLixi (GBP 31,295) compared with iGlar plus dulaglutide
(Dula) (GBP 38,790), iDegLira (GBP 40,179), and BI plus liraglutide (Lira) (GBP 42,467) [41].
Total QALYs gained were 8.438 with iGlarLixi and iDegLira, 8.439 with iGlar plus Dula,
and 8.466 with BI plus Lira; and the net monetary benefit was positive when compared
to all other comparators. In another study by the same leading author, conducted on a
population of UK citizens with TD2 inadequately controlled by GLP-1 receptor agonists
(GLP-1RA) and oral antihyperglycemic therapy, iGlarLixi was reported to be less costly
(owing to acquisition costs) compared to iDegLira (GBP 30,011 versus GBP 40,742), whilst
at the same time being associated with similar QALYs: 8.437 and 8.422, respectively [42].
The net monetary benefit of iGlarLixi was GBP 11,030.

Luo et al. compared biphasic insulin aspart (BIAsp) 30 and IDegAsp strategy and
found an incremental benefit of 0.0001 LYs (12.439 for BIAsp 30 versus 12.438 for IDegAsp),
a 0.280 QALYs gain (9.522 versus 9.242) over a 30-year period, and an ICER of Chinese
Yuan (CNY) 13.886/QALY for the IDegAsp strategy [40].

Evans et al. conducted a study evaluating the long-term cost-effectiveness of once-
weekly semaglutide 1 mg versus insulin aspart in the UK [32]. Despite higher treatment
costs (GBP 800) in the semaglutide arm, it was associated with superior cost-effectiveness
due to an improvement in QALE of 0.18 QALYs, as a result of a decreased incidence in
diabetes complications and delay in disease progress, while also having an ICER of GBP
4457/QALY.

In a comparison between iGlar U100 and Neutral Protamine Hagedorn (NPH) insulin,
the former was associated with an incremental gain of 0.217 QALYs and a cost of Hong
Kong Dollar (HKD) 21,360, which coincided with an ICER of HKD 98,663/QALY [39].

Gu et al. showed that metformin + insulin (following a second-line treatment with
metformin + glinide) had superior cost-effectiveness results in Chinese patients, gaining
14.085 QALYs, among the ten treatment strategies assessed by the authors (extensively
described within Gu et al.) [33]. Scenario analyses showed that patients who report adher-
ence on pharmacologic treatments increased their QALYs (0.456~0.653) at an acceptable
range of cost increase (ICERs, USD 1450/QALY~USD 12,360/QALY) and in some cases, at
decreased costs compared with those not receiving treatment.

3.5.2. CUA Studies

A combination therapy of IDegLira did not demonstrate ‘financial superiority’ over
its monotherapy components (IDeg and Lira) in the treatment of T2D in a CUA conducted
in China [34]. No gains were observed in QALYs (11.79, 11.62, and 11.73, respectively),
medications costs (USD 20,281.61, USD 3726.76 and USD 11,941.26, respectively), complica-
tion costs (USD 25,274.22, USD 25,016.67 and USD 25,204.84, respectively), total costs (USD
45,555.83, USD 28,743.43 and USD 36,660.18, respectively), incremental cost–utility ratio
values (USD 99,464.12/QALYs and USD 143,348.26/QALYs, respectively; both surpassed
the WTP threshold) nor net monetary benefits (−10,447.67 and −6200.68, respectively).

Both CUA studies positioning iGlar U100 as a ‘financial protagonist’ were published
by Pollock et al. and conducted in Canada and the UK, respectively. Treatment with iGlar
U100 was inferior to GLP-1RA agent dulaglutide (when used as a third-line therapy in
Canada) in terms of QALE (12.52 vs. 12.90 QALYs) and ICER (CAD 52,580 per QALY
gained) [45]. In the second study, treatment with IDeg was superior to iGlar U100 (when
compared with basal-bolus regimens in the treatment of patients with T2D in the UK),
reporting cost savings of GBP 28.78 per patient (particularly among a population at high
risk of the development of heart disease) and a 0.0064 increase in QALYs (1.4778 versus
1.4715, mostly due to lower hypoglycemia risk) [46].

4. Discussion

There are many blood-glucose-lowering treatments with varied clinical outcomes and
costs available worldwide. Insulin and GLP-1RA therapies have been continuously devel-
oped and approved in order to help patients better manage glycemic control. Generally,

168



Diabetology 2023, 4

newer products such as insulin degludec/DegLira and semaglutide with more positive
clinical outcomes were associated with higher acquisition costs but lower healthcare costs
due to mitigated hypoglycemia or other T2D complications during short and long-term
CEAs. Specifically, IDeg and DegLira were always found to be more cost-effective therapies
than basal-bolus or insulin glargine therapies when hypoglycemic events were considered.
The studies where they were not found to be suitable cost-effective alternatives included
a UK study where a lower cost generic biosimilar of iGlarLixi was used to calculate the
iGlarLixi acquisition cost, which was then compared to branded iDegLira and a study
conducted in China where hypoglycemic events were not considered a potential risk factor
for subsequent cardiovascular outcomes [36,42]. The latter of these is significant, as all
of the studies reporting IDeg and similar insulin mixes to be more effective than insulin
glargine variants considered hypoglycemic events, which were key in determining IDeg
variants to be more cost-effective. Additionally, a CUA in China found treatment with
combination therapy iDegLira to be significantly less cost-effective than either degludec or
liraglutide monotherapy despite achieving the highest QALY, due to its high cost in the
Chinese market [34].

Cost-effectiveness assessments are important due to the high absolute costs of insulin
therapy. Though markets for insulin across the nine countries covered in this review vary in
both size and most commonly prescribed insulin analogue, significant healthcare resources
are dedicated to procuring insulin for T2D patients.. The average standard unit of insulin
(100 units of insulin/mL of fluid) in each of the countries covered in this review cost USD
98.7 in the USA, USD 14.4 in Japan, USD 12 in Canada, USD 10.03 in Italy, USD 9.04 in
Spain, USD 8.18 in the Czech Republic and USD 7.52 in the UK. The wide range of insulin
prices is due to both reimbursement practices and the types of insulin analogues most
commonly prescribed.

New therapies, whether novel compounds or combination therapies, are often asso-
ciated with high prices that can negatively impact their cost-effectiveness despite clear
clinical benefits. In wealthier countries where payer systems have a higher capacity to
absorb increased upfront acquisition costs, these products can be attractive, cost-effective
alternative treatments compared to established lower-cost alternatives when downstream
associated health costs are substantially decreased. The characteristics of countries’ health
payer systems and their approaches to optimising health can impact criteria used to de-
termine whether interventions are cost effective. Beyond using different criteria to assess
the cost-effectiveness of therapeutics, systems may approach allocating scarce resources
differently, perhaps opting to prioritise acquisition costs over potential downstream savings.
Other factors impacting CEAs and CUAs in different markets are the variance in availability
and acquisition costs of therapeutic products and reimbursement for care. Combined, all
these factors have the collective effect of creating country-specific scenarios that are not
necessarily directly comparable or generalizable. Despite this heterogeneity, assessing the
global cost-effectiveness of insulin therapies in the management of T2D allows for the care
landscape to be better understood, hopefully leading to better outcomes for all patients
with T2D.

The primary strengths of this SLR include the robustness of the study selection process
and inclusion of studies across low-, medium- and high-income levels, with a variety of
payer systems. Both reviewers assessing all 5444 abstracts sourced from the databases
listed in the Methods section allowed for early consensus building and the mitigation of
selection bias. Among the 21 studies that met the inclusion/exclusion criteria, 6 were
UK-focused, 5 China-focused, 3 USA-focused, 2 Czech Republic-focused, 1 Spain-focused,
1 Japan-focused, 1 Italy-focused, 1 Canada-focused and 1 Hong Kong-focused.

Limitations to this review include the inability to directly compare studies due to
different data sources, variables or heterogeneous results, and the majority of the reviewed
studies having received industry funding from an organisation manufacturing at least
one of the assessed products. Studies used different clinical outcomes, assumptions and
models even when using similar methodologies to conduct CEAs or CUAs. The studies
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focussing on China differed from the rest of the studies reviewed as they did not consider
hypoglycemic events caused by insulin when assessing cost-effectiveness; however besides
this, there were not significant regional differences in health economic evaluations of insulin.
Lastly, though seven diverse regions were assessed in this SLR, the findings may not be
generalizable to other regions due to differences in therapeutic availability, pricing and
reimbursement. This review could still be used as a foundation for more directly applicable
research in regions not directly addressed. Despite these weaknesses, we are confident that
the comprehensive search and selection process, following PRISMA guidelines and using
quality assessment tools for each included study, has allowed for a strong review of the
literature focused on pharmacoeconomic evaluations of insulin in the management of T2D.

To the best of our knowledge, no SLR including CUAs and CEAs published after 2016
on the use of insulin in the management of T2D has been published recently. In 2015, Zhong
et al. published an SLR including CUAs in the management of both types of diabetes,
while Saunders et al. conducted an SLR on the cost-effectiveness of intermediate-acting,
long-acting, ultralong-acting, and biosimilar insulins in the treatment of T1D [49,50]. In
addition, Shafie et al. and Suh et al. performed SLRs on the cost-effectiveness of insulin in
the management of both types of diabetes [51,52]. The authors of the latter concluded that
insulin detemir is more cost-effective than NPH and as cost-effective as iGlar. Saunders
et al., writing about T1D, reported superior cost-effectiveness of long-acting insulin over
intermediate-acting insulin. Shafie et al. called for more research to be conducted on the
cost-effectiveness of insulin analogues in the treatment of T2D and Zhong et al. asserted
that practice needs to be optimised with the use of value-for-money interventions. Hence,
we are positive that our work provides an updated insight in the research around insulin
and T2D management.

Novel, increasingly expensive therapies based on innovative science are being con-
tinuously developed to combat T2D, and as such, it is important for healthcare providers
and payers to be able to identify optimal therapies and treatment algorithms for their
healthcare settings. Growing understanding of and ability to affect mechanisms of T2D
yield new treatment options with new therapeutic outcomes and risks. However, newer
therapies are not always necessarily better for patients and health systems, whether looking
at therapeutic outcomes, cost, or a combination of both. Novel therapies associated with
increased therapeutic benefit are often expensive during their exclusivity period, which
can negatively impact their cost-effectiveness. This relationship is not static however, as
generic and biosimilar therapies can often offer similar or identical benefits at a lower price
point, positively improving the cost-effectiveness of a given therapy. These lower-cost
options are not ubiquitous in their availability, meaning that different settings may still
generate heterogenous assessments of the most cost-effective T2D interventions. Regardless
of setting, healthcare needs are far vaster than the available finite resources, marking the
importance of cost–benefit analyses spanning the therapeutic landscape. Reviews such
as this can be helpful tools for collating work conducted in a variety of settings to help
build understanding of the therapeutic landscape. More research exploring etiologies
of T2D and associated therapeutic outcomes linked to existing and novel interventions
will help bolster the foundation of knowledge that can better help payers, providers, and
patients make more optimal care decisions. Developing more consistent models with these
acquired data will allow for more effective cross-market comparisons of cost effectiveness,
helping all patients with T2D receive more cost-effective care while mitigating the burden
on healthcare systems.
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Appendix A

Table A1. The comprehensive search strategy that was used on Pubmed/Medline, Embase, and
Global Health.

Search Strategy

PubMed (diabetes) AND (insulin) AND (econom* OR economic evaluation). af

Embase (diabetes) AND (insulin) AND (econom OR economic evaluation). af

Global Health (diabetes) AND (insulin) AND (econom* OR economic evaluation). af

Medline (diabetes) AND (insulin) AND (econom* OR economic evaluation). af

Limitations

PubMed 2016–2023
The results of the search were filtered only for English papers

Embase English Language
2016–Current

Global Health English Language
2016–Current

Medline 2016–Current
The results of the search were filtered only for English papers

af—All fields.
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