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Ultrasonographic Achilles Tendon Measurements and Static and Dynamic Balance in
Prediabetes
Reprinted from: Medicina 2024, 60, 1349, https://doi.org/10.3390/medicina60081349 . . . . . . . 109

Khanh Ngoc Nguyen, Van Khanh Tran, Ngoc Lan Nguyen, Thi Bich Ngoc Can, Thi Kim
Giang Dang, Thu Ha Nguyen, et al.
Hyperornithinemia–Hyperammonemia–Homocitrullinuria Syndrome in Vietnamese Patients
Reprinted from: Medicina 2024, 60, 1877, https://doi.org/10.3390/medicina60111877 . . . . . . . 119
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Preface

Dear Colleagues,

Diabetes, obesity, and metabolic diseases have emerged as some of the most pressing global

health challenges of our time. Their rising prevalence not only burdens individuals and families

but also exerts profound pressure on healthcare systems worldwide. These conditions are intricately

linked, often overlapping in pathophysiology and complicating clinical management.

In recent years, we have witnessed remarkable breakthroughs in both pharmacological

therapies and digital technologies. Novel agents such as weekly insulin, dual and triple incretin

receptor agonists, and oral GLP-1 receptor agonists are transforming glycemic control and weight

management. At the same time, the integration of digital tools—including AI-assisted monitoring,

wearable devices, and telehealth platforms—has begun to redefine the way we deliver care. Yet,

despite these promising advances, many critical questions remain. How effective are these treatments

in real-world settings? How can technology be best utilized to personalize therapy and improve

long-term outcomes? And how do we ensure equitable access to these innovations across diverse

global populations?

This Special Issue, entitled ”Advances in Clinical Diabetes, Obesity, and Metabolic Diseases”,

brings together cutting-edge research, clinical insights, and real-world experiences from experts

around the world. It aims to provide a comprehensive snapshot of where we stand and where we are

heading in the fight against these complex diseases.

We are deeply grateful to the authors and reviewers whose invaluable contributions have made

this collection possible. It is our hope that the studies presented here will inspire continued dialogue,

collaboration, and innovation in this ever-evolving field.

We now invite you to explore the following Editorial, which offers a comprehensive overview of

the significant findings and ongoing challenges highlighted in this Special Issue.

Yuzuru Ohshiro, Kunimasa Yagi, and Yasuhiro Maeno

Guest Editors
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Editorial

Editorial for the Special Issue “Advances in Clinical Diabetes,
Obesity, and Metabolic Diseases”
Yuzuru Ohshiro 1,*, Kunimasa Yagi 2 and Yasuhiro Maeno 3,4

1 Department of Internal Medicine, Omoromachi Medical Center, 1-3-1 Uenoya,
Naha 900-0011, Okinawa, Japan

2 School of Medicine, Kanazawa Medical University, 1-1 Daigaku, Uchinada 920-0293, Ishikawa, Japan;
yagikuni@icloud.com

3 Comprehensive Internal Medicine, Shiga University of Medical Science, 255 Gochi-cho,
Higashiomi 527-8505, Shiga, Japan; maeno@belle.shiga-med.ac.jp

4 Diabetes & Endocrinology Department, National Hospital Organization Higashi-ohmi General Medical
Center, 255 Gochi-cho, Higashiomi 527-8505, Shiga, Japan

* Correspondence: ooshiro@aol.com

Diabetes, obesity, and metabolic diseases are posing significant challenges to healthcare
systems globally. These conditions contribute to increased morbidity and mortality, so
continuous advancements in therapeutic strategies and technologies are crucial. Over the
past year or so, our Special Issue “Advances in Clinical Diabetes, Obesity, and Metabolic
Diseases” has served as a platform for the sharing of novel interventions, innovative
technologies, and real-world data that contribute to improved patient care. This Editorial
will provide an overview of key developments in this field, highlight the contributions of
this Special Issue, and outline future research directions.

Remarkable progress has been made in the management of diabetes and metabolic dis-
orders over the last decade. Novel pharmacological treatments, such as weekly insulin [1],
dual glucagon-like peptide (GLP)-1 and gastric inhibitory polypeptide (GIP) receptor ago-
nists [2], and triple-combination therapies (GLP-1, GIP, and glucagon receptor agonists) [3],
have been used in clinical practice. The emergence of oral GLP-1 receptor agonists has
increased convenience for patients by enhancing their compliance and glycemic control [4].
Despite these advancements, critical gaps remain in our understanding of long-term car-
diovascular outcomes, patient adherence, and real-world effectiveness in relation to these
novel therapies [5]. Additionally, further evaluations are required regarding the integration
of technology, including artificial intelligence and digital health monitoring, into diabetes
management to optimize patient outcomes [6].

This Special Issue includes many high-quality studies, several of which stand out
for their significant contributions to the field. Yagi et al. [7] investigated the effect of a
robot-assisted diabetes self-management monitoring system and demonstrated significant
improvements in glycemic control. Their findings highlight the potential of robotic systems
in supporting diabetes care professionals and enhancing patient engagement. The number
of patients with diabetes continues to increase worldwide, with notable increases in Asia,
the Middle East, and Africa. Economic growth in these regions has led to changes in dietary
habits and reduced physical activity, contributing to a sharp increase in the prevalence of
diabetes. Simultaneously, access to diabetes specialists and appropriate treatment remain
insufficient in these areas, leaving many patients without adequate care [8]. The study by
Yagi et al. provides valuable insights into addressing this critical issue.

Tariq et al. [9] explored the association between telomere length and aging determi-
nants in patients with type 2 diabetes. Their study challenged the notion that telomere

Medicina 2025, 61, 595 https://doi.org/10.3390/medicina61040595
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length is the sole marker of biological aging by revealing significant correlations between
telomere length and factors such as hypertension, smoking, and stress. These insights
underscore the need for multidimensional assessments of age-related diabetes.

In another important study, Graňák et al. [10] examined the role of physical activity in
preventing post-transplant diabetes mellitus. Their findings suggest that regular exercise
significantly improves glucose tolerance outcomes after kidney transplantation, supporting
the incorporation of structured exercise programs into post-transplant care protocols.

In another key study, Vuković et al. [11] investigated the neurometabolic alterations in
obesity using cerebral multivoxel magnetic resonance spectroscopy. Their study revealed
significant negative correlations between obesity markers and brain metabolites involved
in cognitive and emotional processing, with hyperinsulinemia emerging as a critical factor
affecting neurometabolic health. These findings emphasize the need for targeted metabolic
interventions.

As the research on diabetes, obesity, and metabolic diseases continues to evolve, sev-
eral key areas will require further investigation. The development of personalized medical
approaches will enable more tailored treatment strategies by enabling the consideration
of genetic, metabolic, and behavioral factors that influence individual responses to ther-
apy. Additionally, expanding the roles of artificial intelligence, wearable devices, and
telemedicine can enhance real-time monitoring and personalized interventions. Further
studies are needed to evaluate the long-term cardiovascular outcomes of GLP-1 and GIP
receptor agonists beyond glycemic control. Moreover, a deeper understanding of the com-
plex interactions among obesity, insulin resistance, and neurodegeneration is essential in
developing targeted therapeutic interventions for metabolic brain dysfunction.

This Special Issue provides valuable insights into the evolving landscapes of diabetes,
obesity, and metabolic diseases. The studies featured here contribute to bridging knowledge
gaps and advancing clinical applications. However, continued efforts are essential to
address remaining challenges and enhance patient outcomes. We extend our gratitude to all
the contributing authors, reviewers, and researchers who have enriched this collection with
their expertise and dedication. As this field continues to develop, we anticipate that further
ground-breaking discoveries will shape the future of metabolic disease management.

Author Contributions: Conceptualization, Y.O.; writing—original draft preparation, Y.O.; writing—
review and editing, K.Y. and Y.M. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.
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GLP glucagon-like peptide
GIP gastric inhibitory polypeptide
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Improved Glycemic Control through Robot-Assisted Remote
Interview for Outpatients with Type 2 Diabetes: A Pilot Study
Kunimasa Yagi 1,2,*, Michiko Inagaki 3, Yuya Asada 3, Mako Komatsu 4, Fuka Ogawa 4, Tomomi Horiguchi 3,
Naoto Yamaaki 5, Mikifumi Shikida 4, Hideki Origasa 6 and Shuichi Nishio 7
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4 School of Informatics, Kochi University of Technology, Kochi 780-8515, Japan;
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Abstract: Background and Objectives: Our research group developed a robot-assisted diabetes self-
management monitoring system to support Certified Diabetes Care and Education Specialists
(CDCESs) in tracking the health status of patients with type 2 diabetes (T2D). This study aimed
to evaluate the impact of this system on glycemic control and to identify suitable candidates for
its use. Materials and Methods: After obtaining written informed consent from all participants with
T2D, the CDCESs conducted remote interviews with the patients using RoBoHoN. All participants
completed a questionnaire immediately after the experiment. HbA1c was assessed at the time of the
interview and two months later, and glycemic control status was categorized as either “Adequate”
or “Inadequate” based on the target HbA1c levels outlined in the guidelines for adult and elderly
patients with type 2 diabetes by the Japan Diabetes Society. Patients who changed their medication
regimens within the two months following the interview were excluded from the study. Results:
The clinical characteristics of the 28 eligible patients were as follows: 67.9 ± 14.8 years old, 23 men
(69%), body mass index (24.7 ± 4.9 kg/m2), and HbA1c levels 7.16 ± 1.11% at interview and two
months later. Glycemic control status (GCS) was Adequate (A) to Inadequate (I): 1 case; I to A: 7 cases;
A to A good: 14 cases; I to I: 6 cases (p-value = 0.02862 by Chi-square test). Multiple regression
analyses showed that Q1 (Did RoBoHoN speak clearly?) and Q7 (Was RoBoHoN’s response natural?)
significantly contributed to GCS, indicating that the naturalness of the responses did not impair the
robot-assisted interviews. The results suggest that to improve the system in the future, it is more
beneficial to focus on the content of the conversation rather than pursuing superficial naturalness
in the responses. Conclusions: This study demonstrated the efficacy of a robot-assisted diabetes
management system that can contribute to improved glycemic control.

Keywords: type 2 diabetes; robot; RoBoHoN; certified diabetes care and education specialists;
diabetes self-management; information and communication technology

1. Introduction

The management of type 2 diabetes (T2D) involves multifaceted challenges, particu-
larly in self-management, which includes diet, exercise, and adherence to medication [1,2].
Certified Diabetes Care and Education Specialists (CDCESs) play a pivotal role in this

Medicina 2024, 60, 329. https://doi.org/10.3390/medicina60020329 https://www.mdpi.com/journal/medicina4
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sense [3], employing a comprehensive approach to assess and enhance patients’ knowledge,
behaviors, and support systems [4]. The effectiveness of CDCES in facilitating behavioral
change, enhancing glycemic control, and preventing diabetes-related complications is well
established, reflecting their crucial role in improving the quality of life of individuals with
T2DM [5].

However, the increasing global prevalence of diabetes, with an estimated 463 million
adults living with the condition in 2019 and projections suggesting a rise to 700 million by
2045 [6], has led to a considerable gap in healthcare provision. This burgeoning epidemic is
outstripping the availability of skilled CDCES, especially in Japan’s super-aged society [7].
The uneven distribution of CDCES, predominantly concentrated in urban medical centers
and university hospitals rather than in rural private clinics, exacerbates this shortfall.
Additionally, the COVID-19 pandemic has exacerbated this situation by limiting face-to-
face interactions in medical settings, thereby hindering traditional methods of diabetes
education and care.

In response to these challenges, significant global investment has been directed toward
developing information and communication technology (ICT) systems to support diabetes
management. Our research group acknowledges that although these technological advance-
ments are promising, the absence of human empathy and interaction in computer-mediated
education frequently results in less-than-ideal patient outcomes. To address this, we de-
veloped a novel robot-assisted diabetes self-management monitoring system [8–10]. This
system, designed to support CDSESs in various tasks such as information gathering and
patient education, includes robots that can mimic human expressions. This feature allows
for a more engaging and personable approach to providing diabetes nutritional guidance.

Introducing such expressive robots bridges the gap between technological innovation
and empathetic patient care. By doing so, we revolutionize patient engagement and trans-
form the landscape of diabetes education. This study evaluated the impact of our system
on glycemic management and identified suitable candidates for this technology. Our ap-
proach addresses the shortfall in CDSES availability. It challenges the belief that significant
investments in medical ICT do not necessarily result in practical medical improvements,
potentially leading to considerable decreases in future healthcare expenses and improving
the well-being of individuals with T2D.

2. Materials and Methods
2.1. Study Design and Ethical Issues

This is a retrospective cross-sectional observational study of a hospital-based cohort.
All procedures followed the ethical standards of the responsible committee on human
experimentation and the Helsinki Declaration of 1964, as well as its later amendments.
The study protocol was approved by the Ethics Committee of Toyama University Hospital
(IRB# R2021083). We obtained written informed consent from all participants, informing
them that they could opt out at any time.

2.2. Study Population

This study analyzed data from patients with T2D to assess their glycemic control status
(GCS) at the Kitano Internal Medicine Clinic (Kanazawa, Japan), between November 2021
and October 2022. All patients in the study cohort regularly attended the clinic monthly
or bimonthly. Even for those attending monthly, the initial HbA1c measurement was
confirmed two months after the robotic interview.

The inclusion criteria included patients with T2D who had their HbA1c levels evalu-
ated at baseline and again two months later. The exclusion criteria were as follows: (i) type 1
diabetes, (ii) secondary diabetes, (iii) refractory malignant diseases, (iv) dependency on
hemodialysis, (v) renal dysfunction with serum creatine levels over 2.5 mg/dL, (vi) symp-
tomatic coronary artery disease or percutaneous coronary intervention within the past
year, (vii) severe hepatic dysfunction (Child–Pugh score ≥10), and (viii) patients who had
changed their prescriptions within the two months prior to the interview.
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2.3. Definitions

T2D diagnoses were established based on the diagnostic criteria outlined by the Amer-
ican Diabetes Association and The Japan Diabetes Society (JDS), involving the presence of
HbA1c levels ≥6.5% (National Glycohemoglobin Standardization Program), fasting blood
glucose concentrations ≥126 mg/dL (7.0 mmol/L), random blood glucose concentrations
≥200 mg/dL, or the current use of medications for diabetes [11,12].

Diabetic nephropathy is defined by urinary albumin excretion ≥30 mg/g creatinine or
an estimated glomerular filtration rate < 60 mL/min/1.73 m2 [11,12].

GCS was classified as Adequate (A) or Inadequate (I) based on HbA1c levels according
to the JDS treatment goal guidelines for adult and elderly patients with T2D, considering
age and activities of daily living for the elderly [11].

2.4. Robot-Assisted Interview

The development of a robot-based remote medical interview system was motivated by
the unique capabilities of robotic technology for providing diabetes care guidance. Detailed
information on this innovative system can be found in a separate publication [13]. In
brief, this system involves the remote operation of a robot by a CDCES to gather relevant
information regarding the patient’s diabetes self-management, including knowledge related
to diet and exercise, behavioral patterns, and the support environment. All responses
provided by the robot are preprogrammed in its control system prior to the interaction,
allowing the CDCES to communicate precise questions and acknowledgments to patients
with diabetes at the touch of a button. Patient responses are recorded using a camera
and microphone embedded in the RoBoHoN (Sharp Corporation, Japan) [14] (Figure 1),
enabling the CDCES to retrospectively analyze the conversation. This innovative approach
improves the efficiency and effectiveness of remote diabetes management by incorporating
robotic technology into the healthcare delivery process.
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2.5. Evaluation of Robot-Assisted Interviews by Certified Diabetes Care and Education Specialists

Two CDCESs, Y.A. and M.I., actively participated in this research endeavor. Their
combined experience as CDCESs spans 12 and 38 years, respectively, contributing valuable
insights to the system’s development, as previously detailed. Beyond their involvement in
the system’s development, these CDCES independently assessed the self-care behaviors in
patients with T2DM.

2.6. Assessment of Robot-Assisted Interviews with Participating Individuals with Diabetes

The effectiveness of the robot-assisted interviews was evaluated by administering
questionnaires immediately after the interviews, with the relevant questions categorized
under Quality of Care (QC) (Table 1). These questionnaires aimed to assess the perceived
usefulness and efficacy of the interview method, offering important perspectives on the
patient experience and the overall influence of the robot-assisted approach on healthcare
interactions. The specific QC items on the questionnaire addressed various aspects of
the interview, highlighting its thoroughness, patient engagement, and potential areas
for improvement.

Table 1. Questionnaires evaluating diabetes self-care status, categorized under Quality of Care.

Category 1: Functional quality of RoBoHoN-mediated interview

QC-01 Did RoBoHoN speak clearly?

QC-02 Did RoBoHoN speak at an appropriate speed to be understood?

QC-03 Do you feel satisfied that you have told RoBoHoN what you wanted to say?

QC-04 Did RoBoHoN ask questions in timely and in natural?

QC-05 Were RoBoHoN’s questions difficult to understand?

QC-06 Did RoBoHoN reply in a natural time?

QC-07 Was RoBoHoN’s response natural?

Category 2: Impression of RoBoHoN

QC-08 Was RoBoHoN cute?

QC-09 Did you feel afraid of RoBoHoN (scary, cold, etc.)?

QC-10 Did you feel attached to RoBoHoN while talking with him?

QC-11 Did you feel familiar with the way RoBoHoN speaks?

QC-12 Did you want to talk more with RoBoHoN?

Category 3: Advantages of RoBoHoN-mediated interviews over usual CDCESs’

QC-13 Did you feel more comfortable talking to RoBoHoN than to a medical professional?

QC-14 Was it easier to talk about difficult things with RoBoHoN than with a medical professional?

QC-15 Did you feel more pressure of tested when talking to a RoBoHoN than when communicating
with a medical professional?

QC-16 Did you feel uncomfortable discussing personal matters because of RoBoHoN’s childish way
of speaking?

QC-17 Did you feel that coming to the clinic was more fun?

Category 4: RoBoHoN’s effect on reflection on diabetes self-care

QC-18 Did your conversation with RoBoHoN make you reflect on your own knowledge about diabetes?

QC-19 Did your conversation with RoBoHoN give you an opportunity to reflect on your own diet and
eating habits regarding diabetes?

QC-20 Did your conversation with RoBoHoN give you an opportunity to reflect on your own activity
level and exercise habits regarding diabetes?

QC-21 Did your conversation with RoBoHoN cause you to reflect on medications (oral medications and
insulin) in relation to diabetes?

QC-22 Did your conversation with RoBoHoN cause you to reflect over your glycemic management?
CDCES, Certified Diabetes Care and Education Specialists; QC, questionnaires categorized under Quality of Care.
Each questionnaire should be answered in five degrees: strongly disagree, disagree, neutral, agree somewhat, and
strongly agree.
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2.7. Statistical Analysis

The sample size was calculated using Lehr’s formula, aiming for a power of 80%
and a significance level (α) of 0.05, resulting in a required sample size of 32 patients.
Continuous variables were expressed as mean ± SD and median, and categorical variables
were expressed as numbers and percentages. Continuous variables were compared using
an independent samples t-test. A comparison of the categorical variables between the
groups was performed using a chi-square test and Kruskal-Wallis test. Multivariate liner
regression analysis was conducted to evaluate the predictive effect of robot usage on
questionnaire outcomes, adjusting for other potential confounders. Statistical analyses
were performed using JMP ver. 16.1.2000. (SAS Institute Inc., Cary, NC, USA), R 4.3.0 GUI
1.79, and R studio ver. 2023.06.0 + 421 (Boston, MA, USA) on a Macintosh computer.

3. Results

We obtained written informed consent from the 33 patients with diabetes. Three
participants were unable to complete the follow-up data collection at the two-month mark.
Two participants were excluded due to changes in their oral medication regimen. Conse-
quently, the analysis incorporated data from 28 participants, and their clinical characteristics
are summarized in Table 1. In summary, the cohort had a mean age of 69.5 ± 12.7 years,
included 20 males (71%), and had a mean body mass index (BMI) of 24.9 ± 4.9 (Table 2).
Pharmacological treatments for diabetes were as follows: three cases with insulin injections,
seven cases with GLP-1 analog injections, seven cases with biguanides, ten with insulin
secretagogue, eighteen with SGLT2 inhibitors, sixteen with DPP4 inhibitors, and three with
thiazolidine, and three with imeglimin. Throughout the study, all patients demonstrated
sufficient compliance with the interview process.

Table 2. Baseline characteristics of the participants.

Characteristics Variables

Number of subjects 28

Age, years old 69.5 ± 12.7, 70.5 [63.75, 79.25]

Gender (Male/Female) 20/8

HbA1c (0M), % 7.06 ± 0.69, 7.1 [6.75, 7.45]

HbA1c (2M), % 6.86 ± 0.62, 6.9 [6.675, 7.125]

∆HbA1c, % −0.19 ± 0.29, −0.2 [−0.4, 0]

Glycemic control (0M) Adequate/Inadequate 15/13

Glycemic control (2M) Adequate/Inadequate 21/7

BMI, Kg/m2 24.9 ± 4.9, 24.2 [22.25, 27.4]

Number of diabetes medications 2.1 ± 1.1, 2 [1,3]

Subjects with diabetic complications 5

Treated with insulin injections 3 (11%)

Treated with GLP-1 analog injections 7 (25%)

Treated with biguanide 7 (25%)

Treated with sulfonylureas and glinides 10 (36%)

Treated with SGLT2 inhibitors 18 (64%)

Treated with DPP-4 inhibitors 16 (57%)

Treated with thiazolidine 3 (11%)

Treated with imeglimin 3 (11%)

Grade of diabetes care behavior (6–18) 9.50 [8.00, 12.00]
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Table 2. Cont.

Characteristics Variables

Understanding of diabetes therapy (3–9) 4.00 [3.75, 5.00]

Acceptance of diabetes (3–6) 4.00 [4.00, 5.00]

Effectiveness of Robot interview (2–4) 4.00 [4.00, 4.00]

QC-01 (1–5) 5.00 [4.00, 5.00]

QC-02 (1–5) 5.00 [4.00, 5.00]

QC-03 (1–5) 4.00 [4.00, 5.00]

QC-04 (1–5) 4.00 [3.75, 5.00]

QC-05 (1–5) 3.00 [3.00, 4.00]

QC-06 (1–5) 4.00 [3.00, 5.00]

QC-07 (1–5) 4.00 [3.00, 5.00]

QC-08 (1–5) 4.00 [3.75, 5.00]

QC-09 (1–5) 5.00 [4.00, 5.00]

QC-10 (1–5) 3.00 [3.00, 4.00]

QC-11 (1–5) 4.00 [3.00, 5.00]

QC-12 (1–5) 3.00 [3.00, 4.00]

QC-13 (1–5) 3.00 [3.00, 4.00]

QC-14 (1–5) 3.00 [3.00, 4.00]

QC-15 (1–5) 4.00 [3.00, 4.25]

QC-16 (1–5) 4.00 [3.00, 5.00]

QC-17 (1–5) 3.00 [2.75, 3.00]

QC-18 (1–5) 4.00 [3.00, 4.00]

QC-19 (1–5) 4.00 [3.00, 5.00]

QC-20 (1–5) 4.00 [3.00, 4.25]

QC-21 (1–5) 3.00 [3.00, 4.00]

QC-22 (1–5) 4.00 [3.00, 5.00]

BMI, body mass index; GLP-1, glucagon-like peptide 1; M, months; QC, Questionnaires categorized under
Quality of Care. Clinical features as age, HbA1c, BMI, and the number of diabetes medications were expressed in
mean ± S.D., and median. The scores of diabetes self-care status, and QC01 to QC-22 were expressed as median
[interquartile range].

All patients demonstrated sufficient acceptance of the system during the completion of
the RoBoHoN-assisted interview. At the time of the interview, the mean HbA1c level was
7.06 ± 0.69%; two months later, it was 6.86 ± 0.62%. Notably, after two months, participants
who underwent RoBoHoN interviews exhibited a 0.19 ± 0.29 percentage point reduction
in HbA1c. The distribution of changes in GCS was as follows: A to I: 1 case; I to A: 7 cases;
A to A: X cases; I to I: X cases (ChiSq p < 0.0001) (Table 3). Fisher’s exact test indicated a
significant difference in status, with seven instances improving from I to A and one case
deteriorating from A to I (p = 0.02862).

Table 3. Change in glycemic management status two months after RoBoHoN-mediated interview.

Adequate GMS after 2 Months Inadequate GMS after 2 Months

Adequate GMS at baseline 14 1

Inadequate GMS at baseline 7 6

Odds ratio 10.9 (p-value = 0.029 by Fisher exact test). GMS, glycemic management status.
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Because the I to A (Adequate to Inadequate) group consisted of only one case, it was
combined with the I to I (Inadequate to Inadequate) group, which had six cases. Then,
among the three groups of this A to I + I to I, I to A (Inadequate to Inadequate), and A to A
(Adequate to Adequate), a Kruskal–Wallis test revealed significant factors such as HbA1c
(0M), HbA1c (2M), ∆HbA1c, QC01 (Did RoBoHoN speak clearly?), QC07 (Was RoBoHoN’s
response natural?), QC15 (Did you feel more pressure when tested during a conversation
with a robot phone than when communicating with a healthcare provider?), and QC16
(Did you feel uncomfortable discussing personal matters because of RoBoHoN’s childish
way of speaking?) (Table 4). Figure 2 shows the distribution of each factor across the four
groups of HbA1c at baseline and two months post-intervention and its changes, QC01,
QC07, QC15, and QC16.

Table 4. Kruskal–Wallis analyses among 3 groups over two months of change in glycemic manage-
ment status.

Adequate to
Adequate

Inadequate to
Adequate

Inadequate and
Adequate to
Inadequate

Kruskal–Wallis Analyses
among 3 Groups

(p-Value)

Number of subjects 14 7 7

Age, years old 70.50 [62.00, 79.25] 71.00 [64.00, 73.50] 69.00 [65.50, 79.50] 0.958

Gender (M/F) 10/4 6/1 4/3 0.497

HbA1c (0M), % 6.70 [6.45, 7.05] 7.20 [7.10, 7.65] 7.20 [7.15, 7.45] 0.022

HbA1c (2M), % 6.70 [6.32, 6.97] 6.90 [6.80, 7.05] 7.10 [7.10, 7.30] 0.020

∆HbA1c, % −0.15 [−0.27, −0.03] −0.50 [−0.55, −0.30] 0.00 [−0.15, 0.20] 0.016

BMI 24.25 [23.10, 26.65] 26.20 [23.25, 28.95] 22.30 [20.75, 23.85] 0.286

Number of diabetes medications 2.00 [1.00, 2.75] 2.00 [2.00, 3.00] 2.00 [1.00, 2.50] 0.536

Subjects with diabetic
complications 4 0 1 0.262

Grade of diabetes care
behavior (6–18) 10.00 [7.50, 11.75] 10.00 [9.00, 12.50] 8.00 [8.00, 9.00] 0.264

Understanding of diabetes
therapy (3–9) 4.00 [3.00, 4.00] 4.00 [4.00, 5.50] 4.00 [4.00, 4.50] 0.440

Acceptance of diabetes (3–6) 4.00 [4.00, 5.00] 5.00 [4.00, 5.00] 4.00 [3.50, 4.00] 0.104

Effectiveness of Robot
interview (2–4) 4.00 [4.00, 4.00] 4.00 [4.00, 4.00] 4.00 [3.50, 4.00] 0.357

QC-01 (1–5) 5.00 [4.00, 5.00] 4.00 [3.50, 4.50] 5.00 [5.00, 5.00] 0.024

QC-02 (1–5) 5.00 [4.00, 5.00] 4.50 [4.00, 5.00] 5.00 [5.00, 5.00] 0.166

QC-03 (1–5) 4.50 [4.00, 5.00] 4.00 [3.00, 4.00] 5.00 [4.50, 5.00] 0.057

QC-04 (1–5) 4.00 [4.00, 4.00] 3.50 [3.00, 4.50] 5.00 [4.50, 5.00] 0.120

QC-05 (1–5) 3.50 [3.00, 4.00] 3.00 [3.00, 3.00] 4.00 [3.50, 4.50] 0.333

QC-06 (1–5) 4.00 [3.00, 4.75] 3.00 [3.00, 4.00] 4.00 [4.00, 5.00] 0.260

QC-07 (1–5) 4.00 [3.00, 4.75] 3.00 [3.00, 4.00] 5.00 [4.00, 5.00] 0.022

QC-08 (1–5) 4.00 [3.00, 5.00] 4.50 [4.00, 5.00] 5.00 [4.00, 5.00] 0.400

QC-09 (1–5) 4.50 [4.00, 5.00] 4.00 [3.50, 5.00] 5.00 [4.50, 5.00] 0.404

QC-10 (1–5) 3.00 [2.25, 4.00] 3.00 [3.00, 3.00] 3.00 [3.00, 5.00] 0.355

QC-11 (1–5) 4.00 [3.00, 4.75] 4.00 [3.00, 4.00] 4.00 [4.00, 5.00] 0.209

QC-12 (1–5) 3.00 [3.00, 3.75] 3.00 [3.00, 3.50] 3.00 [2.50, 4.00] 0.947

QC-13 (1–5) 3.00 [3.00, 3.00] 3.00 [3.00, 3.50] 3.00 [2.50, 4.00] 0.973

QC-14 (1–5) 3.00 [3.00, 3.75] 3.00 [3.00, 4.00] 3.00 [2.50, 4.00] 0.612

QC-15 (1–5) 4.00 [3.00, 4.75] 3.00 [3.00, 4.00] 4.00 [4.00, 5.00] 0.041

QC-16 (1–5) 3.50 [3.00, 4.00] 3.00 [3.00, 4.50] 5.00 [4.50, 5.00] 0.037
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Table 4. Cont.

Adequate to
Adequate

Inadequate to
Adequate

Inadequate and
Adequate to
Inadequate

Kruskal–Wallis Analyses
among 3 Groups

(p-Value)

QC-17 (1–5) 3.00 [2.25, 3.00] 3.00 [3.00, 3.00] 3.00 [2.00, 3.00] 0.506

QC-18 (1–5) 4.00 [3.00, 4.00] 4.00 [3.50, 4.00] 4.00 [4.00, 4.50] 0.357

QC-19 (1–5) 3.50 [3.00, 4.00] 4.00 [3.00, 4.50] 4.00 [3.50, 5.00] 0.735

QC-20 (1–5) 3.00 [3.00, 4.00] 4.00 [3.50, 4.00] 5.00 [4.00, 5.00] 0.138

QC-21 (1–5) 3.00 [3.00, 4.00] 3.00 [3.00, 4.00] 4.00 [3.00, 4.50] 0.740

QC-22 (1–5) 3.50 [3.00, 4.00] 4.00 [4.00, 5.00] 4.00 [4.00, 5.00] 0.126

BMI, body mass index; M, months; QC, questionnaires categorized under Quality of Care. Clinical features as
age, HbA1c, BMI, and the number of diabetes medications were expressed in mean ± S.D. The scores of diabetes
self-care status, and QC01 to QC-22 were expressed as median [interquartile range].

By further exploring potential contributing factors, we have decided to retain QC01
and QC07 as significant predictors in the model (Table 5).

Table 5. Multiple linear regression to the change in glycemic management status.

Independent Variables Coefficient SE p-Value

HbA1c (0M), % −0.05219 0.18283 0.7780

QC01 −0.36472 0.15504 0.0280

QC07 −0.35337 0.16189 0.0400

QC15 −0.28527 0.20757 0.1832

QC16 0.03855 0.14311 0.7901
A multivariate regression analysis was conducted with the four categories in the change in glycemic management
status (GMS) (Inadequate to Adequate (I to A), Adequate to Adequate (A to A), Inadequate to Inadequate (I to I),
Adequate to Inadequate (A to I)) as the dependent variable and assigned scores (I to A—4 points; A to A—3 points;
I to I—2 points; A to I—1 point) along with HbA1c, QC01, QC07, QC15, and QC16 as independent variables.
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QC01, QC07, QC15, and QC16 as independent variables. 
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Figure 2. Relationship between the change in glycemic control and the following parameters: (a) base-
line HbA1c; (b) HbA1c two months post-intervention with the RoBoHoN-mediated interview; (c)
change in HbA1c from baseline to two months post-intervention; (d) QC01; (e) QC07; (f) QC15;
(g) QC16.

4. Discussion

Despite the absence of any deliberate interventions, instances where the GCS category
improved outnumbered those where it deteriorated. When classifying groups based on the
presence or absence of improvement, significant differences in response rates were observed
for Question 1 (Did RoBoHoN speak clearly?) and Question 7 (Was RoBoHoN’s response
natural?). Paradoxically, participants who experienced difficulties in understanding the
robot’s speech and perceived its reactions as unnatural demonstrated improvement in the
GCS category.

The participants in this study, with a mean age of 69.5 years, mean BMI of 24.9, and
mean HbA1c of 7.06%, closely resemble the demographic characteristics reported in the
2022 JDS JDDM study (mean age of approximately 67.71 years, mean BMI of 24.74, mean
HbA1c 7.14%) [15]. This comparison aligns our study population with the broader context
of diabetes management in the Japanese population.

The JDS has recently recommended specific glycemic control targets for the elderly,
considering factors such as age, functional independence, and medication regimens [11,16].
This approach recognizes that the target HbA1c levels can differ depending on individual
circumstances. According to these guidelines, both avoiding hypoglycemia and reducing
HbA1c levels were prioritized, with target ranges set for HbA1c, indicating that drastic
reductions in HbA1c levels are undesirable. In the cases presented here, none fell below
the minimum threshold.

In this study, the robots were strictly limited to data collection without any form of in-
tervention, such as providing medical advice or educational instruction. Although standard
practices during routine medical consultations by healthcare professionals often include
similar questions, these interactions can become monotonous and may not adequately
increase the awareness of individuals managing diabetes. It is presumed that individuals
were given the opportunity to reflect on factors such as medication adherence, and eating
habits between meals through interactions with robotic inquiries.

Previous research assessing interactions between robots and the elderly has indi-
rectly identified positive impacts [17–20]. Even in interactions with elderly individuals,
there was no proactive intervention; instead, the approach remained reactive. In this
context, structured inquiries by the robot may have triggered increased awareness among
patients, offering a new perspective on the potential benefits of robotic engagement in
healthcare environments.

An intriguing aspect of our findings is the responses to questionnaire items QC01 and
QC07. Notably, individuals who initially found it challenging to comprehend the robot’s
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speech showed improvement, as did those who initially perceived the robot’s responses
as unnatural. Equally noteworthy is the lack of significant differences among the three
groups regarding retrospective questions (Q18–20) pertaining to reflection. Contrary to
conventional expectations, the observed glycemic improvements were not associated with
the reflection effects in this study.

Considering QC15 and QC16 together, it is reasonable to hypothesize that individuals
who engaged in the interaction with genuine intent to “listen as they would to a human”
have experienced improvement. Interestingly, patients who interacted with the robot as if
it were a human, despite potential discomfort, seemed to manage the experience smoothly.
These findings indicate that instead of prioritizing the superficial naturalness of responses,
future system enhancements may benefit more from refining the content and direction of
the conversation.

This study has several limitations due to its single-center design and private clinic
setting, which inherently limit the generalizability of the findings. However, this study
concentrates on examining the potential benefits and practical applications of the robot,
acknowledging that although there are limitations, the current dataset offers valuable
insights into its effectiveness in a specific healthcare environment.

5. Conclusions

This study indicates that robot-assisted remote diabetes education enhances the sup-
port provided by CDCESs to outpatients with T2D, and this approach is applicable to the
elderly living in rural regions of Japan. However, it should be tested more extensively.
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Abstract: Background and Objectives: Degludec (Deg) and glargine U300 (Gla-300) are insulin analogs
with longer and smoother pharmacodynamic action than glargine U100 (Gla-100), a long-acting
insulin that has been widely used for many years in type 1 and type 2 diabetes. Both improve
glycemic variability (GV) and the frequency of hypoglycemia, unlike Gla-100. However, it is unclear
which insulin analog affects GV and hypoglycemia better in patients with insulin-dependent type
1 diabetes. We evaluated the effects of switching from Deg to Gla-300 on the day-to-day GV and
the frequency of hypoglycemia in patients with insulin-dependent type 1 diabetes treated with Deg-
containing basal-bolus insulin therapy (BBT). Materials and Methods: We conducted a retrospective
study on 24 patients with insulin-dependent type 1 diabetes whose treatment was switched from
Deg-containing BBT to Gla-300-containing BBT. We evaluated the day-to-day GV measured as the
standard deviation of fasting blood glucose levels (SD-FBG) calculated by the self-monitoring of blood
glucose records, the frequency of hypoglycemia (total, severe, and nocturnal), and blood glucose
levels measured as fasting plasma glucose (FPG) levels and hemoglobin A1c (HbA1c). Results: The
characteristics of the patients included in the analysis with high SD-FBG had frequent hypoglycemic
events, despite the use of Deg-containing BBT. For this population, SD-FBG and the frequency of
nocturnal hypoglycemia decreased after the switch from Deg to Gla-300. Despite the decrease in the
frequency of nocturnal hypoglycemia, the FPG and HbA1c did not worsen by the switch. The change
in the SD-FBG had a negative correlation with the SD-FBG at baseline and a positive correlation
with serum albumin levels. Conclusions: Switching from Deg to Gla-300 improved the SD-FBG and
decreased the frequency of nocturnal hypoglycemia in insulin-dependent type 1 diabetes treated
with Deg-containing BBT, especially in cases with low serum albumin levels and a high GV.

Keywords: degludec; glargine U300; glycemic variability; hypoglycemia; type 1 diabetes

1. Introduction

The goal of diabetes treatment is to prevent diabetic complications and achieve a
long healthy life span. Strict blood glucose control is important to prevent micro- and
macro-vascular diabetic complications in patients with diabetes [1,2] However, the Action
to Control Cardiovascular Risk in Diabetes (ACCORD) trial, in which the efficiency of the
normalization of blood glucose levels via insulin or sulfonylurea was evaluated, revealed
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that mortality increased through the normalization of hemoglobin A1c (HbA1c) levels
via insulin or sulfonylurea [3]. The additional analysis of the ACCORD study revealed
that symptomatic, severe hypoglycemia was associated with an increased risk of death [4].
Following this report, more attention has been paid to hypoglycemia. Various studies have
shown that overly intensive control induces hypoglycemia and increases the risk of cardio-
vascular events and mortality [5,6]. Moreover, it has also been noted that hypoglycemia
increases the incidence of dementia [7] and the rate of bone fractures [8]. For this reason,
avoiding hypoglycemia is one of the most important tasks in diabetes care. In addition to
hypoglycemia, the concept of glycemic variability (GV) as a quality of glycemic control has
also received attention. GV encompasses various types of variability, including diurnal
variability, day-to-day variation, and even seasonal variability. All of these have been
reported to correlate with diabetic complications [9]. Among several GV evaluations, the
day-to-day GV is a marker that reflects short-to-intermediate GV. A high day-to-day GV is
reportedly related to diabetic complications [10,11]. This is explained by the mechanism
of exacerbation of oxidative stress due to high day-to-day GV [12]. Moreover, patients
with high GV often experience hypoglycemia [13], and hypoglycemia itself could increase
the risk of cardiovascular events and mortality [4–6]. Sakamoto et al. reported the factors
affecting GV. In the short-term and intermediate GV, beta-cell dysfunction, genetic factors,
and insulin resistance have strong contributions. Habitual practice has a major impact on
long-term GV. Diet, activity, stress, the effect of medications, and adherence to medications
affect all types of GV [9].

As severe beta-cell dysfunction leads to a worsening short-to-intermediate GV, patients
with insulin-dependent type 1 diabetes have high day-to-day GV and experience more
frequent hypoglycemic events compared with insulin-independent type 2 diabetes [14]. For
patients with insulin-dependent type 1 diabetes, subcutaneous multiple insulin injection
therapy often used. However, some patients suffer from high day-to-day GV and hypo-
glycemia, despite the use of subcutaneous multiple insulin injection therapy. Recently, a
hybrid closed-loop insulin delivery system could be available in type 1 diabetes. This sys-
tem uses various combinations of control algorithms, glucose sensors, and insulin pumps.
A hybrid closed-loop insulin delivery system could achieve increased time in target, and
reductions in HbA1c, hyperglycemia, and hypoglycemia, compared to that with an insulin
pump [15]. However, there are some barriers to the use of a hybrid closed-loop insulin
delivery system, such as the high financial burden and the difficulty of using it with elderly
people and patients with dementia due to the need to handle the machine. Therefore, many
patients with insulin-dependent type 1 diabetes are treated with subcutaneous multiple
insulin injection therapy.

For the stabilization of blood glucose levels in patients with insulin-dependent type
1 diabetes treated with basal-bolus insulin therapy (BBT), basal insulin has an important
role. Insulin glargine U100 (Gla-100) is a long-acting insulin widely used in both type 1
and type 2 diabetes. However, insulin glargine U300 (Gla-300) and insulin degludec (Deg),
which have prolonged pharmacodynamic action, can be used recently. Gla-300 achieves a
smoother day-to-day GV and a decreased frequency of hypoglycemia compared with Gla-
100 in patients with type 1 [16,17] and type 2 [18,19] diabetes. Similarly, Deg also achieves
a smoother day-to-day GV and decreases the frequency of hypoglycemia compared with
Gla-100 for patients with type 1 [20,21] and type 2 [22,23] diabetes. As Deg has a longer
pharmacodynamic action profile than Gla-300, Deg tends to be more commonly used for
patients with type 1 diabetes. However, a high day-to-day GV and frequent hypoglycemia
in type 1 diabetes can often be observed, despite the use of Deg [14].

The previous reports on type 2 diabetes have shown that Gla-300 can decrease the
frequency of hypoglycemia compared with Deg [24,25]. Especially, in patients with low
serum albumin levels, Gla-300 could achieve a lower GV and decreased frequency of
hypoglycemia than Deg. However, the data about the comparison between these two
insulin analogs in type 1 diabetes is limited. We hypothesized that switching from Deg
to Gla-300 may improve GV and decrease hypoglycemic events in patients with type
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1 diabetes and that there is a group of patients who benefit more from Gla-300 than
Deg. The standard deviation of fasting blood glucose levels (SD-FBG), calculated by the
self-monitoring of blood glucose (SMBG) records, is used as the marker of day-to-day
GV [26]. Here, we evaluated the efficiency of switching from Deg to Gla-300 on the SD-FBG
calculated by the SMBG records and the frequency of hypoglycemic events in patients with
insulin-dependent type 1 diabetes.

2. Materials and Methods
2.1. Patients

We investigated the outpatients who attended the Endocrinology and Diabetic unit
of Fukui Prefectural Hospital and Asanogawa General Hospital from April 2017 to De-
cember 2022. The eligible patients were male and female patients including the following:
(1) patients with insulin-dependent type 1 diabetes, (2) patients who had been treated with
Deg-containing BBT and Deg was switched to Gla-300 for various reasons, and (3) patients
who had been instructed to perform SMBG four times/day. Among these patients, we
excluded patients as follows: (1) patients who had changed antidiabetic agents or received
new nutritional guidance during the observation period, (2) patients who were newly intro-
duced to flash glucose monitoring (FGM) during the observation period, and (3) patients
whose HbA1c levels and SMBG records could not be obtained within 1 month and 4 to
6 months after the insulin switch.

2.2. Measurement

The primary endpoint of this study is the change in SD-FBG calculated by SMBG
records. SD-FBG was calculated from the 30 records measured before breakfast. The
secondary endpoints are the change in the following items: body weight (BW), body
mass index (BMI), fasting plasma glucose (FPG), HbA1c, serum creatinine (Cr), estimated
glomerular filtration rate (eGFR), serum albumin (Alb), frequency of hypoglycemia, fre-
quency of severe hypoglycemia, frequency of nocturnal hypoglycemia, and a dosage of
basal and fasting insulins. Moreover, time above range (TAR) (>180 mg/dL), time in range
(TIR) (70 to 180 mg/dL), and time below range (TBL) (<70 mg/dL) were evaluated only in
patients with FGM.

The first evaluation points were within 1 month of the insulin switch, and the second
evaluation points were 4 to 6 months after the insulin switch. SD-FBG was calculated
from the records of SMBG in the previous 30 times. Hypoglycemia is defined as a blood
glucose level below 70 mg/dL or having hypoglycemic symptoms. Severe hypoglycemia is
defined as a blood glucose level below 54 mg/dL or hypoglycemia that requires treatment
assistance from another person. Nocturnal hypoglycemia was defined as hypoglycemia
occurring from 00:00 h until the next breakfast.

2.3. Ethics Conduct

This study utilized a retrospective design and was approved by the ethics committee
at Fukui Prefectural Hospital (No. 18-69) and Asanogawa General Hospital (No. 216)
with a waiver of consent obtained from the committee. All procedures were performed
following the 1964 Helsinki Declaration and its later amendments.

2.4. Statistical Analysis

The data are expressed as mean ± SD and were analyzed using the statistical software
package EZR version 1.55 (Saitama Medical Center, Jichi Medical University, Saitama,
Japan), which is a graphical interface for R (The R Foundation for Statistical Computing, Vi-
enna, Austria) [27]. p-values < 0.05 indicated statistical significance. For the comparisons of
the variables, a pairwise t-test was used for normally distributed data, and a Wilcoxson test
was used for non-normally distributed data. A correlation analysis was performed using
the Pearson test to validate the correlation factors affecting the change in the SD-FBG. No
statistical sample size calculations were conducted, as this study is a retrospective design.
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3. Results

A total of 27 patients with insulin-dependent type 1 diabetes were switched from
Deg-containing BBT to Gla-300-containing BBT from April 2017 to December 2022. Three
patients were excluded from the analysis for the following reasons: (1) newly introduced to
FGM during the observation period (two patients), and (2) HbA1c level and SMBG records
could not be obtained at 4 to 6 months after the insulin switch (one patient). Another
24 patients with insulin-dependent type 1 diabetes whose treatment was switched from
Deg-containing BBT to Gla-300-containing BBT were retrospectively analyzed. The clinical
characteristics are summarized in Table 1. The patients had a mean age of 56.0 ± 15.2 years,
a mean diabetes duration of 14.1 ± 13.6 years, and the percentage of females was 46%
(11/24). At the baseline evaluation, the mean levels of HbA1c were 7.8 ± 0.6%, and the
mean BMI was 22.1 ± 2.7 kg/m2, respectively. The mean dosage of fasting insulin and
basal insulin were 0.38 ± 0.14 units/kg, and 0.20 ± 0.10 units/kg, respectively. The mean
SD-FBG was high, at 58.2 ± 18.2 mg/dL, and the average counts of total hypoglycemia and
severe hypoglycemia per month were 7.0 ± 5.6 times/month and 1.0 ± 1.3 times/month,
respectively. The percentage of patients with FGM was 58% (14/24).

Table 1. Comparison of parameters before and after the switch from Deg to Gla-300. Data are
represented as mean ± SD.

Variable Baseline After the Switch p-Value

Age, years 56.0 ± 15.2
Male, n (%) 13 (54%)

Duration of diabetes, years 14.1 ± 13.6
BW, kg 58.2 ± 9.8 58.3 ± 9.5 0.84

BMI, kg/m2 22.1 ± 2.7 22.1 ± 2.5 0.80
FPG, mg/dL 135 ± 57.1 142 ± 64.4 0.68

HbA1c, % 7.8 ± 0.6 7.7 ± 0.5 0.69
Cr, mg/dL 0.92 ± 0.47 0.86 ± 0.35 0.27

eGFR, mL/min/1.73 m2 74.6 ± 29.7 75.0 ± 27.5 0.81
Alb, g/dL 3.9 ± 0.3 3.9 ± 0.3 0.80

Fasting insulin dosage, units 22.2 ± 8.3 22.2 ± 8.1 0.94
Basal insulin dosage, units 12.3 ± 7.1 12.7 ± 6.1 0.27

Fasting insulin dosage,
units/kg 0.38 ± 0.14 0.38 ± 0.12 0.81

Basal insulin dosage,
units/kg 0.20 ± 0.10 0.21 ± 0.08 0.16

SD-FBG, mg/dL 58.2 ± 18.2 49.7 ± 15.7 0.02
Frequency of total

hypoglycemia, times/month 7.0 ± 5.6 6.3 ± 4.6 0.24

Frequency of severe
hypoglycemia, times/month 1.0 ± 1.3 1.0 ± 1.1 0.80

Frequency of nocturnal
hypoglycemia, times/month 2.5 ± 2.1 1.5 ± 1.3 0.003

TAR, % (n = 14) 38.3 ± 7.4 39.6 ± 11.1 0.58
TIR, % (n = 14) 54.9 ± 7.3 56.4 ± 10.2 0.46
TBR, % (n = 14) 6.8 ± 3.7 4.1 ± 1.6 0.01

BW: body weight; BMI: body mass index; FPG: fasting plasma glucose; HbA1c: Hemoglobin A1c; Cr: creatinine;
eGFR: estimated glomerular filtration rate; Alb: albumin; SD-FBG: standard division.

The parameters before and after the insulin switch are also shown in Table 1. The SD-FBG
significantly decreased after the switch from Deg to Gla-300 (baseline: 58.2 ± 18.2 mg/dL,
after the switch: 49.7 ± 15.7 mg/dL, p = 0.02). Moreover, the frequency of nocturnal
hypoglycemic events decreased after the insulin switch (baseline: 2.5 ± 2.1 times/month,
after the switch: 1.5 ± 1.3 times/month, p = 0.003). The frequency of total hypoglycemic
events tended to decrease after the insulin switch, but there were no statistical differences.
There was no difference in the frequency of severe hypoglycemia before and after the
insulin switch. Despite the decrease in nocturnal hypoglycemic events, the HbA1c levels
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after the insulin switch did not worsen (baseline: 7.8 ± 0.6%, after the switch: 7.7 ± 0.5%,
p = 0.27). There were no differences in the dosage of fasting insulin (baseline: 22.2 ± 8.3 units,
after the switch: 22.2 ± 8.1 units, p = 0.94) and basal insulin (baseline: 12.3 ± 7.1 units, after
the switch: 12.7 ± 6.1 units, p = 0.27) before and after the insulin switch. No changes were
observed in other parameters.

In the analysis of the patients with FGM, the TBL decreased after the switch from Deg
to Gla-300 (baseline: 6.8 ± 3.7%, after the switch: 4.1 ± 1.6%, p = 0.01). Despite the decrease
in the TBL, the TAL and TIR after the insulin switch did not worsen.

We described the factors associated with the change in the SD-FBG after the switch
from Deg to Gla-300 (Figure 1). The change in the SD-FBG had a negative correlation
with the SD-FBG at baseline (r = −0.52, p = 0.002) and a positive correlation with the Alb
(r = 0.40, p = 0.04). There were no correlations between the change in the SD-FBG and other
parameters.
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4. Discussion

Herein, we evaluate the effect of the switch from Deg to Gla-300 on the GV and the
frequency of hypoglycemia in patients with insulin-dependent type 1 diabetes treated with
Deg-containing BBT. In the first part of the discussion, we describe the unique baseline
characteristics of the patients included in this study. In our study, the included patients
had a large mean SD-FBG of 58.2 ± 18.2 mg/dL. In a previous Japanese observational
study in which the SD-FBG was evaluated in patients with type 1 diabetes, the mean
SD-FBG level was 47.5 ± 22.0 mg/dL [28]. In this study, the titer of insulin antibodies was
comprehensively measured in patients with type 1 diabetes treated via insulin injection
therapy and still had a clinically high GV. In the population who suffered from high GV,
the value of the SD-FBG was lower compared with that in our study. This indicated that
the population in our research had a markedly lower GV than those under the usual care
in Japan. Moreover, the rate of hypoglycemic events was also high compared with that in
the previous study. In the SWITCH 1 randomized clinical trial [29], in which the efficiency
of Deg compared with Gla-100 was evaluated in patients with type 1 diabetes, the total,
nocturnal, and severe hypoglycemia events in patients with Deg were 2.0 times/month,
0.30 times/month, and 0.07 times/month, respectively. Similarly, the BEGIN basal-bolus
type 1 trial [20], which is a phase 3, randomized, open-label, treat-to-target, non-inferiority
trial of Deg in patients with type 1 diabetes, the total, nocturnal, and severe hypoglycemia
in patients with Deg were 3.5 times/month, 0.37 times/month, and 0.02 times/month,
respectively. These hypoglycemic rates are lower than those in our study. Therefore, the
patients included in our study could be rephrased as patients treated with Deg-containing
BBT, but who were not well controlled in terms of GV and hypoglycemia. In this population,
switching from Deg to Gla-300 improved the day-to-day GV, expressed by the SD-FBG,
and decreased the frequency of nocturnal hypoglycemia. The change in the SD-FBG had a
negative correlation with the SD-FBG at baseline and a positive correlation with the Alb.

Deg and Gla-300 improve day-to-day GV, unlike Gla-100, owing to their longer phar-
macodynamic effect [16–23]. However, the action mechanisms of these two ultra-long-
acting insulin analogs are different. Deg forms a soluble multi-hexametric chain after
subcutaneous injection and the zinc moiety of the insulin molecule diffuses slowly from
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the terminal ends of Deg and gets absorbed into circulation. After the absorption into the
circulatory system, almost all Deg binds to albumin and is slowly released from the albumin
within the target tissue to achieve a hypoglycemic effect [30]. In contrast, Gla-300 does
not bind to albumin when in circulation [31]. The previous report showed that Alb levels
fluctuate daily, with high values in the daytime and low values at night [32]. The decrease
in the Alb level increases the free insulin levels and could decrease blood glucose levels.
Therefore, a high GV and frequent nocturnal hypoglycemia are thought to be improved
through switching from Deg to Gla-300.

Kawaguchi et al. reported that a lower GV and a decreased frequency of hypoglycemia
are observed in patients with Gla-300 compared with Deg in type 2 diabetes [25]. Their
findings indicated that the frequency of nocturnal hypoglycemia in patients with Deg had
an association with low serum albumin levels. However, no association was observed
between serum albumin levels and the frequency of nocturnal hypoglycemia in patients
with Gla-300 [25]. Another report on type 2 diabetes showed that Gla-300 decreased the
total and nocturnal hypoglycemia compared with Deg in patients with Alb < 3.8 g/dL [33].
Although these reports differ in that they are based on type 2 diabetes, their results are
similar to ours. However, opposite results were also reported on type 2 diabetes. Tibaldi
et al. reported that the administration of Deg to patients with type 2 diabetes achieved
a greater HbA1c reduction with fewer hypoglycemic events after 6 months from the
administration compared with those in patients with Gla-300 [34]. Studies on type 1
diabetes are limited and the results are also controversial. A double-blind crossover
euglycemic clump study showed that Gla-300 induced 20% less fluctuation in steady-state
glucose infusion rate profiles than that of Deg in a once-daily morning dosing regimen of
0.4 U/kg/day [35]. However, the opposite result was obtained in another double-blind
crossover euglycemic clump study [36].

Recently, Miura et al. conducted a multicenter crossover trial on type 1 diabetes
in which the efficiency of Deg and Gla-300 on the SD-FBG were evaluated [37]. In this
study, 46 patients with insulin-dependent type 1 diabetes were randomly assigned to the
Deg-first/Gla-300-s group or the Gla-300-first/Deg-second group and treated with the
respective basal insulin for 4-week periods. The primary endpoint of this study was to
examine the noninferiority of Deg compared to Gla-300 regarding day-to-day GV evaluated
as SD-FBG levels by the SMBG records. This study indicated that the SD-FBG during
the Deg treatment period was not inferior to that during the Gla-300 treatment period
(mean difference of −6.6 mg/dL, with a 95% CI of −16.1 to 3.0 mg/dL). Among 46 patients
included in this study, 32 patients were evaluated using continuous glucose monitoring. In
these 32 patients, the TBLs (<70 mg/dL) were shorter during the Gla-300 treatment period,
and the TALs (>180 mg/dL) were shorter during the Deg treatment period, respectively. In
their conclusion, they identified that these two insulins have comparable glucose-stabilizing
effects in patients with insulin-dependent type 1 diabetes. However, there are cases of
insulin-dependent type 1 diabetes in which there is a large clinical difference in efficacy
between Deg and Gla-300.

There are several important differences between this crossover study [37] and our
study. The first was the eligible patients. In our study, patients whose treatments were
switched from Deg to Gla-300 for various reasons in real-world medical examinations were
included. Therefore, patients with a stable blood glucose control with Deg might not be
analyzed. The patients included in our study had a high GV and frequent hypoglycemic
events despite the use of Deg-containing BBT. The second difference was the length of
observation. Our study has a longer follow-up period compared with the past study by
Miura et al. [37]. In general, the longer the observation period, the more it is affected by
factors other than simple medication-to-medication differences, including diet and exercise.
A past study [37] indicated that treatment with Gla-300 achieved a lower hypoglycemic
rate compared to that with Deg. However, there was no difference in the SD-FBG between
treatment with Gla-300 and treatment with Deg. Hypoglycemic events could make patients
feel hunger and increase appetite. Therefore, the improvement in GV in our study may
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be affected by the fact that Gla-300 treatment reduced the frequency of hypoglycemia
and improved the hypoglycemia-induced increase in appetite. However, no evaluation
of appetite and food intake was conducted in our study. The third difference was in the
evaluation of factors correlating with the change in the SD-FBG. The previous study [37]
did not evaluate the factors influencing the superiority of these ultra-long-acting insulin
analogs. In contrast, our study showed that low serum albumin level and a high SD-FBG
with Deg-containing BBT are the predictors of the superiority of Gla-300 over Deg in
insulin-dependent type 1 diabetes. Knowing these predictor markers may lead to the
personalization of treatment in patients with insulin-dependent type 1 diabetes. Although
not considered in our current research, the longer pharmacological action of Deg compared
with that of Gla-300 should be considered. During the use of Deg, the efficiency and safety
of a flexible dosing regimen at fixed intervals with a minimum of 8 h and a maximum of 40 h
between each injection was reported [38]. There is no report about a flexible dosing regimen
used with Gla-300. However, the pharmacological action of Gla-300 is much shorter than
that of Deg. Thus, it is unlikely that the results of using a flexible dosing regimen with
Gla-300 will be as favorable as those with Deg. For this reason, Deg is expected to be more
useful than Gla-300 in cases where insulin dosing times vary from day to day.

Our study has several limitations. First, this study adopted a retrospective design and
was conducted on a small number of patients. In general, larger sample sizes are more
likely to yield significant differences when examining differences between two medications.
However, even though no significant difference was found in the existing studies with
large sample sizes, the present study found a significant difference in the SD-FBG. We
believe that the small sample size is a limitation, but also a possible new finding that some
groups may benefit from treatment modification. The eligible patients in our study were
patients with insulin-dependent type 1 diabetes and whose medications were switched
from Deg-containing BBT to Gla-300-containing BBT for various clinical problems and
have a high GV and frequent hypoglycemia despite the use of Deg. We would like to
inform readers that the switch from Deg to Gla-300 may not be effective in all patients
with insulin-dependent type 1 diabetes. The results of this study could be considered
applicable to patients with insulin-dependent type 1 diabetes with Deg-containing BBT but
who have a high GV or frequent hypoglycemia. The sample size is smaller than existing
studies, but the significant difference from Deg to Gla-300, and the fact that the population
is different from previous studies, suggest that a treatment change is likely to be effective
in certain groups. Therefore, it is desirable to conduct a randomized, prospective study of
switching from Deg to Gla-300 in patients with insulin-dependent type 1 diabetes treated
with Deg-containing BBT and having high GV or low serum albumin levels, which were
shown in our observation study to benefit from the switch from Deg to Gla-300. The next
limitation is that the evaluation of GV was made by the records of SMBG which is inferior
to that evaluated by CGM. Therefore, it is hoped that in the next study, the assessment of
GV will be done using CGM rather than SMBG.

5. Conclusions

Switching from Deg to Gla-300 is effective for improving day-to-day GV and decreas-
ing nocturnal hypoglycemia in patients with insulin-dependent type 1 diabetes and having
high day-to-day GV despite the use of Deg-containing BBT. The effectiveness of improving
day-to-day GV is greater in cases with low serum albumin levels and large day-to-day GV
despite the use of Deg-containing BBT.
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Abstract: Background and Objectives: Telomere length (TL) undergoes attrition over time, indicating
the process of aging, and is linked to a higher risk of diabetes mellitus type 2 (DM-2). This molecular
epidemiological study investigated the correlation between leukocyte TL variations and determinants
of molecular aging in 121 Pakistani DM-2 patients. Materials and Methods: The ratio of telomere
repeats to the SCG copy number was calculated to estimate the TL in each sample through qPCR
assays. Results: In this study, smaller mean TLs were observed in 48.8% of males (6.35 ± 0.82 kb), 3.3%
of underweight patients (5.77 ± 1.14 kb), 61.2% of patients on regular medication (6.50 ± 0.79 kb),
9.1% with very high stress levels (5.94 ± 0.99 kb), 31.4% of smokers (5.83 ± 0.73 kb), 40.5% of patients
with low physical activity (6.47 ± 0.69 kb), 47.9% of hypertensive patients (5.93 ± 0.64 kb), 10.7%
of patients with DM-2 for more than 15 years, and 3.3% of patients with a delayed onset of DM-2
(6.00 ± 0.93 kb). Conclusion: This research indicated a significant negative correlation (R2 = 0.143)
between TL and the age of DM-2 patients. This study demonstrated that the correlation of telomere
length with age in DM-2 patients was also influenced by various age-determining factors, including
hypertension and smoking habits, with significant strong (R2 = 0.526) and moderate (R2 = 0.299)
correlations, respectively; sex, obesity, the stress level and age at the onset of diabetes with significant
weak correlations (R2 = 0.043, 0.041, 0.037, and 0.065, respectively), and no significant correlations of
medication routine, rate of physical activity, and the durations of DM-2 with age-adjusted telomere
length. These results challenge TL as the sole marker of aging, thus highlighting the need for further
research to understand underlying factors and mitigate the effect of aging or premature aging on
diabetic patients.

Keywords: telomere length; T/S ratio; diabetes mellitus type 2; molecular aging; qPCR assay

1. Introduction

Chronic hyperglycemia indicates type 2 diabetes mellitus (DM-2), a heterogeneous
illness manifested by altered insulin production and insulin resistance [1]. DM-2 accounts
for >90% of all cases of diabetes mellitus [2]. In addition to the elderly and middle-aged,
young people are becoming more and more affected by this condition, especially in non-
Caucasian communities [3].

Genetic susceptibility in different populations and the combination of several environ-
mental variables lead to type 2 diabetes mellitus [4]. Diabetes is one of the major health
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concerns worldwide, especially in Asian countries. Based on recent studies, one in four
individuals in the general population in Pakistan has DM-2 [5,6]. Pakistan is a developing
nation with a high prevalence of diabetes, as shown by a recent survey through which it
was found that 26% of adults in the general population had the disease [5].

Telomeres (DNA and histone protein complexes) shield the chromosome ends from
fusion and destruction [7]. Telomere length (TL) undergoes attrition over time, indicating
the process (and a potential cause) of aging in human tissues [8]. According to many
studies of humans, a short TL assessed in leukocytes is linked to a higher risk of age-related
conditions, such as type 2 diabetes [9] and cardiovascular disease [10], along with the
individual’s lifespan and mortality rate [11]. Leukocyte TL is also linked to environmental
exposures (e.g., radiation, smoking cigarettes), health variables (e.g., cholesterol, obesity),
and lifestyle factors (e.g., physical activity, dietary habits) [12,13].

Several mechanisms lead to the accelerated molecular aging process in diabetic pa-
tients, including telomere shortening, accumulation of advanced glycation end products
(AGEs), cellular senescence, inflammation, oxidative stress, and epigenetic modifications.
These molecular aging mechanisms can lead to many other age-related disorders, along
with diabetes [14,15].

Different studies have explained the effect of diabetes on telomere shortening, some of
which suggested an association between diabetes and accelerated aging at the molecular
level [15,16]. At the same time, few studies have reported no significant correlation between
telomere length and the age of DM-2 patients [17]. A constant rise in the prevalence of
DM-2 in Asian countries emphasizes the need for molecular and clinical investigations
of this disease, particularly in the elderly population. As no epidemiological data related
to Pakistan associating telomere length with the chronological age of DM-2 patients is
available to date, the scope of this molecular epidemiological study is to find the telomere
length dynamics in leukocytes from diabetic patients and to correlate age-adjusted telomere
length variations with various determinants of the molecular aging process in Pakistani
patients, with a future perspective to identify biological variables leading to premature
molecular aging in DM-2 patients.

2. Materials and Methods
2.1. Experimental Design

The experimental design was planned as suggested by Cawthon [18] and
Axelrad et al. [19] for determining telomere lengths by quantitative PCR. Cell popula-
tions from different tissues may have different replicative histories, along with the telomere
length in those cells. For this research, the telomere length of the leukocytes was measured.
For each DNA sample from diabetic patients, the ratio of telomere repeat copy number
(T) to SCG copy numbers (S) was calculated to estimate telomere length. The T/S ratio
and telomere length are directly proportional because the primer–DNA binding tendency
(during initial PCR cycles) and telomere length are directly associated. Thus, both copy
numbers (T and S) were measured by comparing the difference in cycle threshold (Ct value)
of samples with primers for telomeres and the single copy gene (SCG).

2.2. Inclusion Criteria

Individuals above the age of 39 years with a medical history of type 2 diabetes mellitus
were selected for this study. A detailed scrutiny of 350 DM-2 patients was performed
through a questionnaire-based survey to minimize the effect of extraneous variables,
and 121 patients were selected as a homogenized cohort from the population based on
the following:

a. Geographical characteristics (i.e., samples from areas/societies of city away from
industrial pollution, and samples from developed residential areas free from a con-
gested population and heavy traffic, also samples from migrants or new residents
were avoided);
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b. The patient’s medical history (patients having a medical history of a cardiac or any
metabolic disorder, any physical disability, genetic disorder, cancer, or any other
chronic disease were skipped);

c. The use of supplements (no samples were collected from the patients taking vitamins
or supplements through pills or injections);

d. Sleep time (samples were collected only from patients with 7–8 h of sleep per day);
e. Extra physical activity (patients performing excessive exercise and gym workouts

were not considered in this study);
f. Tobacco consumption other than smoking (patients taking smokeless or chewable

forms of tobacco were not considered suitable candidates for sampling);
g. Lifestyle variations (individuals with exhaustive working hours of >6 h/day at

the job, individuals below the poverty line, individuals with luxurious lifestyles,
individuals with high consumption of fats in diet were also not considered; moreover,
patients taking medicines other than metformin were also excluded from this study);

h. Marital status (only married individuals were considered for further analysis);
i. Fertility (infertile, menopausal, and post-menopausal patients were not analyzed further).

2.3. Sample Collection

Fresh blood was collected from selected 121 diabetic patients (>39 years of age) volun-
tarily through the standard venipuncture technique in BD sterile vacutainer blood tubes
with EDTA (Becton Dickinson UK Ltd., Oxford, UK; Cat. No. 366643). All the samples
were processed for the DNA extraction protocol on the same day of sample collection to
maintain uniformity in the procedure.

2.4. DNA Extraction

For the optimization of the DNA extraction protocol and to maintain the integrity
and purity of isolated DNA molecules, different methods were scrutinized. The organic
method by Shen [20] using a phenol–chloroform solution was found to extract intact
and pure DNA molecules, showing a sharp bulky band with no smearing during gel
electrophoresis. Therefore, all the blood samples were processed using the organic method
for DNA extraction. Extracted DNA was stored in low Tris–EDTA buffer (TE−4, pH = 7.5)
at −20 degrees Celsius until further use (not more than three days). Before amplification,
the quantity and quality of DNA were measured using a NanoDrop spectrophotometer
(Thermo ScientificTM, Waltham, MA USA; Cat. No. ND-2000) by the A260/280 ratio. * All
procedures were performed in a biological safety cabinet.

2.5. Oligomers

All oligomers, including standards and primers, were diluted in PCR-grade water
to make a stock concentration of 100 pmoles/µL and then kept at −20 ◦C until further
required. Working stocks (10 pmoles/µL) of all the primers were freshly prepared before
starting the reaction, and the remaining working primers were stored at 4 ◦C (not longer
than two weeks). Standards and primers (Supplementary Table S1) for the SCG (β-Globin)
and telomeres were used, as stated by O‘Callaghan and Fenech [21].

2.6. Serial Dilutions

Oligomer standards (both telomeric and SCG standards) were serially diluted in PCR-
grade water by the dilution factor (1.68) suggested by O‘Callaghan and Fenech [21] to
generate the standard curve of Ct values for assay, as shown in Table 1.

Dilutions of the standard oligomers were then added to the PCR tubes with ultra-clear
caps for qPCR assays. Additionally, 20 ng of plasmid DNA (pBR-322) was added to each
tube of serially diluted standards to maintain the overall mass of the DNA molecule.
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Table 1. Serial dilutions of standards.

Telomere Standard (ng/µL) SCG Standard (ng/µL)

6.10 1.8
3.63 1.07
2.16 0.64
1.29 0.38
0.77 0.23

2.7. Normalization

Varying DNA concentrations may give different average telomere lengths in each
sample. To avoid this problem and pipetting errors, DNA normalization was performed
by maintaining a consistent concentration of DNA (5 ng/µL) in each sample and diluting
extracted DNA samples with PCR-grade water, as practiced by Axelrad et al. [19].

2.8. qPCR Protocol

After diluting all the DNA samples to a final concentration of 5 ng/µL, two master
mixes of PCR reagents were prepared: one with telomere forward and reverse primers and
the other with the primer pair for the SCG. Aliquots were prepared for no template control
and standards plus an extra 5% for pipetting errors (Supplementary Table S2).

All samples were run on a SaCycler-96 (Sacace Biotechnology, Como, Italy) with the
SaCycler-96 Real-Time PCR V.7.3 (Sacace Biotechnology, Como, Italy). Both telomere and
SCG reactions were run separately using the following program. The reaction program was
set as follows: initial denaturation of 10 min followed by 35 cycles of 95 degrees Celsius for
15 s, 60 degrees Celsius for 60 s, and finally a dissociation (or melting) curve.

2.9. Data Analysis

Amplification was observed in standards and samples according to the procedure
performed by O‘Callaghan and Fenech [21]. The baseline was set (because standards
were amplified earlier than the samples), and a standard curve was generated using the
Ct readings.

Both telomere and SCG assays were run on each sample. The number of cycles required
for fluorescence detection to attain the exponential curve (Ct value) varies between these
two assays for a single sample due to the varying DNA copy numbers generated in each
assay (Figure 1).
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Figure 1. The qPCR assay (colored lines represent each sample). (a) Amplification curve of telomeric
regions and (b) amplification curve of the SCG to evaluate the cycle threshold.

A mean TL of 4270 bp in leukocytes is equal to one T/S ratio unit (qPCR cycles of the
telomere standard run over the cycles of the SCG standard run) [22]. In this study, a ratio
of 0.98 corresponds to an average of 4185 bp.
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After calculating the telomere length for each sample, the effects of different variables
(sex, smoking, physical activity, stress level, etc.) on telomere length dynamics in diabetic
patients were assessed (Figure 2) using IBM SPSS Statistics 20.
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3. Results

In this study, there is a significant negative correlation (Figure 3) between increasing
age and telomere length (because R2 = 0.143, p-value = 0.00) in diabetic patients.
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Figure 3. Correlation between telomere length and the age of diabetic patients. A significant moderate
negative correlation is presented with a linear regression line.

Along with the significant correlation of increasing age, the correlations of many other
age-determining factors (Table 2) with telomere length, including obesity (based on BMI),
onset of diabetes, smoking habits, physical activity rate, hypertension, stress level, sex, and
medication, were studied in this research.

Table 2. Age-adjusted telomere length by different age-determining variables in type 2 diabetes
patients in Pakistan.

Age
Determinants Variables

Mean
Telomere
Length (kb)

Minimum and
Maximum
Lengths (kb)

No. of
Patients (N) %N p Value R R2

Sex
Male 6.35 ± 0.82 4.11–7.73 59 48.8

0.02 −0.207 * 0.043Female 6.68 ± 0.74 4.26–8.05 62 51.2

Obesity ***

Underweight 5.77 ± 1.14 4.26–6.90 4 3.3

0.025 0.203 * 0.041

Normal weight 6.31 ± 0.93 4.11–7.96 36 29.8
Pre-obesity 6.63 ± 0.72 4.95–8.05 48 39.7
Obesity class I 6.72 ± 0.62 5.65–8.01 20 16.5
Obesity class II 6.55 ± 0.60 5.90–7.23 8 6.6
Obesity class III 6.76 ± 0.53 6.39–7.64 5 4.1

Medication
Never 7.00 ± 0.61 6.57–7.44 2 1.7

0.576 −0.051 0.003Seldom 6.54 ± 0.75 4.26–7.53 45 37.2
Regular 6.50 ± 0.79 4.11–8.05 74 61.2

Stress Level

Low 6.58 ± 0.65 4.77–8.05 68 56.2

0.036 −0.191 * 0.037
Moderate 7.18 ± 0.67 6.26–8.01 8 6.6
High 6.44 ± 0.89 4.11–7.73 34 28.1
Very High 5.94 ± 0.99 4.26–7.11 11 9.1

Smoking Habits
Primary Smokers 5.83 ± 0.73 4.11–7.10 38 31.4

0.000 0.547 ** 0.299Secondary Smokers 6.77 ± 0.62 5.38–7.64 43 35.5
Non-Smokers 6.91 ± 0.57 5.95–8.05 40 33.1

Physical Activity
Low Activity 6.47 ± 0.69 5.21–7.64 49 40.5

0.587 −0.050 0.002Medium Activity 6.59 ± 0.88 4.11–8.05 45 37.2
High Activity 6.53 ± 0.74 4.64–7.73 27 22.3

32



Medicina 2024, 60, 698

Table 2. Cont.

Age
Determinants Variables

Mean
Telomere
Length (kb)

Minimum and
Maximum
Lengths (kb)

No. of
Patients (N) %N p Value R R2

Hypertension Hypertensive 5.93 ± 0.64 4.11–7.06 58 47.9
0.000 0.725 ** 0.526Non-Hypertensive 7.07 ± 0.44 6.23–8.05 63 52.1

Disease Onset
Age

30–39 6.27 ± 0.99 4.26–8.01 17 14.0

0.005 −0.254 ** 0.065
40–49 6.56 ± 0.68 4.26–7.96 71 58.7
50–59 6.62 ± 0.92 4.11–7.73 19 15.7
60–69 6.7 ± 0.88 5.39–8.05 10 8.3
>70 6.00 ± 0.93 4.77–7.02 4 3.3

Duration of
Diabetes

<1–4 6.59 ± 0.79 4.26–8.05 61 50.4

0.416 −0.075 0.006
5–9 6.50 ± 0.88 4.11–8.01 24 19.8
10–14 6.46 ± 0.76 4.26–7.5 23 19.0
15–19 5.92 ± 0.99 4.64–7.29 5 4.1
>20 6.64 ± 0.43 6.13–7.35 8 6.6

* The correlation is significant at the 0.05 level (2-tailed). ** The correlation is significant at the 0.01 level (2-tailed).
*** According to the WHO standards (2010). The arithmetic mean (95% CI) was used to calculate the corresponding
telomere length in kb, and linear correlation was used to find the significant value (2-tailed), Pearson’s correlation
coefficient (R), and R-square values.

A typical data set from leukocytes of 59 males and 62 females in the Pakistani pop-
ulation with type 2 diabetes is shown in Table 2. For the females, the leukocytes had a
mean telomere length of 6.68 kb/diploid genome (with the longest telomere length in
the age group of 40–44-year-old individuals), while in males, leukocytes had a mean
TL of 6.35 kb/diploid genome (with the longest telomere length in the age group of
50–54-year-old individuals), as shown in Figure 4.
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For obesity (Table 2), the shortest mean telomere length was observed among under-
weight diabetic patients. The median telomere length tended to increase with increasing
BMI (until pre-obesity), while it again declines as the BMI continues to increase (as in
obesity class III), as shown in Figure 5.
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Individuals who have never taken medicine for diabetes tend to have longer telom-
ere lengths as compared to those who seldom or regularly take medicines (Figure 6).
However, the individuals with the smallest and the longest telomere lengths were on
regular medication.
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Diabetic individuals with moderate stress levels tend to have longer mean telomeres
compared to individuals with high and very high stress levels (Figure 7). On average,

34



Medicina 2024, 60, 698

primary smokers tend to have smaller telomere lengths compared to secondary smokers
and non-smokers (Figure 8).
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Individuals with moderate to higher physical activity have longer mean telomere
lengths than individuals with a lower activity rate. On the contrary, the individual with
the longest telomere length lies in the cohort of individuals with medium physical activity
(Figure 9).
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There was a clear difference in the range (minimum and maximum telomere lengths)
and the mean telomere lengths of hypertensive and non-hypertensive individuals with
DM-2. Hypertensive diabetic individuals presented smaller telomere lengths than the
non-hypertensive individuals (Figure 10). Most of the individuals with earlier onset of
DM-2 tends to have shorter telomere length (Figure 11); however, according to this study,
the longer the duration of diabetes, the shorter the telomere length on average (Figure 12).
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4. Discussion

Telomere length assays help us to understand the mechanisms of aging because
telomere length serves as a unique cellular and molecular marker for studying the aging
cell. Many variables are known to influence the telomere length in diabetic patients,
including sex, diabetes type, geographical region, BMI, parental age, exercise, oxidative
stress, genotype, smoking status, inherited mutations for accelerated aging syndrome, and
psychological stress [19]. Although this study presents a few limitations, including the
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comparatively small sample size in terms of the number of patients (121 patients selected
out of 350 patients from the questionnaire-based analysis), the strength of this study lies
in the fact that the samples were collected from a homogenous population to avoid the
maximum effect of extraneous variables, including geographical characteristics, patient’s
medical history, use of supplements and dietary habits, sleep time, exhaustive physical
activity, tobacco consumption other than smoking, lifestyle variations, age, fertility, and
marital status. Therefore, even if additional research with a large sample size will be
required to support the results of this study, the sound sampling strategy is the strength of
this research, exposing a phenomenon that merits in-depth analysis.

Not only the aging mechanism but also several studies have supported the theory of
the association of telomere length with age-related diseases, cancer, and lifestyle changes
(e.g., smoking and physical activity). Extensive epidemiological studies on different popu-
lations are used to explain or deny the correlations between telomere length and a range
of diseases [19]. Many diseases are found to be correlated with a shorter telomere length,
including ischemic heart disease [23], lung cancer among smokers [24], Alzheimer’s dis-
ease [25], high blood pressure [26], diabetes [27], aging [28], and dementia [29]; many of
the studies indicate that a few diseases are not significantly correlated with the telomere
length, including colorectal cancer [30], age-related macular degeneration [23], and death
from infections, cardiac or cerebrovascular disease, or cancer [10].

Diabetes is a serious, chronic condition affecting the lives of individuals and popula-
tions worldwide. In 2017, it was projected to have caused four million deaths worldwide,
ranking among the top 10 causes of mortality for people [31]. As of 2019, the global preva-
lence of diabetes was estimated to be 9.3% (about 463 million adults aged 20–79 years).
China, India, and Pakistan are expected to have the highest number of diabetic individuals
in 2045, with counts of 147, 134, and 37 million, respectively [32].

Different researchers have indicated correlations between a shorter leukocyte telomere
length and diabetes and diabetes-associated complications, including impaired glucose tol-
erance and diabetic macroangiopathy [19]. However, it is yet unknown how diabetes affects
TL and molecular age. While some researchers [33,34] have found no age-related telom-
ere length attrition between patients with diabetes mellitus and non-diabetic individuals,
others [35,36] have shown an age effect. An association of a shorter telomere length, aging,
and diabetes can be alarming for a developing country (Pakistan), which had an increase of
62% in diabetes cases (of 20–79 years individuals) in the past ten years [32]. However, this
research indicated a significant moderate negative correlation (Figure 3) between telomere
length and the age of diabetic patients, but the mean telomere length tended to decline with
an increased duration of diabetes (Figure 12), indicating that although the age of diabetic
patients directly influences the telomere length, a longer period of the disease will result in
a shorter telomere length. It can be hypothesized that patients with extended periods of
DM-2 are exposed to more oxidative stress and related complications of the disease as the
chronological age of the patient increases.

The correlation between telomere length and the age of diabetic patients, however,
might be accompanied by several other age-determining factors highlighted in this study.
Organ dysfunction brought on by aging and diabetes is caused by comparable molecular
pathways. The abundance of senescent cells in various tissues increases with age, obesity,
and diabetes [37]. Although obesity is associated with shorter telomeres overall [38],
studies of older individuals found no relation between telomere length and obesity and
no relation with mortality [39]. The present study also indicates a significant but weak
correlation (R2 = 0.04) between obesity and telomere length variations among diabetic
patients; however, it can be noticed (Figure 5) that the median telomere length increases
as the BMI increases but before the obesity limit, i.e., pre-obese individuals; once the BMI
crosses the obesity threshold, the median telomere length declines in diabetic individuals.

Studies indicate the association between physical activity levels and telomere length
dynamics. Edwards and Loprinzi [40] and Stenbäck et al. [41] independently reported a
significant relationship between the physical activity level and telomere length, such that
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moderate physical activity levels are correlated with a significantly longer peripheral blood
mononuclear cell TLs compared to the highest and the lowest quartiles of physical activity.
The present study also indicates a weak correlation (R2 = 0.002) between telomere length
and the physical activity levels of diabetic patients. However, individuals with moderate
physical activity rates tend to have longer telomere lengths on average compared to those
with lower or higher activity rates.

Several papers have reported that hypertensive individuals are associated with a
shorter telomere length [42–44]. This study also indicates that hypertensive individuals
tend to have shorter telomere lengths than non-hypertensive patients, with a significant
strong correlation (R = 0.725 and p < 0.001).

Stressful lifestyles caused by hectic work schedules, family issues, financial burdens,
or emotional damage have been correlated with telomere length variations. Many studies
suggest that telomere attrition caused by stress could lead to premature aging without
adequate recovery [45]. The present study also indicates a significant negative correlation
(Pearson’s correlation coefficient = −0.191, p-value < 0.05) between telomere length and
stress levels in diabetic patients, such that individuals with high or very high stress levels
have shorter mean telomere lengths than those having low or moderate stress levels.

The prevention of TL attrition is also associated with healthy life choices, such as not
smoking tobacco and drugs or medicines [24,46]. In this study, a highly significant moder-
ate correlation (R = 0.547 and p value = 0.000) is observed between telomere length and
smoking habits, and a non-significant negligible correlation (Pearson’s coefficient = −0.05,
p value = 0.576) with regular medication of diabetic individuals. Smokers tend to have
shorter telomere lengths as compared to secondary smokers or non-smokers, and individ-
uals who never had taken medicines for diabetes have longer average telomere lengths
(7.0 kb) than those who take medicines seldom (6.54 kb) or regularly (6.50 kb).

The clinical and medical applications of the telomere length analysis include prognostic
markers and diagnostic indicators [47], cancer research and treatment [48], implications
and evaluations of anti-aging therapies [49], and many more. The current study can
facilitate future implications to identify factors that have a range of influence (from strong
to weak and from significant to non-significant) on the age-adjusted telomere length in
DM-2 patients, thus evaluating the premature aging process and its recovery.

5. Conclusions

RT-qPCR is a powerful tool for telomere assays but detects average telomere length,
but not on an individual chromosome basis. This method is also extremely sensitive, and
so cross-contamination was avoided and the method of analysis was planned appropriately
to nullify the chances of erroneous or false results.

The study was conducted on DM-2 patients from Pakistan. The statistical measure
of this study suggests a significant negative linear relation between the age of individuals
with DM-2 and their telomere length. This finding is important because telomere length is
often considered a potential marker of the aging process. However, other factors beyond
chronological age may also be influential in determining telomere length, particularly in
type 2 diabetes mellitus patients.

Through this research, it is concluded that telomere length may not be the only marker
for the aging mechanism as many of the other age-determining factors are worth noting
to also contribute to the aging process with significant moderate to strong correlations
with telomere length (e.g., smoking habits and hypertension) and significant but weak
correlations with telomere length (e.g., sex, obesity, stress level, and age at the onset of
diabetes), while some have a non-significant correlation with telomere length (e.g., routine
medication, rate of physical activity, and the duration of diabetes) in DM-2 patients. So,
this study paved the way to determine the underlying factors that can be further studied to
lower the effect of aging or pre-mature aging on diabetic patients.

One more breakthrough of this research includes the further analysis of de-trending
cases (individuals with longer telomeres even at older ages and individuals with the shortest
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telomeres even at younger ages) by asking them for their complete medical checkups and
through insights based on their lifestyle. The person with a shorter telomere length was
found to be suffering from invasive stage II breast cancer, while the individual with a
longer telomere length never had taken any allopathic medicine in his whole life span. So,
if properly organized, this assay method (telomere length analysis using qPCR) can also be
used as a preliminary diagnostic method for diseases like cancer.

6. Recommendations

Real-time qPCR is an efficient method to measure telomere length, even for large
sample sizes requiring a minimal amount of DNA, not only to investigate the correlation
with age-related diseases but also for diagnostic purposes to find pre-mature aging in
individuals and for other diseases like cancer so that such disorders can be timely treated
or cured.

There is a need for further study to find mechanisms of cellular aging, senescence, and
disease states where this assay method fails to show a significant correlation of telomere
length with age-related factors and diseases. Such studies will help to shift the focus of fu-
ture aging research from disease-oriented studies to cellular- or molecule-oriented studies.

Although this study finds a correlation between the onset of diabetes and telomere
shortening, leading to the theory that diabetes accelerates the molecular aging process,
there is a need for further research to fully understand the underlying mechanisms and the
extent of the impact of diabetes on telomere length dynamics.
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Abstract: Background and Objectives: Cardiac autonomic neuropathy (CAN) is a severe complication
of diabetes mellitus (DM) strongly linked to a nearly five-fold higher risk of cardiovascular mortality.
Patients with Type 2 Diabetes Mellitus (T2DM) are a significant cohort in which these assessments
have particular relevance to the increased cardiovascular risk inherent in the condition. Materials
and Methods: This study aimed to explore the subtle correlation between the Ewing test, Sudoscan-
cardiovascular autonomic neuropathy score, and cardiovascular risk calculated using SCORE 2
Diabetes in individuals with T2DM. The methodology involved detailed assessments including
Sudoscan tests to evaluate sudomotor function and various cardiovascular reflex tests (CART). The
cohort consisted of 211 patients diagnosed with T2DM with overweight or obesity without established
ASCVD, aged between 40 to 69 years. Results: The prevalence of CAN in our group was 67.2%. In
the study group, according SCORE2-Diabetes, four patients (1.9%) were classified with moderate
cardiovascular risk, thirty-five (16.6%) with high risk, and one hundred seventy-two (81.5%) with
very high cardiovascular risk. Conclusions: On multiple linear regression, the SCORE2-Diabetes
algorithm remained significantly associated with Sudoscan CAN-score and Sudoscan Nephro-score
and Ewing test score. Testing for the diagnosis of CAN in very high-risk patients should be performed
because approximately 70% of them associate CAN. Increased cardiovascular risk is associated with
sudomotor damage and that Sudoscan is an effective and non-invasive measure of identifying
such risk.

Keywords: T2DM; Sudoscan; CAN; CVDs; SCORE2-Diabetes

1. Introduction

Cardiac autonomic neuropathy (CAN) is a severe complication of diabetes mellitus
(DM) strongly linked to a nearly five-fold higher risk of cardiovascular mortality [1].
Factors leading to diabetic complications, such as genetic predisposition, environmental
signals, insulin resistance, immune dysfunction and inflammation have a similar impact
on both microvascular and macrovascular complications [2]. Elucidation of the common
mechanism of cell damage in DM put to rest any misconceptions that microvascular disease
and macrovascular disease constitute distinct disease entities [3,4].

CAN represents a manageable complication of T2DM, posing an elevated risk of
cardiovascular mortality [5]. Patients with CAN are often underdiagnosed due to limited
physician awareness of the disease, its frequently late onset with mild or absent symptoms,
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and the absence of specific diagnostic tests for CAN [6]. Various cross-sectional studies
have revealed a wide range of prevalence rates. For instance, studies have shown rates
ranging from 16.7% in insulin-dependent diabetic patients participating in the Diabetes
Control and Complications Trial (DCCT) cohort to as high as 60% in a community-based
sample of type 2 diabetic patients over the age of 65 in Rochester, Minnesota [7,8].

Among the many diagnostic tools available, Ewing and Sudoscan stand out as
promising methods for evaluating autonomic neuropathy and its implications for car-
diovascular health. Annually, cardiovascular diseases (CVDs) account for approximately
17.9 million deaths, making up 31% of all global fatalities [9]. Public health policies must
prioritize preventing cardiovascular issues and managing established risk factors like
dyslipidemia, T2DM, and hypertension [10]. Cardiovascular diseases represent the pri-
mary contributors to both morbidity and mortality among individuals diagnosed with
T2DM [11].

For patients over 40 with T2DM without coronary artery disease (ASCVD) or se-
vere target organ damage (TOD), estimating the 10-year cardiovascular risk using the
SCORE2-Diabetes algorithm is recommended. The 2021 ESC Guidelines also suggest using
ADVANCE or DIAL models for such risk estimations in diabetic patients [12–14]. The
current guidelines recommend using the SCORE2-Diabetes model and to estimate the
individual 10-year risk of fatal and non-fatal cardiovascular events [15].

On the other hand, Sudoscan is a useful tool for detecting chronic microvascular
complications of T2DM, which are additional cardiovascular risk factors. Its results can
provide valuable information for diagnosing and monitoring neuropathy and assessing
cardiovascular risk in diabetic patients [8].

As the diabetes epidemic progresses, the increasing prevalence of CAN poses signifi-
cant life-threatening risks, including arrhythmias and silent myocardial ischemia, particu-
larly impacting the cardiovascular health of patients with T2DM [16].

Managing T2DM demands a comprehensive strategy encompassing lifestyle adjust-
ments and glycemic regulation, alongside mitigating cardiovascular risk factors [17]. Addi-
tionally, employing glucose-lowering medications known for their cardiovascular benefits,
such as SGLT2 inhibitors [18] and GLP-1 receptor agonists [19], is essential.

This study aimed to explore the subtle correlation between the Ewing test, Sudoscan-
cardiovascular autonomic neuropathy score, and cardiovascular risk calculated using
SCORE 2 Diabetes in individuals with T2DM. By elucidating this correlation, we aim to
shed light on new avenues for comprehensive cardiovascular risk assessment.

2. Materials and Methods
2.1. Study Desgin

This study was cross-sectional, effectuated between June 2019 and June 2020. Ethical
approval for the study was obtained from the local Ethics Committee of “Nicolae Malaxa”
Clinical Hospital. Informed consent was obtained from all participating patients.

2.2. Study Population

Inclusion Criteria: Individuals diagnosed with Type 2 Diabetes Mellitus (T2DM) and
those who were overweight/obese aged between 40 and 69 years were included.

Exclusion Criteria: Patients who did not provide informed consent, had other types of
diabetes (type 1 diabetes, latent autoimmune diabetes in adults, maturity-onset diabetes of
the young), were outside the age range of 40 to 69 years, pregnant women, those diagnosed
with neoplasms within the past five years, had stroke sequelae, a history of myocardial
infarction, pelvic limb amputations, pre-existing chronic kidney disease before diabetes
diagnosis, and neuropathy from alternative causes (e.g., alcoholism, vitamin B12 deficiency).
Type 1 diabetes, latent autoimmune diabetes of adults, and maturity-onset diabetes of the
young were diagnosed by performing specific autoantibody tests. The presence of these
antibodies led to the exclusion of patients from the study.
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Variables: In our article the primary outcome variable was the correlation between the
Sudoscan-cardiovascular autonomic neuropathy (CAN) score and the cardiovascular risk
calculated using the SCORE2-Diabetes algorithm. This study aimed to investigate the poten-
tial association between sudomotor dysfunction, as measured by the Sudoscan-CAN score,
and increased cardiovascular risk in individuals with Type 2 Diabetes Mellitus (T2DM).

Examination of patients: Anthropometric indices recorded included height, weight,
body mass index (BMI), waist circumference, and waist-to-hip ratio. Blood pressure values
in supine and orthostatic positions, heart rate, and smoking status were also documented.

Measurement of biochemical parameters: The following samples were collected from
venous plasma after 8 h of fasting: serum glucose, glycated hemoglobin HbA1c, total choles-
terol, high-density lipoproteins cholesterol (HDLc), LDL cholesterol, triglycerides, bilirubin,
C-reactive protein, serum creatinine, and electrolytes (potassium, magnesium, chloride,
sodium, calcium) urea, liver enzymes: aspartate aminotransferase (AST), alanine amino-
transferase (ALT), gamma-glutamyl transferase (GGT) and urinary albumin-to-creatinine
ratio (ACR).

Diagnosis of CAN: The evaluation included electrocardiograms for assessing the
QTc interval, and cardiovascular reflex tests (CART) such as heart rate variability during
deep breathing, the Valsalva maneuver, and responses to orthostatic changes. The results
of CART were categorized as usual if no abnormal findings were detected. They were
considered to indicate mild dysfunction if one out of the five tests was abnormal, moderate
dysfunction if two or three of the tests were abnormal, and severe dysfunction if more than
three tests were abnormal. All these measurements were performed using the ESP-01-PA
Ewing Tester neuropathic measuring and analyzing system with an ECG module. At the
same time, the diagnosis of CAN was evaluated by performing a sweat test using Sudoscan
assessment. During the test, the patient places their hands and feet on the electrodes. The
test takes 3 min to perform, is painless, and requires no subject preparation. Additionally,
Sudoscan incorporates built-in algorithms that integrate electrochemical skin conductance
with age to generate a score estimating the current risks of CAN (Sudoscan-CAN score)
and chronic kidney disease (Sudoscan-Nephro score).

We have also calculated the SCORE2-Diabetes for the patients included in the study.
SCORE2-Diabetes is a new algorithm developed, calibrated, and validated to predict
10-year risk of CVD in individuals with type 2 diabetes that enhances identification of
individuals at higher risk of developing CVD across Europe [20]. Sex-specific competing
risk-adjusted models were used, incorporating traditional risk factors, such as age, smoking,
systolic blood pressure, total and HDL-cholesterol alongside diabetes-related variables
including age at diabetes onset, glycated hemoglobin (HbA1c), and estimated glomerular
filtration rate (eGFR) based on creatinine.

2.3. Statistical Analysis

The statistical analysis of the population was conducted using IBM SPSS v.20. Tests
of normality used were Kolmogorov–Smirnov with a Lilliefors significance correction
and Shapiro–Wilk statistic. Continuous variables usually distributed were presented as
mean ± SD (standard deviation), and non-normal variables were expressed as median (in-
terquartile range [IQR]). In contrast, categorical variables were reported as absolute counts
and percentages. The p-value calculation for normally distributed variables was conducted
using the ANOVA test, while for non-normally distributed variables, the Kruskal–Wallis
test was applied. Statistical significance was determined at a 95% confidence interval.
The χ2 test was utilized for categorical variables—multiple linear regression was used
to estimate the independent correlation of the SCORE2-Diabetes risk with results of Su-
doscan parameters.
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3. Results

The cohort comprised 211 patients diagnosed with T2DM, without established ASCVD,
51.6% being male (n = 109), with a mean age of 58.35 ± 7.18 years and a mean weight of
90.36 ± 17 kg. The prevalence of CAN in our group was 67.2% (n = 142).

In the study group, according SCORE2-Diabetes, four patients (1.9%) were classi-
fied with moderate cardiovascular risk, thirty-five (16.6%) with high risk, and one hun-
dred seventy-two (81.5%) with very high cardiovascular risk. Patients’ baseline characteris-
tics are presented in Table 1.

Table 1. Anthropometric and biochemical parameters in relation to cardiovascular risk.

Cardiovascular Risk
(5–10%) n = 4 (10–20%) n = 35 (>20%) n = 172 Total

Mean Std.
Deviation Mean Std.

Deviation Mean Std.
Deviation Mean Std.

Deviation p-Value

Age (years) 45 4.92 52 5.27 60 6.59 58 7.18 <0.001
Diabetes duration (years) * 6.50 8 5 5 7.5 8 7 8 0.036
Height (cm) 170.00 8.98 167.14 11.00 166.47 8.71 166.64 9.10 0.701
Weight (kg) 95.00 20.70 88.86 17.42 90.55 16.91 90.36 17.00 0.745
WC (cm) 110.25 21.82 105.49 11.98 106.92 12.94 106.74 12.92 0.722
FPG (mg/dL) 200.50 43.93 162.11 61.97 206.06 91.39 198.67 87.85 0.025
HbA1c (%) 7.26 0.52 7.17 1.19 8.61 2.04 8.34 1.99 <0.001
TC (mg/dL) 212.25 44.63 184.89 50.93 200.75 57.15 198.34 56.09 0.277
HDL-c (mg/dL) 54.10 12.55 47.12 14.40 50.32 13.08 49.86 13.30 0.352
LDL-c (mg/dL) 94.63 9.31 101.85 45.22 109.13 50.53 107.73 49.32 0.668
TGL (mg/dL) * 292.5 612.5 173 169 179 132.5 178 138 0.103
eGFR (mL/min/1.73 m2) 98.43 17.87 92.74 30.69 74.61 24.27 78.07 26.27 <0.001
GGT (UI/L) * 52.50 62 34 73 38 50 37.5 52 0.05
ACR (mg/g) * 23.13 39.37 12 28.54 31.25 71.33 26.27 49.12 0.78
B12 vitamine (pg/mL) * 889.5 91 427.5 158 350 269 382 364 0.057

Abbreviations: WC = waist circumference, FPG = fasting plasma glucose, HbA1c = glycated hemoglobin,
TC = total cholesterol, HDL-c = high-density lipoprotein, LDLc = low-density lipoprotein, TGL = triglycerides,
eGFR = estimated glomerular filtration rate, GGT = gamma-glutamyl transferase, ACR = Albumin-to-creatinine
ratio, * variables expressed as median, interquartile range [IQR], statistical significance, p < 0.05.

Patients with very high cardiovascular risk were older and with longer diabetes dura-
tion. However, there were no notable differences in height, weight, or waist circumference
across risk categories. Elevated levels of FPG and HbA1c were observed in higher-risk
groups. Lipid levels, including TC, HDL-c, TGL, and LDL-c, did not significantly vary
among risk groups. Lower eGFR was decreased parallel with increased CVR categories.
While GGT showed a marginal difference across risk groups, overall, factors such as age, di-
abetes duration, FPG, HbA1c, and eGFR were identified as key indicators of cardiovascular
risk in diabetic patients (Table 1).

There are significant variations in SBP while lying down among the three risk cate-
gories, with higher levels detected in higher-risk groups (p = 0.041). There are no notable
differences in DBP in the lying position (p = 0.065). There are no substantial differences
in SBP and DBP while standing across the risk categories (p > 0.05). During handgrip
exercises, SBP does not significantly differ across risk groups (p = 0.494), yet there is a
marginal difference in DBP (p = 0.073) and a significant difference in heart rate (p = 0.046)
(Table 2).

The statistical analysis of Sudoscan’s parameters in relation to cardiovascular risk
reveals significant differences. Specifically, the Sudoscan CAN-score exhibits significant
variance among risk groups (p = 0.002), indicating a potential correlation between sudo-
motor dysfunction and cardiac autonomic neuropathy in individuals at higher risk of
cardiovascular complications. Similarly, the Sudoscan Nephro-score displays a notable dif-
ference across risk categories, with lower scores observed in higher-risk groups (p = 0.001),
suggesting a potential link between sudomotor dysfunction and renal function in individu-
als with increased cardiovascular risk. However, scores for Sudoscan parameters related to
the feet and hands do not show significant differences across risk categories. These findings
suggest that Sudoscan-derived measures may serve as valuable indicators of cardiovascular
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risk, particularly in assessing cardiac autonomic function and nephropathy in diabetic
populations (Table 3).

Table 2. Ewing’s parameters in relation to cardiovascular risk.

Cardiovascular Risk
(5–10%) n = 4 (10–20%) n = 35 (>20%) n = 172 Total

Mean Std.
Deviation Mean Std.

Deviation Mean Std.
Deviation Mean Std.

Deviation
p-

Value

SBP supine position
(mmHg) 122.75 21.22 127.29 17.54 134.83 18.13 133.35 18.27 0.041

DBP supine position
(mmHg) 88.00 21.86 74.57 9.41 77.10 11.19 76.89 11.24 0.065

HR supine position
(bpm) 82.75 10.01 73.23 9.55 76.17 11.00 75.81 10.81 0.147

SBP standing (mmHg) 125.50 10.79 123.69 12.96 129.14 19.91 128.17 18.86 0.286
DBP standing (mmHg) 86.50 15.80 74.86 9.50 76.49 12.31 76.41 12.00 0.181

HR standing (bpm) 84.25 9.22 76.34 10.81 80.00 11.94 79.47 11.77 0.176
SBP Handgrip (mmHg) 137.75 18.12 143.40 16.04 145.72 16.48 145.18 16.41 0.494
DBP Handgrip (mmHg) 89.00 15.87 85.20 14.04 81.10 10.74 81.93 11.53 0.073

HR Handgrip (bpm) 90.75 10.28 80.69 9.85 85.05 10.89 84.44 10.82 0.046
HRVi index 26.00 6.78 19.41 7.01 16.59 7.41 17.25 7.48 0.653

Ewing score * 2 5 3 2 4 3 3 3 0.194

Abbreviations: SBP = systolic blood pressure, DBP = diastolic blood pressure, HR = heart rate, HRVi = heart rate
variability index, * variables expressed as median, interquartile range [IQR], statistical significance, p < 0.05.

Table 3. Sudoscan’s parameters in relation to cardiovascular risk.

Cardiovascular Risk
(5–10%) n = 4 (10–20%) n = 35 (>20%) n = 172 Total

Mean Std.
Deviation Mean Std.

Deviation Mean Std.
Deviation Mean Std.

Deviation
p-

Value

Sudoscan Nephro-score 90.00 24.59 72.34 9.29 66.06 15.39 67.56 15.19 0.001
Sudoscan CAN-score * 16.5 28 31 12 35 13 34.5 13 0.002

Sudoscan left feet score (uS) 76.00 21.46 77.46 10.78 75.28 14.89 75.65 14.37 0.717
Sudoscan right feet score (uS) 73.50 24.53 76.77 11.28 76.66 13.78 76.62 13.57 0.898
Sudoscan left hand score (uS) 57.75 22.90 71.63 13.19 68.66 15.87 68.95 15.63 0.209

Sudoscan right hand score (uS) 50.75 20.09 69.80 13.23 66.72 16.12 66.93 15.88 0.069

* variables expressed as median, interquartile range [IQR], Statistical significance, p < 0.05.

The statistical analysis of the frequency of chronic diabetes complications based on
cardiovascular risk indicates significant differences among the various risk categories. For
cardiovascular autonomic neuropathy (CAN), the prevalence increases with the degree
of cardiovascular risk, with the highest frequency observed in those with a risk greater
than 20% (69.80%). The same trend is observed for diabetic polyneuropathy (DPN), chronic
kidney disease (CKD), and diabetic retinopathy (DR), where the frequency of complications
significantly increases with higher cardiovascular risk. These findings underscore the
importance of proper monitoring and management of cardiovascular risk in addressing
chronic diabetes complications (Table 4).

Table 4. The frequency of chronic diabetes complications based on cardiovascular risk.

Cardiovascular Risk 5–10% (n = 4) % 10–20% (n = 35) % >20% (n = 172) %

CAN 2 50.00 20 57.10 120 69.80
DPN 2 50.00 19 54.29 102 59.30
CKD 1 25.00 9 25.71 85 49.42
DR 2 50.00 7 20.00 64 37.21

PAD 0 0.00 0 0.00 34 19.77

Abbreviations: CAN = cardiovascular autonomic neuropathy, CKD = chronic kidney disease, DR = diabetic
retinopathy, DPN = diabetic polyneuropathy, PAD = peripheral artery disease.
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Correlation of Sudoscan with SCORE 2—Diabetes

The scatterplot shows the relationship between the Sudoscan CAN-score, Sudoscan
Nephro-score and the SCORE2-Diabetes. Sudoscan CAN-score showed a significantly
positive correlation with SCORE 2-Diabetes and, Sudoscan Nephro-score score showed a
significantly negative correlation with SCORE 2-Diabetes (Figure 1a,b).
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The scatterplot shows the relationship between the Sudoscan feets-score, Sudoscan
hands-score and the SCORE2-Diabetes. Sudoscan feets-score and Sudoscan hands-score
showed a significantly negative correlation with SCORE 2-Diabetes (Figure 2a,b).
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The area under the receiver operating characteristic (ROC) curve of the Sudoscan-
CAN score to predict very high cardiovascular risk was 0.657 (95%CI: 0.569–0.745) of the
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total square (Figure 3). The Sudoscan-CAN score cut-off was 39.5, and the test had 34.3%
sensitivity and 79% specificity to detect very high cardiovascular risk.
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Figure 3. ROC curve of Sudoscan-CAN score in detecting very high cardiovascular risk in patients
with T2DM.

The multiple linear regression analysis examining clinical factors associated with
SCORE2-Diabetes in patients with T2DM reveals several significant associations. Age and
diabetes duration exhibit positive correlations with SCORE2-Diabetes, with standardized β-
coefficients of 0.413 and 0.179, respectively, both statistically significant (p < 0.001). Similarly,
HbA1c, LDL-c Sudoscan feet score, Sudoscan CAN-score, Ewing test score, and SBP in
the supine position also demonstrate positive associations with SCORE2-Diabetes, with
significant p-values (<0.05). Conversely, eGFR and Sudoscan Nephro-score display negative
associations with SCORE2-Diabetes, suggesting that higher eGFR and Sudoscan Nephro-
scores are associated with lower SCORE2-Diabetes values. These findings highlight the
importance of age, diabetes duration, HbA1c, LDL-c, Sudoscan parameters, eGFR, and SBP
in predicting SCORE2-Diabetes in patients with T2DM (Table 5).

Table 5. Clinical factors associated with SCORE2-Diabetes in patients with T2DM using multiple
linear regression.

Standard β-Coefficient 95% CI p-Value

Age 0.804 [0.585, 1.022] <0.001
Diabetes duration 0.627 [0.345, 0.908] <0.001

HbA1c 2.437 [1.617, 3.258] <0.001
LDL-c 0.048 [0.014, 0.083] <0.001
eGFR −0.225 [−0.285, −0.165] <0.001

Sudoscan Nephro-score −0.279 [−0.389, −0.169] <0.001
Sudoscan CAN-score 0.405 [0.233, 0.576] <0.001

Ewing test score 1.102 [0.327, 1.878] 0.006
SBP supine position 0.169 [0.075, 0.262] <0.001

Abbreviations: HbA1c = glycated hemoglobin, LDLc = low-density lipoprotein, eGFR = estimated glomerular
filtration rate, SBP = systolic blood pressure, statistical significance, p < 0.05.

4. Discussion

In this study, we analyzed the correlation between the Sudoscan-CAN score and
cardiovascular risk, as calculated using the SCORE2-Diabetes algorithm. The aim was
to investigate the potential association between sudomotor dysfunction and increased
cardiovascular risk in individuals with Type 2 Diabetes Mellitus (T2DM).
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The statistical assessment of Sudoscan parameters in the context of cardiovascular
risk showed substantial differences. Notably, the Sudoscan CAN-score varied significantly
across risk categories, suggesting an association between sudomotor dysfunction and
cardiac autonomic neuropathy in patients at elevated risk for cardiovascular events. Multi-
ple linear regression analysis revealed significant positive correlations between Sudoscan
CAN-score and SCORE2-Diabetes in T2DM patients (p < 0.001).

The findings of the study highlight the significant cardiovascular risk faced by patients
diagnosed with T2DM. The prevalence of CAN was significant within our studied patient
cohort, being 67.2%. What is important to mention is that 69.8% of patients with very
high cardiovascular risk also associate CAN. With a substantial portion of the cohort
(81.5%) classified as having very high cardiovascular risk according to SCORE2-Diabetes, it
underscores the critical need for comprehensive risk assessment and management strategies
in this population.

In a meta-analysis conducted in 2003, Maser et al. synthesized the evidence base to
evaluate the relationship between CAN and the risk of mortality in diabetes. CAN was
associated with future risk of mortality both in cases of definite CAN and possible CAN,
with a stronger association observed in definite CAN cases [21].

Also, Ewing et al. illustrated a 2.5-year mortality rate of 27.5%, which escalated
by 25.5% after 5 years in patients with diabetes and definite CAN [22]. This stands in
stark contrast to patients with diabetes and a normal autonomic function test (AFT),
who exhibited a mortality rate of only 15% over the same 5-year period. Additionally,
CAN also serves as a prognostic indicator for cardiovascular events (CVE) and mortality
in the context of intensive glycemic control in type 2 diabetes. This was evidenced by
the Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified Release
Controlled Evaluation (ADVANCE), Veterans Affairs Diabetes Trial (VADT), and ACCORD
Studies [23–25].

Similar investigations, such as the study by T Yuan et al., have highlighted the utility
of Sudoscan in formulating a cardiac risk score to evaluate cardiovascular autonomic neu-
ropathy in asymptomatic diabetic patients [26]. Our findings align with these observations,
bolstering the clinical relevance of Sudoscan in identifying significant cardiovascular risks
among individuals with type 2 diabetes mellitus. While this study focused on creating a
predictive model for asymptomatic patients, our research applies Sudoscan measurements
directly to established cardiovascular risk scoring systems like SCORE2-Diabetes, providing
a practical and efficient tool for assessing risk in a clinical setting. This integration of Su-
doscan into routine assessments could facilitate earlier and more personalized interventions,
enhancing preventive strategies and patient outcomes in diabetic cardiovascular care.

The research conducted by II Hussein et al. on the assessment of sudomotor function
in hypertensive patients with or without T2DM underscores the importance of Sudoscan in
evaluating cardiovascular risks [27]. Their findings support our study’s conclusions about
the predictive relevance of Sudoscan scores for cardiovascular complications in diabetic
patients. Both studies highlight the potential of Sudoscan to serve as a vital component
of cardiovascular risk management, advocating for its integration into routine clinical
practices to enhance early detection and preventive strategies in high-risk patient groups.

Our study introduces the utilization of the Ewing Test and Sudoscan Cardiovascu-
lar Autonomic Neuropathy Score as adjunctive tools for assessing cardiovascular risk in
T2DM patients. This integration of novel assessment methods provides a more comprehen-
sive evaluation beyond traditional risk scoring algorithms, potentially offering additional
insights into cardiovascular health in this population.

Similar investigations, such as those by Vinik et al., have also highlighted the prognos-
tic value of CAN assessments in predicting cardiovascular events in diabetic patients. Our
findings parallel these studies, reinforcing the clinical utility of Sudoscan in detecting signifi-
cant cardiovascular risk. Unlike conventional risk assessment tools, Sudoscan offers a quick
and patient-friendly means to assess risk, potentially leading to earlier interventions [26].
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The observed correlations between Sudoscan CAN-score and Sudoscan Nephro-score
with SCORE2-Diabetes shed light on the interplay between autonomic neuropathy, renal
function, and cardiovascular risk in T2DM patients. The positive correlation of Sudoscan
CAN-score with cardiovascular risk suggests a potential association between autonomic
dysfunction and increased cardiovascular risk. The identification of significant associations
between various clinical parameters and SCORE2-Diabetes underscores the multifactorial
nature of cardiovascular risk in T2DM patients. This highlights the importance of com-
prehensive risk stratification strategies that consider not only traditional risk factors but
also novel markers such as autonomic function and renal health in guiding therapeutic
interventions and optimizing outcomes.

The findings regarding the correlation between Sudoscan feets-score and Sudoscan
hands-score with SCORE2-Diabetes suggest a potential role for Sudoscan as a non-invasive
tool for assessing peripheral neuropathy in T2DM patients and predicting cardiovascu-
lar risk.

The clinical implications of these findings are significant, indicating that measuring
sudomotor dysfunction using Sudoscan effectively identifies Type 2 Diabetes Mellitus
(T2DM) patients who are at high cardiovascular risk. The inclusion of the Ewing Test
and Sudoscan scores as part of cardiovascular risk assessments could serve as a valuable
addition to traditional methods, potentially improving early detection and management
strategies. This supports the integration of innovative diagnostic tools into routine clinical
practice, which could enhance the proactive management of cardiovascular risks in diabetic
populations, ultimately improving patient outcomes.

Further research is warranted to elucidate the clinical utility of Sudoscan scores in risk
stratification and guiding therapeutic interventions in this population.

Limit

While the study provides valuable insights into the relationship between Ewing Test,
Sudoscan scores, and cardiovascular risk in T2DM patients, certain limitations need to be
acknowledged. Firstly, these include the relatively small sample size and cross-sectional
design. Secondly, all participants included in our research are from Romania, a very-high-
risk European region in terms of CV mortality [27]. Also, the study enrolled patients from
a single center.

Future prospective studies with larger sample sizes and longitudinal follow-up are
needed to validate these findings and explore the utility of novel assessment tools in
improving cardiovascular outcomes in T2DM patients.

5. Conclusions

Our study confirms the significant role of sudomotor dysfunction, as measured by
Sudoscan, in identifying T2DM patients at high cardiovascular risk. The use of the Ewing
Test and Sudoscan scores offers a promising adjunctive tool in the cardiovascular risk
assessment of this population. These findings underscore the need for incorporating novel
diagnostic tools into standard practice to enhance the early detection and management of
cardiovascular risk among diabetic patients.
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Abstract: Background and Objectives: This study aimed to investigate the relationship between the
systemic immune inflammation (SII) index and the development of micro and macro complications
and mortality within the first year and the following three years in type 2 diabetic retinopathy
patients. Materials and Methods: The retrospective study included 523 type 2 diabetic retinopathy
patients seen in the endocrinology outpatient clinic of our hospital between January and December
2019. Their demographic and clinical characteristics were analyzed using descriptive statistics. The
normal distribution of quantitative data was assessed by the Shapiro–Wilk test. Mann–Whitney U,
McNemar–Chi-square, and Cochran’s Q tests were used to analyze the SII values and complication
rates over time. An ROC analysis determined the sensitivity and specificity of SII. A multiple linear
regression analysis examined the relationship between variables and SII, while Spearman’s test
assessed the correlation between CRP and SII. p < 0.05 was accepted as significant. Results: The
mean age of patients was 63.5 ± 9.3 years, with mean SII values of 821.4 ± 1010.8. Higher SII
values were significantly associated with acute–chronic renal failure, peripheral arterial disease, and
hospitalization rates in both the first year and the following three years (p < 0.05 for all). Significant
cut-off values for SII were found for micro- and macrovascular complications and death within the
first year (p < 0.05 for all). The ROC curve analysis identified an optimal SII cut-off value of >594.0 for
predicting near-term (1-year) complications and mortality, with a sensitivity of 73.8% and specificity
of 49.4% (area under the ROC curve: 0.629, p = 0.001). Multiple linear regression indicated that
smoking of at least 20 pack-years had a significant positive effect on SII. The Spearman test showed a
weak positive correlation between SII and CRP. Conclusions: High SII values predict both early and
late acute–chronic renal failure, peripheral arterial disease, and hospitalizations in patients with type
2 diabetic retinopathy. The study also shows that high SII values may predict microvascular and
macrovascular complications of type 2 DM and mortality risk in the early period in patients with
type 2 diabetic retinopathy. In addition, comorbidities and inflammatory habits, such as long-term
smoking, should be considered in the clinical use of SII.

Keywords: systemic immune inflammation; diabetic retinopathy; type 2 diabetes mellitus; microvascular
complications; macrovascular complications

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disease characterized by hyperglycemia
and complications caused by impairments in any or all of the production, release, and
effects of insulin, a peptide hormone secreted by the β cells of the islets of Langerhans
of the pancreas [1]. It has been reported that 90% of diabetes cases in the world are type
2 DM cases [2]. According to the Diabetes Atlas published periodically by the International
Diabetes Federation, the number of people diagnosed with diabetes globally by the end
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of 2021 was recorded as 537 million. Even more remarkably, this number is estimated to
reach 783 million by 2045 [3]. Chronic complications of type 2 DM are categorized under
two main headings as micro- and macrovascular complications: nephropathy, retinopathy,
and neuropathy are defined as microvascular complications, while coronary artery disease
(CAD), peripheral arterial disease (PAD), and cerebrovascular disease (CVD) are defined as
macrovascular complications [4,5]. Chronic hyperglycemia is a critical factor in the forma-
tion of these complications. The duration of diabetes and comorbidities are other factors
affecting the development of complications. Diabetic retinopathy (DR) is the most common
microvascular complication and is a precursor of other microvascular complications. One
out of every three patients with type 2 DM develops DR. It is also the most common cause
of preventable new cases of blindness in people aged 20–74 years [6].

Fundus examination is critical to detect the first signs of DR. Initial signs include
damage to the endothelium of the retinal vasculature, microaneurysms, hemorrhage,
and exudate development. With DR progression, capillary occlusion, neovascularization,
and subsequent retinal detachment may develop. Retinal lesions are detected with an
ophthalmoscope. Retinal lesions are divided into two types according to their intensity:
non-proliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR).
Fundus fluorescein angiography (FFA) and optical coherence tomography (OCT) are used
for diagnosis and follow-up. These are costly, invasive, and specialized methods. At the
same time, each of the methods used to monitor the development of other micro and macro
complications in patients with type 2 DM increases the financial burden. Therefore, it is
important to have additional biomarkers for the diagnosis and follow-up of both DR and
other complications in type 2 DM patients with DR in many peripheral regions.

Hyperglycemia-induced glycosylated proteins damage cells, causing dysfunction and
initiating the inflammatory process by inducing the release of tumor necrosis factor-alpha
(TNF-α), free radicals, interleukin-6 (IL-6), and C-reactive protein (CRP). This is recognized
as one of the main mechanisms of vascular damage, which is the cause of the chronic
complications of diabetes [2].

During the inflammatory response, platelets mediate the activation of circulating
leukocytes and their adhesion to the endothelial surface, leading to both changes in the
number of circulating leukocytes and endothelial damage [7].

The determination of systemic immune inflammation (SII) cut-off values in patients
with DR may be a warning for the prevention of other complications and mortality.

SII derived from laboratory parameters has recently come to the forefront in deter-
mining the prognosis of many diseases. SII, which can be calculated simply by using
platelet, lymphocyte, and neutrophil values from complete blood count (CBC) values,
was first developed in 2014 to predict survival rates of individuals with hepatocellular
carcinoma [8,9].

There is increasing evidence that there may be an association between SII and metabolic
derangements and their components [10]. Moreover, considering that macro- and microvas-
cular complications of type 2 DM have chronic inflammation and metabolic derangements
as common risk factors, it is a valid assumption that people with high SII levels have a
higher risk of these complications.

Numerous studies have examined the relationship between type 2 DM, its compli-
cations, and SII. However, no study has addressed the association of SII with duration in
predicting macrovascular and other microvascular complications and mortality rates in
type 2 diabetic retinopathy patients.

This study was conducted to fill the existing literature gap and examine the relation-
ship between SII levels, complications, and mortality rates in type 2 diabetic retinopathy
patients during the first year of follow-up and the subsequent three years after the index
was calculated.
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2. Materials and Methods

This study was designed as a single-center and retrospective study. Between January
and December 2019, 523 patients over 18 years old who were admitted to the endocrinology
outpatient clinic of our hospital with a DR diagnosis of type 2 DM were included in the
study. Patients diagnosed with type 1 DM, patients with acute infectious disease, sepsis,
chronic inflammatory and rheumatologic diseases, active malignancies, other endocrino-
logic disorders, patients under 18 years of age, pregnant women, and breastfeeding women
were excluded. For this study, TÜTF-GOBAEK 2023/341 approval was received from the
ethics committee of our Faculty of Medicine, dated 29 September 2023. DR progression
was defined as increased macular edema, decreased visual acuity, and the conversion of
NPDR to PDR.

Demographic information, laboratory data at the time of admission, medical history,
and examination findings of the patients included in the study were obtained from the
patient file records of the hospital. The demographic information of the patients was
determined as age, gender, alcohol, and smoking. The diagnosis of DR was confirmed
according to the EURETINA guidelines, and type 2 DM was confirmed according to the
American Diabetes Association 2019 criteria [11,12]. The medical history of the patients
included the duration of DM, a diagnosis and duration of hypertension, a diagnosis of heart
failure, a diagnosis of cerebrovascular disease, insulin use, and antitriglyceridemic and
antihyperlipidemic drug use. Laboratory parameters in the study were measured in the
Biochemistry Department of our hospital using an automated analyzer. The SII value was
obtained using the following: platelet count at admission x neutrophil count/lymphocyte
count ratio [13,14]. Macro and micro complications and clinical findings of the patients
during follow-up were obtained through outpatient clinic records, phone calls, and an
e-pulse system [15].

Descriptive statistics regarding the demographic and clinical characteristics of patients
were shown as mean, standard deviation, number, and %. The suitability of quantitative
data for normal distribution was examined with the Shapiro–Wilk test. The Mann–Whitney
U test was used to compare SII values between groups. The McNemar–Chi-square test was
used in the comparison of complication rates between the first year and the following three
years. The Related-Samples Cochran’s Q test was used in the comparison of complication
rates between the baseline, first year, and the following three years. Using the Receiver
Operating Characteristic (ROC) analysis method and the area under the curve (AUC),
the cut-off points and the sensitivity and specificity values were calculated for SII. The
relationship between SII and the variables hypertension, at least 20 pack-years of smoking,
antihyperlipidemic/antitriglyceridemic drug use, DM insulin usage, and gender was
examined using multiple linear regression analysis. The relationship between CRP and
SII was examined using the Spearman test. p < 0.05 value was accepted as statistical
significance. The SPSS 20.0 package program (IBM SPSS Statistics for Windows, Version
20.0. Armonk, NY, USA: IBM Corp.) was used to analyze the data.

3. Results

The demographic and clinical characteristics of the patients are shown in Table 1. The
average age of the patients was 63.5 ± 9.3 years, and 40.3% were women. The average SII
values were found to be 821.4 ± 1010.8.

The rate of polyneuropathy was 39.4% in the first year and 43.3% in the following
three years. Retinopathy progression was detected as 20.3% in the first year and 28.8% in
the following three years. While the rate of microvascular complications was 74.6% in the
first year, this rate decreased to 61.8% in following three years (p < 0.001). While the rate
of macrovascular complications was 45.9% in the first year, this rate decreased to 30.4%
in following three years (p < 0.001). Similarly, a significant decrease was observed in the
rates of micro- and macrovascular complications, microvascular complications and death,
macrovascular complications and death, and micro- and macrovascular complications and
death combinations in following three years (p < 0.001; Table 2).

56



Medicina 2024, 60, 855

Table 1. Demographic and clinical characteristics of the patients.

N = 523

Age, years 63.5 ± 9.3

Gender, female 211 (40.3)

Duration of DM, years

<5 years 18 (3.4)

5–10 years 103 (19.7)

>10 years 402 (76.9)

Insulin use status in DM, yes 362 (69.2)

Hypertension, yes 489 (93.5)

Duration of hypertension, years

≤5 years 37 (7.6)

>5 years 452 (92.4)

Stroke, yes 76 (14.5)

Heart failure, yes 145 (27.7)

Lung pathology, yes 25 (4.8)

Smoking status, ≥20 packets/year 265 (50.7)

Continued smoking in the last 10 Years, yes 133 (25.4)

Antihyperlipidemic/antitriglyceridemic drug use, yes 364 (70.3)

SII 821.4 ± 1010.8

C-Reactive Protein, mg/dL 1.9 ± 6.4
Mean ± Standard deviation, n (%), SII: Systemic immune inflammation index.

Table 2. Patients’ first year and following three years’ health outcomes and complication values.

The First-Year The Following
Three Years p

Polyneuropathy, yes 206 (39.4) 179 (43.3) <0.001

Retinopathy progression, yes 106 (20.3) 119 (28.8) <0.001

Coronary artery disease, yes 154 (29.4) 88 (21.3) 0.555

Acute-chronic renal failure, yes 252 (48.2) 207 (50.1) <0.001

Peripheral artery disease, yes 138 (26.4) 96 (23.2) 0.362

Hospitalization for any reason, yes 363 (69.4) 310 (75.1) <0.001

Hospitalization for DM, yes 39 (7.5) 34 (8.2) 0.291

Surgery for Retinopathy, yes 522 (99.8) 386 (93.5) <0.001

Death, yes 108 (20.7) 29 (7.0) <0.001

Microvascular Complications, yes 390 (74.6) 323 (61.8) <0.001

Macrovascular Complications, yes 240 (45.9) 159 (30.4) <0.001

Micro + Macrovascular complications, yes 201 (38.4) 142 (27.2) <0.001

Microvascular Complications + Death, yes 91 (17.4) 27 (5.2) <0.001

Macrovascular Complications + Death, yes 73 (14.0) 23 (4.4) <0.001

Micro + Macrovascular complications + Death, yes 61 (11.7) 22 (4.2) <0.001

The comparison of patients’ SII values in the first year and the following three years
according to the presence of micro and macro complications, hospitalization for any reason,
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and hospitalization for DM parameters is shown in Table 3. Accordingly, the SII values of
those with acute–chronic renal failure, peripheral artery disease, and hospitalization were
found to be significantly higher both in the first year and following three years (p < 0.05 for
all). No significant difference was found in the SII values in terms of Polyneuropathy, CAD,
Retinopathy Progression, and hospitalization due to DM (p > 0.05 for all).

The comparison of SII values in the first year and the following three years according to
micro- and macrovascular complications and death is shown in Table 4. Accordingly, in the
first year, SII values were found to be significantly higher in those with microvascular and
macrovascular complications, in those who died, and in combinations of these parameters
(p < 0.05 for all). In following three years, no significant difference was found in the SII
values in terms of micro- and macrovascular complications and death (p > 0.05 for all).

The results of the ROC analysis of SII values regarding micro- and macrovascular
complications and death are shown in Table 5. Accordingly, the area under the curve
(AUC) values in the first year were 0.608 (p < 0.001) for microvascular complications, 0.570
(p = 0.005) for macrovascular complications, 0.618 (p < 0.001) for death, 0.589 (p < 0.001) for
micro- and macrovascular complications, and 0.629 (p = 0.001) for micro- and macrovascular
complications and death. The area under the curve values in the following three years were
not significant (p > 0.05 for all).

The results of the ROC analysis of the SII values regarding micro- and macrovascular
complications and death in the first year are shown graphically in Figure 1. It was found
that the SII values reached the highest diagnostic accuracy rate in the first year in the
micro- and macrovascular complications and death combination, and at the cut-off point
calculated as >594.0, the sensitivity value was 73.8%, and the specificity value was 49.4%.
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Table 5. ROC analysis results of SII values regarding microvascular and macrovascular complications
and death.

AUC p Cut-Off Sensitivity
(%)

Specificity
(%)

The first-year

Microvascular Complications 0.608 <0.001 >540.5 64.1 57.9

Macrovascular Complications 0.570 0.005 >467.6 75.4 37.8

Death 0.618 <0.001 >994.0 35.2 84.8

Micro + Macrovascular complications 0.589 <0.001 >531.1 68.7 47.2

Microvascular Complications + Death 0.622 <0.001 >634.2 64.8 56.3

Macrovascular Complications + Death 0.607 0.004 >1019.2 35.6 84.2

Micro + Macrovascular complications + Death 0.629 0.001 >594.0 73.8 49.4

The following
three years

Microvascular Complications 0.508 0.776 >1019 84.5 23.5

Macrovascular Complications 0.536 0.192 >467.6 74.2 34.3

Death 0.524 0.711 >838.5 37.9 77.8

Micro + Macrovascular complications 0.550 0.080 >657.7 52.8 58.3

Microvascular Complications + Death 0.521 0.757 >838.5 40.7 74.2

Macrovascular Complications + Death 0.563 0.371 >852.2 43.5 75.0

Micro + Macrovascular complications + Death 0.585 0.223 >852.2 45.5 75.1

A multiple linear regression analysis was conducted to investigate the effects of
various factors on SII. The model included hypertension, smoking (at least 20 pack-years),
antihyperlipidemic and antitriglyceridemic drug use, DM insulin usage, and gender as
predictors. The overall model was not statistically significant (F(7, 510) = 1.065, p = 0.385),
indicating that these factors collectively did not explain a significant portion of the variance
in SII (R2 = 0.014, Adjusted R2 = 0.001).

Among the predictors, only at least 20 pack-years of smoking showed a statistically
significant positive effect on SII (B = 180.053, p = 0.034, Table 6). The other factors, including
hypertension, antihyperlipidemic and antitriglyceridemic medication use, DM insulin
usage, and gender, did not show a significant relationship with SII (p > 0.05 for all, Table 6).

Table 6. Multiple linear regression analysis results for predictors of Systemic Immune Inflamma-
tion (SII).

Variable B p-Value

Hypertension −132.996 0.292
At least 20 pack-years of smoking 180.053 0.034

Antihyperlipidemic and antitriglyceridemic drug use 2.806 0.967
DM insulin usage 11.876 0.861

Gender −22.822 0.758

The Spearman correlation analysis showed a weak positive correlation between SII
and CRP (r = 0.266; p < 0.001; Table 7).
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Table 7. Spearman correlation analysis results of SII and CRP in type 2 diabetic retinopathy patients.

SII CRP

SII r 1.000 0.266

p <0.001

CRP r 0.266 1.000

p <0.001
r: Spearman’s correlation coefficient. Values range between +1 and −1: +1 indicates a perfect positive correlation;
−1 indicates a perfect negative correlation; and 0 indicates no correlation. p: Statistical significance value: p < 0.05
indicates that the correlation is significant at the 95% confidence level; p < 0.01 indicates significance at the 99%
confidence level. CRP: C-Reactive protein, mg/dL; N: Sample size, which is 523 in this study.

4. Discussion

This study investigated the relationship between the predictive value of SII on other
microvascular complications of type 2 DM (nephropathy and neuropathy), macrovascular
complications (coronary artery disease, peripheral artery disease, and cerebrovascular
disease), and mortality rates in patients diagnosed with DR, which is one of the most
common microvascular complications of type 2 DM, in early and late periods (the first
year and the following three years). The findings of our study show that high SII values
were associated with increased mortality and the development of other microvascular and
macrovascular complications and were statistically significant in predicting the likelihood
of mortality and the development of complications, especially in the first year following
the calculation of the SII value.

Type 2 DM is a chronic disease characterized by persistent hyperglycemia. Due to hy-
perglycemia, glucose reacts non-enzymatically with lipids and proteins, releasing advanced
glycation end products (AGEs) and causing oxidative stress. The resulting oxidative stress
increases the levels of reactive oxygen species (ROS), leading to impaired blood flow in
small blood vessels and impaired tissue nutrition, leading to microvascular complications.
In large blood vessels, it facilitates the development of atherosclerotic plaques, which
narrow the arteries and restrict blood flow, leading to macrovascular complications [16,17].
Sustained hyperglycemia triggers the immune response, leading to the synthesis of pro-
inflammatory cytokines, C-reactive protein, tumor necrosis factor (TNF)-α, interleukin-6
(IL-6), and chemokines [18]. Chronic inflammation disrupts the structure of small ves-
sels and contributes to the development of microvascular complications. In large vessels,
they enter atherosclerotic plaques and destabilize them. They cause plaque ruptures [19].
Endothelial dysfunction develops. Another condition that contributes to endothelial dys-
function is adipokines (adiponectin, leptin, and resistin). Adiponectin is anti-inflammatory,
whereas leptin and resistin are inflammatory. Adiponectin increases nitric oxide (NO)
levels. However, in type 2 DM, adiponectin is decreased, which leads to a decrease in
the NO level and an increase in the endothelin-1 level, which disrupts the balance in
small vessels in favor of vasoconstriction and leads to the development of microvascular
complications. In large vessels, endothelial dysfunction plays an important role in the
emergence of macrovascular complications by facilitating vasoconstriction, inflammation,
and oxidative stress [20].

DR is a microvascular complication of diabetes in the eye with an increasing prevalence.
Once it occurs, it is irreversible. It can progress to vision loss. Current treatments aim
to halt its progression. Chronic minimal inflammation plays a role in its pathogenesis.
An animal model study in diabetic mice showed that the progression of DR was slowed
when inflammatory pathways were blocked [21]. Another study examined the levels
of inflammatory proteins in patients with DR using proteomic techniques and found
an increase in these levels [22]. These studies demonstrate the role of chronic minimal
inflammation in the development and progression of DR and suggest that the inhibition of
inflammation may prevent the progression of the disease.
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Many inflammatory cells are involved in developing and maintaining chronic minimal
inflammation. The most prominent feature of this inflammatory process is the increased
permeability of the vascular wall secondary to inflammation, allowing inflammatory cells
to pass from the vessels to the tissues. Neutrophils are the first cells to arrive when inflam-
mation occurs. Under chronic inflammation, neutrophils are constantly activated, leading
to the formation and accumulation of neutrophil extracellular traps (NETs). This leads
to vascular occlusion, tissue damage, and the exacerbation of inflammation, increasing
damage at the site of inflammation. In a study comparing the neutrophil levels of pa-
tients with type 2 DM and healthy individuals, it was found that the neutrophil levels of
the patient group were significantly higher [22]. Significant increases in the number of
neutrophil, monocyte–macrophage, and platelet cells have been recorded in type 2 DM
patients during the inflammation process. In a systematic meta-analysis study examining
the changes in hematologic parameters of patients with type 2 DM and type 1 DM and a
control group of healthy individuals, it was shown that patients with type 2 DM had signif-
icantly higher absolute neutrophil, absolute monocyte, absolute lymphocyte, and absolute
basophil counts and relative neutrophil and basophil counts [23]. In addition, another
study reported that hematologic parameters, such as the neutrophil-to-lymphocyte ratio
(NLR) and monocyte-to-platelet ratio, were higher in patients with diabetes and that these
increases could be considered a sign of inflammatory response [24]. In another study, the
neutrophil levels of patients with type 2 DM and healthy individuals were compared, and
it was found that the neutrophil levels of the patient group were significantly higher [25].
In another study, it was concluded that NET levels were elevated in type 2 DM patients
and that NETs play a role in the pathogenesis of both DM and microvascular complications,
especially diabetic nephropathy and cardiac disease associated with DM [26]. One of the
other cells involved in chronic minimal inflammation is monocyte–macrophages, which
maintain and exacerbate the inflammatory process by secreting pro-inflammatory cytokines
(IL-1β, TNF-α, IL-6, IL-8, MCP-1, and IL-1) [27]. Another cell is platelets, which both form
thrombosis with their own activation and increase their activation by binding to leukocyte
subcellular groups [28]. An increase in neutrophil, monocyte–macrophage, and platelet
cell numbers indicates inflammation. These results are compatible with our study because
the neutrophil, monocyte, and platelet values were found to be high in patients with DR in
our study (SII: 821.4 ± 1010.8; Table 1).

SII, one of the most frequently used inflammatory markers in recent years, is less
affected by physiopathologic changes. This makes SII more reliable and more sensitive in
showing existing inflammation [29]. Other advantages are that it is cost-effective and can
be calculated with hemogram results that can be performed even in peripheral areas. In a
study of 500 type 2 DM patients with and without DR, SII was found to be an inflammatory
marker that can be used for early diagnosis of DR [30]. In our study, our patients had a
diagnosis of DR, but we found that SII had no predictive value in DR progression in the
first year and the following three years of follow-up (retinopathy progression p > 0.05;
Table 3). This may be because the SII values of all patients already diagnosed with DR
were higher than the SII of only patients with type 2 DM due to inflammation. In a study
in which 100 uncomplicated type 2 DM patients were included, and many biomarkers
were examined, the mean SII value was found to be 470.91 [31]. In our study, all of our
patients were type 2 DM patients with DR diagnosis, and the mean value for SII was found
to be 821.4. Due to the existing microvascular complications, the mean SII value in our
study was almost twice as high compared to uncomplicated type 2 DM in the other study.
For this reason, chronic minimal inflammation may have continued in the following years
but may not have reached very high levels with its progression. Another reason may
be that 108 patients died within one year after the calculated SII values, and 29 patients
died within the following three years (Table 2). As a result, we do not know how many
of these deceased patients had DR progression. In a study of 300 type 2 DM patients on
whether SII has a predictive value for diabetic nephropathy and cardiovascular diseases
in patients with type 2 DM, predictive SII values were found for cardiovascular diseases

62



Medicina 2024, 60, 855

and diabetic nephropathy [31]. In a study investigating the relationship between SII and
diabetic neuropathy in 1460 hospitalized type 2 DM patients in China, it was found that
SII levels were significantly higher in patients with diabetic neuropathy [32]. In another
study in which 584 patients with diabetic nephropathy (DN) due to type 2 DM, type 2 DM
patients without DN, and a control group were investigated for the relationship between
SII and DN, it was found that high SII levels were associated with DN [33]. The results
of our study are consistent with the literature. SII was found to be statistically significant
in predicting type 2 diabetic retinopathy patients to be diagnosed with acute or chronic
renal failure due to diabetic nephropathy in the first year and the following three years,
the development of peripheral arterial disease, and the hospitalization of patients for any
reason (Table 3). It was not statistically significant in predicting coronary artery disease,
hospitalization due to diabetes, and the development of polyneuropathy both in the first
year and the following three years (Table 3). This may be due to the fact that the basal
inflammation was high in those who died, and chronic minimal inflammation was ongoing
due to DR, and therefore, the patient’s immune systems were active, or other microvascular
complications may have started due to the development of DR but were not detected
because they were not yet diagnosed. In addition, it has been observed that type 2 diabetic
retinopathy patients are more likely to be hospitalized due to complications. As patients
who develop micro- and macrovascular complications are mostly patients with a poor
glycemic index, who do not pay attention to their diet and do not follow the controls, it
is natural that they are frequently hospitalized due to complications that develop as a
result. Another reason may be the need for a larger sample group, which is also one of the
limitations of our study.

One of the most important results of this study is that SII values have significant
predictive power for parameters, such as micro- and macrovascular complications and
death and combinations of these parametrics in the early period, but this predictive power
decreases with increasing duration. In the first year, the significant association between high
SII values and these clinical outcomes (p < 0.05; Table 4) suggests that SII may be a valuable
biomarker for short-term risk assessment. However, the lack of a significant difference
supporting this association over the following three years (p > 0.05; Table 4) suggests that
the long-term clinical predictive value of SII is limited. This finding emphasizes the need
for further investigation of the dynamic changes in inflammatory markers over time and
their impact on long-term clinical outcomes.

The focus of our study was to examine the relationship between the SII values of
patients with type 2 diabetic retinopathy and the development of micro- and macrovas-
cular complications and death in the first year and the following three years. When the
SII values of the patients were analyzed by an ROC analysis for microvascular compli-
cations, macrovascular complications, death, micro- and macrovascular complications,
microvascular complications and death, macrovascular complications and death, micro-
and macrovascular complications and death, and micro- and macrovascular complications
and death (composite endpoint) for the first year and following three years, a statistically
significant optimal SII value was confirmed for all parameters in the first year (p < 0.05;
Table 5). For following three years, the SII values determined were not statistically sig-
nificant (p > 0.05; Table 5). This may be due to the relationship between the existing
inflammation and duration. In general, our SII values were found to be high because type
2 DM, DR, and its complications are based on chronic minimal inflammation, and SII is
an inflammatory marker. This is consistent with the literature. The ROC curve analysis
confirmed that the optimal SII value for the composite endpoint, >594.0, predicted the
composite endpoint with a higher sensitivity of 73.8%, specificity of 49.4%, and AUC= 0.629
compared to other parameters (p = 0.001; Table 5; Figure 1).

We applied multiple linear regression analysis to determine whether the variables in
our study affected the SII values. We found that only “at least 20 pack-years of smoking”
had a statistically significant positive effect on SII (B = 180.053, p = 0.034). This indicates
that individuals who have smoked for at least 20 pack-years have higher levels of systemic
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immune inflammation. This finding is consistent with previous studies linking heavy
smoking to increased inflammatory responses [34]. In contrast, (B = −132.996, p = 0.292),
the use of antihyperlipidemic and antitriglyceridemic drugs (B = 2.806, p = 0.967), use
of DM insulin (B = 11.876, p = 0.861), and gender (B = −22.822, p = 0.758) did not show
statistically significant relationships with SII. These results suggest that these factors do not
have a significant impact on systemic immune inflammation in this study population. This
may be due to various reasons, such as the sample size not being large enough to detect
subtle effects, or these variables affect SII through mechanisms not captured in this analysis.
Further research is needed to better understand and manage conditions associated with
inflammation by exploring other potential determinants and mechanisms affecting SII.

Another inflammation biomarker, CRP, is known to rise in response to inflammation
in the body and is widely used. In a 2015 meta-analysis study examining the relationship
between CRP and diabetic retinopathy, it was concluded that CRP could be used as a
biomarker to determine the severity of diabetic retinopathy [35]. Given that SII is an
inflammatory index, we examined the relationship between CRP values and SII values in
our patients using the Spearman test. Consistent with the above literature, we found a weak
positive relationship between the two inflammatory markers (r = 0.266; p < 0.001; Table 7).
However, we did not find any studies in the literature regarding CRP’s ability to predict
early and late-term mortality and morbidity in patients with type 2 diabetic retinopathy.

This study found that the SII index is an effective predictor of morbidity and mortality
in patients with type 2 diabetic retinopathy. High SII values were significantly associ-
ated with acute and chronic renal failure, peripheral arterial disease and hospitalization
rates. These findings suggest that the SII index can be used to predict microvascular and
macrovascular complications and mortality risk in patients with type 2 diabetic retinopathy,
especially within 1 year of calculating SII values. However, combining SII with other
biomarkers and artificial intelligence methods may improve diagnostic accuracy. Inte-
grating various biomarkers and AI methods has shown potential to improve diagnostic
processes in clinical applications, as demonstrated in studies involving hemogram-based
decision tree models to differentiate COVID-19 patients [36]. Similarly, the use of addi-
tional biomarkers and AI in combination with SII may improve the long-term prediction of
complications and mortality risk in type 2 diabetic retinopathy patients.

Our study had several limitations, the most important of which was that it was a
retrospective and single-center study. Another one is the small number of participants.
Moreover, the specificity values of the SII are low; therefore, they should be carefully
interpreted in their clinical usage.

5. Conclusions

Our research is significant in determining the predictive cut-off value of the SII for
microvascular and macrovascular complications, mortality, and composite endpoints in
the first year among patients with type 2 diabetic retinopathy. Additionally, both in the
first year and the following three years, it is valuable for identifying SII values that can
predict the development of acute or chronic renal failure due to diabetic nephropathy,
peripheral arterial disease, and hospital admissions for any reason among these patients.
This capability enables the early diagnosis of potential complications in patients with type
2 diabetic retinopathy, leading to timely treatment. Thus, patients at risk can be identified
through simple hemogram parameters used to calculate the SII, potentially preventing or
halting the progression of diabetic complications. This not only helps prevent a decline
in patients’ quality of life but also results in significant healthcare cost savings. Moreover,
predicting the risk of death within the first year could also enhance patient survival rates.

In addition, in the clinical use of SII, patients’ histories of comorbidities, as well as their
inflammatory habits, such as long-term smoking, should also be taken into consideration.
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Abstract: Background and Objectives: Mycobacterium bovis Bacillus Calmette–Guérin (BCG) vaccine
administration has been suggested to prevent glucose metabolism abnormalities and fatty liver in
genetically obese ob/ob mice; however, it is not clear whether the beneficial effects of BCG are also
observed in the progression of glucose intolerance induced by a high-fat diet (HFD). Therefore, the
effects of BCG vaccination on changes in glucose tolerance and insulin response were investigated in
HFD-fed C57BL/6 mice. Materials and Methods: We used the BCG Tokyo 172 strain to determine effects
on abnormalities in glucose metabolism. For vaccination, five-week-old male mice were injected
intraperitoneally with BCG and maintained on a HFD for three weeks. The mice were regularly
subjected to intraperitoneal glucose tolerance and insulin tolerance tests (IGTTs and ITTs). These tests
were also performed in mice transplanted with bone marrow cells from BCG-vaccinated donor mice.
Results: Significant effects of BCG vaccination on blood glucose levels in the IGTTs and ITTs were
observed from week 12 of the experiment. BCG vaccination significantly improved changes in fasting
glucose and insulin levels, insulin resistance indexes, and glucagon-to-insulin ratios in conjunction
with the HFD at the end of the experiment. Significant inhibitory effects in the IGTTs and ITTs on
glucose intolerance were also observed with transplantation with bone marrow cells derived from
BCG-vaccinated donor mice. Conclusions: BCG vaccination significantly delayed glucose intolerance
progression, suggesting a beneficial effect of BCG on the pathogenesis of type 2 diabetes. It has
also been suggested that the effects of BCG vaccination may be at least partially due to an immune
memory (trained immunity) for hematopoietic stem and progenitor cells of the bone marrow.

Keywords: BCG; glucose intolerance; insulin resistance; trained immunity; nonalcoholic fatty
liver disease

1. Introduction

Obesity, especially visceral obesity, contributes to the pathogenesis of metabolic syn-
drome, a cluster of metabolic abnormalities including hyperlipidemia, hypertension, and
insulin resistance (IR) [1]. It is well known that IR is the primary indicator of type 2 diabetes
mellitus (T2DM). T2DM pathogenesis is also considered to be linked to the innate and
adaptive immune systems, which are recognized as important etiological components
in the development of IR [2–4]. Per the International Diabetes Federation, T2DM is the
most common type of diabetes (accounting for approximately 90% of all cases). In 2021,
more than one in ten adults had diabetes mellitus globally, and the number of people with
this disease will continually increase in the future [5]. The increasing prevalence of this
condition makes it a public health problem of paramount importance. T2DM imposes a
significant personal and public health burden in terms of the number of people affected,
complications, and expenses incurred by national health and social care systems [6]. There-
fore, the discovery and development of new treatments that regulate glucose and metabolic
homeostasis are urgently needed.
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An imbalance in energy homeostasis is a hallmark of T2DM [7]. Altered immune
surveillance and impaired host defenses have been observed in patients suffering from
obesity and T2DM, which may predispose patients to infection caused by germs such a
Mycobacterium tuberculosis (Mtb) [8,9]. Animal and human studies have also indicated
an increased susceptibility to Mtb infection in type 1 diabetes mellitus (T1DM), which is
commonly known as juvenile-onset diabetes and characterized by an absolute deficiency
in insulin production by the autoimmune destruction of islet β-cells [10,11]. To protect
against Mtb infection and its progression to tuberculosis, an attenuated strain of M. bovis
was used to develop the Bacillus Calmette–Guérin (BCG) vaccine over 100 years ago. The
nonspecific effects of BCG were first used for bladder cancer treatment over 40 years
ago [12]. Thereafter, the off-target effects of BCG have been shown to protect against
infectious and noninfectious diseases, including T1DM [13–18]. It has been reported that
repeated BCG vaccinations in long-term diabetics can restore blood sugars to near normal
by resetting the immune system and by increasing glucose utilization through a metabolic
shift to aerobic glycolysis, a high-glucose-utilization state. [18]. However, to the best of our
knowledge, only a few studies have examined the effects of BCG vaccination on T2DM. It
has also been reported that in leptin receptor-deficient db/db mice, multiple BCG injections
significantly decreased blood glucose levels and increased glucose uptake in bone marrow
cells [19]. Our previous study demonstrated that a single intravenous administration of
BCG significantly decreased serum insulin levels and the insulin resistance index in a
homeostatic model assessment for insulin resistance (HOMA-IR) in leptin-deficient ob/ob
mice [20]. However, to the best of our knowledge, no information is available on the
effect of BCG vaccination on diet-induced glucose intolerance. In the current study, we
investigate the effects of prior BCG vaccination on the progression of glucose intolerance in
high-fat and chow-diet-fed mice.

2. Materials and Methods
2.1. Animals, Diet, and Microorganisms

All animal experiments were approved by the Animal Care and Use Committee of the
University of the Ryukyus (approval numbers: A2022003 and A2022007) and conducted
per their guidelines. Male C57BL/6JmsSlc (CD45.2; referred to as B6-Ly5.2) mice were
purchased from Japan SLC Inc. (Shizuoka, Japan). C57BL/6-Ly5.1 (CD45.1; referred to as
B6-Ly5.1) mice were maintained in our animal laboratory. The mice were randomly housed
in environmentally enriched cages (5 animals per cage) under a controlled environment (at
24 ◦C ± 1 ◦C in a 12 h day/night cycle with lights on from 07:00 to 19:00). After one week
of adaptation, the mice were randomly divided into experimental groups (n = 10/group)
for each experiment. All animals had free access to food and water during the experiment.

Products for a commercial chow diet (12 kcal% fat, CE-2 diet) and a high-fat diet (HFD,
30 kcal% fat, Quick fat diet) were purchased from CLEA Japan, Inc. (Tokyo, Japan). The
BCG Tokyo 172 strain was purchased from the Japan BCG Laboratory (Tokyo, Japan) and
suspended at 5 × 108 colony-forming units (CFU)/mL in phosphate-buffered saline (PBS)
before use.

2.2. BCG Vaccination in HFD-Fed Mice

For vaccination, five-week-old-B6-Ly5.2 male mice were intraperitoneally (i.p.) in-
jected with BCG (5 × 107 CFU/100 µL) for the BCG group, and with vehicle PBS for the
chow and control groups (Figure 1A). All mice were fed a chow diet for three weeks,
after which the chow group continued on the chow diet, and the control and BCG groups
transferred to a HFD for the rest of the experiment. After the thirty-week feeding period,
the mice were sacrificed after 12 h of starvation by exsanguination from the heart under
isoflurane anesthesia to minimize suffering.
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Figure 1. Schematic diagram of the experimental design. (A) To assess the effect of BCG vaccina-
tion on glucose intolerance progression in HFD-fed mice. (B) To assess the effect of bone marrow
transplantation from BCG-vaccinated mice on glucose intolerance progression in HFD-fed mice.
PBS-BM group were transplanted with bone marrow from PBS-treated mice; BCG-BM group were
transplanted with bone marrow from BCG-vaccinated mice.

2.3. Bone Marrow Transplantation from BCG-Vaccinated Mice

Donor B6-Ly5.1 male mice were i.p. injected with vehicle PBS or BCG (5 × 107 CFU/
100 µL) and then fed a chow diet for three weeks (Figure 1B). Their bone marrow samples
were obtained by flushing their femurs and tibias with Eagle’s minimum essential medium,
followed by resuspension in PBS for transplantation. Recipient 8-week-old B6-Ly5.2 male
mice were treated with i.p. busulfan injection for five days (20 mg/kg body weight/day)
and transplanted intravenously with 1 × 107 nucleated cells from the donor’s bone marrow
24 h after the last busulfan injection. In this experiment, mice transplanted with bone
marrow cells derived from PBS-treated mice served as the PBS-BM group, and those from
BCG-vaccinated mice served as the BCG-BM group. After bone marrow transplantation,
all mice were fed an HFD.

2.4. Intraperitoneal Glucose Tolerance Test and Insulin Tolerance Test

At 8, 12, and 24 weeks after the start of the experiment, intraperitoneal glucose
tolerance tests (IGTTs) were performed to assess whether the mice exhibited alterations
in peripheral glucose regulation. The mice fasted for 12 h and were injected i.p. with
D-glucose (1 g/kg body weight). Their blood glucose levels were measured before and
at 30, 60, 90, and 120 min post glucose injection. For the insulin tolerance test (ITT), mice
fasted for 4 h and were injected with human recombinant insulin (1 U/kg body weight;
Wako Pure Chemical Industries, Ltd., Osaka, Japan) i.p., and blood glucose levels were
measured before and at 30, 60, 90, and 120 min post injection. For both tests, blood was
obtained from the tail vein, and glucose levels were measured using a glucometer (Free
Style Precision Neo, Abbott Laboratories, Green Oaks, IL, USA).

2.5. Measurement of Biochemical Parameters in Serum

Serum triglyceride (TG), total cholesterol and glucose levels, and the activities of
hepatopathy indicators, as well as the activities of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST), were measured using a commercial enzymatic kit (Wako
Pure Chemical Industries, Ltd., Osaka, Japan). Serum insulin and glucagon levels were
measured using enzyme-linked immunosorbent assay kits purchased from Morinaga
Institute of Biological Science, Inc. (Kanagawa, Japan), and Wako Pure Chemical Industries,
Ltd., respectively. The homeostatic indexes for the quantification of insulin resistance and
beta cell function (HOMA-IR and HOMA-β) were calculated as previously described [21].
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2.6. Measurement of Hepatic Lipid Levels

Hepatic lipids were extracted and purified using a previously reported method [22].
We determined hepatic TG levels using commercial enzymatic kits (Wako Pure Chemical
Industries).

2.7. Histopathological Examination

The pancreas was excised and immediately fixed in 10% neutral formalin solution.
Formalin-fixed samples were embedded in paraffin and cut into 4 µm thick sections.
Paraffinized tissue sections were stained with hematoxylin and eosin (H&E) per a standard
protocol for microscopic evaluation. The sizes of islets were calculated from digital images
using Image J software (version 1.54i, NIH, Bethesda, MA, USA).

2.8. Flow Cytometry

The monoclonal antibodies (mAb) used in this study included APC/Cyanine7-conjugated
anti-mouse CD45.1 mAb (clone A20), PerCP-cyanine5.5-conjugated anti-mouse CD45.1 mAb
(clone 104), and non-labeled anti-mouse CD16/CD32 mAb (clone 2.4G2), bought from Bi-
oLegend Inc. (San Diego, CA, USA), Thermo Fisher Scientific Inc. (Waltham, MA, USA),
and BD Biosciences (Milpitas, CA, USA), respectively. Before staining with the labeled mAb,
isolated splenocyte was preincubated with anti-CD32/CD16 mAb (2.4G2, BD Biosciences)
to prevent the nonspecific Fc-receptor-mediated binding of mAbs. The stained cells were
analyzed on a FACSCanto II flow cytometer with the FACSDiva software program (version 5.0,
BD Biosciences).

2.9. Statistical Analyses

All data are expressed as the mean ± SEM. The statistical significance of the difference
between the two experimental groups was determined using the Student’s t-test. To
determine the significance of the differences among mean values in the three experimental
groups, the differences among the mean values were inspected using the Tukey–Kramer
multiple comparison test. The threshold for statistical significance was set at p < 0.05.

3. Results
3.1. Effect of BCG Vaccination on Glucose Intolerance in HFD-Fed Mice

To assess the effect of BCG vaccination on the progression of glucose dysmetabolism
in HFD-fed mice, we performed IGTTs and ITTs to measure the ability of mice to retain
circulatory glucose levels over time after administering glucose and insulin, and calculated
the area under the curve (AUC) from these results. Changes in blood glucose levels and the
AUC in the GTT at week 8 of the experimental period did not differ significantly among
all experimental groups (Figure 2A). Although no significant differences were detected
in fasting glucose levels, the blood glucose levels in the HFD-fed control group at all
measurement time points after glucose administration and the AUC were significantly
increased compared with those in the chow group at week 12. However, when comparing
the mice in the HFD-fed groups, blood glucose levels at 90 and 120 min after glucose
administration and the AUC in the BCG group were significantly lower than those in the
control group. The IGTT performed at week 24 revealed that HFD feeding led to marked
hyperglycemia; however, BCG vaccination significantly reduced these abnormal levels and
suppressed the increase in the AUC. As shown in Figure 2B, blood glucose levels after 4 h
of fasting in the chow and BCG groups were significantly lower than those in the control
group, although there were no significant differences in the mean dietary intake among all
experimental groups. Significant inhibitory effects of BCG vaccination on blood glucose
levels after insulin administration were observed only at week 12 of the experimental
period in this study.
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Figure 2. Effect of BCG vaccination on the progression of glucose intolerance in high-fat-diet-
fed mice. (A) Effect of BCG vaccination on the intraperitoneal glucose tolerance test (IGTT).
(B) Effect of BCG vaccination on the insulin tolerance test (ITT). Chow; chow group, Cntl; control
group, BCG; BCG group. Data are shown as the mean ± SEM. Different letters indicate signifi-
cant differences among the experimental groups using Tukey–Kramer multiple comparison test
(p < 0.05).

3.2. Effect of BCG Vaccination on Growth Parameters, Blood Parameters, and Hepatic Lipid Content

We assessed the effects of BCG on growth and serum parameters (Table 1). HFD
consumption resulted in significant increments in final body weight, liver weight, serum
TG level, and hepatic TG content. BCG vaccination tended to inhibit these increments
in liver weight and hepatic TG content. The serum cholesterol level and hepatopathy
indicators did not differ significantly among all experimental groups.

Table 1. Growth and serum parameters in chow- and high-fat-diet-fed mice at the end of the
experimental period.

Parameters Chow Cntl BCG

Growth
Final body weight (g) 27.5 ± 0.6 a 39.7 ± 1.8 b 36.6 ± 1.5 b

Liver weight (g) 0.95 ± 0.03 a 1.70 ± 0.19 b 1.30 ± 0.08 ab

Serum
Triglyceride (mg/dL) 54.4 ± 4.9 a 69.7 ± 3.3 b 60.3 ± 6.1 b

Total cholesterol (mg/dL) 160 ± 12 188 ± 8.6 161 ± 9.5
AST (IU/L) 29.3 ± 5.2 26.9 ± 5.6 21.8 ± 5.9
ALT (IU/L) 4.41 ± 1.24 4.02 ± 0.50 4.47 ± 0.44

Hepatic
Triglyceride (mg/g liver) 31.3 ± 0.6 a 57.4 ± 6.6 b 40.6 ± 5.6 b

Chow: chow group; Cntl: control group; BCG: BCG group; AST: aspartate aminotransferase; ALT: alanine
aminotransferase. Data are shown as the mean ± SEM. Different letters indicate significant differences among the
experimental groups using Tukey–Kramer multiple comparison test (p < 0.05).
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3.3. Effect of BCG Vaccination on Glucose Metabolism Parameters

Fasting serum glucose, insulin, and glucagon levels in the control group were sig-
nificantly higher than those in the chow group (Figure 3A–C). A significant decrease in
the glucagon-to-insulin ratio and significant increments in HOMA-IR and HOMA-β in
the control group were observed compared with those in the chow group (Figure 3D,E).
BCG vaccination significantly decreased fasting serum glucose levels and insulin levels
compared with the control group (Figure 3A,B). Although no significant effects of BCG
vaccination on glucagon levels were observed (Figure 3C), the HFD-induced decrease in
the glucagon-to-insulin ratio was significantly alleviated by BCG vaccination (Figure 3D).
HOMA-IR in the BCG group was significantly decreased compared with that in the control
group; meanwhile, HOMA-β did not differ significantly between the control and BCG
groups (Figure 3E,F).
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Figure 3. Effect of BCG vaccination on serum parameters related to glucose metabolism in high-
fat-diet-fed mice at the end of the experiment. (A) Serum glucose level. (B) Serum insulin level.
(C) Serum glucagon level. (D) Glucagon-to-insulin ratio. (E) Homeostatic model assessment for
insulin resistance (HOMA-IR). (F) Homeostatic model assessment for beta cell function (HOMA-β).
Chow: chow group; Cntl: control group; BCG, BCG group. Data are presented as the mean ± SEM.
Different letters indicate significant differences among the experimental groups using Tukey–Kramer
multiple comparison test (p < 0.05).

3.4. Effect of BCG Vaccination on Pancreatic Islet Size

As shown in Figure 4, the sizes of the pancreatic islets in the control group were
larger than in the chow group. These significant increments in islet size were inhibited by
BCG-vaccinated mice.
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Figure 4. Effect of BCG vaccination on pancreatic islet size in high-fat-diet-fed mice at the end of the
experiment. (A) Representative H&E histology of pancreatic samples from mice in each experimental
group (scale bar = 100 µm). (B) The size of pancreatic islets. Chow: chow group; Cntl, control group;
BCG, BCG group. Data are shown as the mean ± SEM. Different letters indicate significant differences
among the experimental groups using Tukey–Kramer multiple comparison test (p < 0.05).

3.5. Effect of Bone Marrow Transplantation from BCG-Vaccinated Mice on Glucose
Intolerance Progression

To assess whether immunomodulation induced by BCG vaccination affects the pro-
gression of glucose intolerance in HFD-fed mice, recipient B6-Ly5.2 mice were transplanted
with bone marrow from donor B6-Ly5.1 mice in which BCG vaccination performed three
weeks earlier had caused immune changes. At week 8, the results of the IGTTs and ITTs did
not differ significantly between the PBS- and BCG-BM groups (Figure 5A,B). Blood glucose
levels and AUCs were significantly decreased in the BCG-BM group compared with those
in the PBS-BM group at week 12, although BCG vaccination did not affect the ITT results.
Maximal blood glucose levels after 30 min of glucose administration were significantly
decreased in the BCG-BM group compared with those in the PBS-BM group at week 24.
Although blood glucose levels after insulin administration in the BCG-BM group tended to
be lower than those in the PBS-BM group, the AUC of the BCG-BM group was significantly
decreased compared to the PBS-BM group. More than 90% of the immune cells of recipient
mice used in these studies were of donor origin (Figure 5C).

73



Medicina 2024, 60, 866Medicina 2024, 60, 866 8 of 13 
 

 

 
Figure 5. Effect of bone marrow transplantation from BCG-vaccinated mice on the progression of 
glucose intolerance in high-fat-diet-fed mice. (A) Effect of BCG vaccination on intraperitoneal 
glucose tolerance test (IGTT). (B) Effect of BCG vaccination on insulin tolerance test (ITT). (C) 
Representative flow cytometry plot of CD45.1 (Ly5.1) and CD45.2 (Ly5.2). PBS: PBS-BM group that 
were transplanted with bone marrow from PBS-treated mice; BCG: BCG-BM group that were 
transplanted with bone marrow from BCG-vaccinated mice. Data are shown as the mean ± SEM. 
The asterisk shows significant differences as compared with the PBS-BM group using the 
Student’s t-test (* p < 0.05, *** p < 0.001). 

4. Discussion 
BCG is a microorganism that was developed as a vaccine for tuberculosis 100 years 

ago, and its off-target effects have been found to range from cancer treatment to protection 
against infectious and noninfectious diseases [12–18]. Non-obese diabetic (NOD) mice are 
well-studied spontaneous models of autoimmune diabetes, but they mimic only some 
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onset is typically associated with the rapid loss of pancreas function from the T-cell 
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metabolic effects [31]. The transfer of immune cells from BCG-vaccinated NOD mice 
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Figure 5. Effect of bone marrow transplantation from BCG-vaccinated mice on the progression of
glucose intolerance in high-fat-diet-fed mice. (A) Effect of BCG vaccination on intraperitoneal glucose
tolerance test (IGTT). (B) Effect of BCG vaccination on insulin tolerance test (ITT). (C) Representative
flow cytometry plot of CD45.1 (Ly5.1) and CD45.2 (Ly5.2). PBS: PBS-BM group that were transplanted
with bone marrow from PBS-treated mice; BCG: BCG-BM group that were transplanted with bone
marrow from BCG-vaccinated mice. Data are shown as the mean ± SEM. The asterisk shows
significant differences as compared with the PBS-BM group using the Student’s t-test (* p < 0.05,
*** p < 0.001).

4. Discussion

BCG is a microorganism that was developed as a vaccine for tuberculosis 100 years
ago, and its off-target effects have been found to range from cancer treatment to protection
against infectious and noninfectious diseases [12–18]. Non-obese diabetic (NOD) mice
are well-studied spontaneous models of autoimmune diabetes, but they mimic only some
features of T1DM [17,23]. Three decades of research have indicated that BCG administration
permanently cures diabetes when administered to NOD mice [23,24]. Many studies have
shown that BCG has therapeutic promise for T1DM in humans [17,25–27]; meanwhile,
others have suggested that BCG is not useful for T1DM [28–30]. T1DM onset is typically
associated with the rapid loss of pancreas function from the T-cell autoimmune attack on
the insulin-secreting cells of the islets of Langerhans. The impact of BCG on human blood
sugars in T1DM appears to be driven by immune and immune–metabolic effects [31]. The
transfer of immune cells from BCG-vaccinated NOD mice prevented the occurrence of
overt diabetes in the recipients, while the transfer from untreated donors did not [23]. It
has been demonstrated that BCG can reset the immune system on the cellular level by
inducing suppressive regulatory T cells and killing the autoreactive cytotoxic T cells that
attack insulin-secreting cells [32,33]. It is also known that aerobic glycolysis is suppressed
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in individuals with T1DM, and oxidative phosphorylation, which is a metabolic pathway
involving low glucose utilization, high ketone production, and high Krebs cycle utilization,
is predominant instead. Recent studies have shown that BCG treatment switches the
systemic metabolism from overactivated oxidative phosphorylation to accelerated aerobic
glycolysis, suggesting that this leads to the lowering of blood sugar levels [17,18]. This
suggests that the BCG induction of aerobic glycolysis has broader applicability to other
forms of hyperglycemia, including T2DM [17].

Our previous study suggested that intravenous BCG administration may be thera-
peutic in relation to the inhibition of fat accumulation and reducing fasting insulin levels
and the insulin resistance index, HOMA-IR, in an obese T2DM model of leptin-deficient
ob/ob mice [20]. Shpilsky et al. recently revealed a significant reduction in blood sugar
levels and body weight gain by four BCG injections in the rear footpads of db/db mice in a
model of T2DM, although a single injection failed to have a clinical outcome [19]. Herein,
we examined the beneficial effects of single and prior BCG vaccination on HFD-induced
glucose intolerance in wild-type C57BL/6 mice. Although significant effects of HFD intake
on changes in blood sugar and the AUC in both the IGTTs and ITTs were observed from
week 12 onward, blood glucose levels after 4 h of fasting were significantly lower in both
the chow and BCG groups than in the control group at week 8 (Figure 2). These data
suggest that prior BCG vaccination not only lowers blood glucose levels, but also inhibits
glucose dysmetabolism progression in HFD-fed mice.

At the end of the experimental period, fasting blood glucose, insulin levels, and
HOMA-IR in BCG-vaccinated mice were significantly lower than in the control mice
(Figure 3A,B,E). Fasting insulin levels and HOMA-IR are one approach to measuring
IR [34]. T2DM is characterized by hyperglycemia, typically due to the interaction of IR
and impaired beta cell function [35]. We observed that BCG vaccination does significantly
not affect HOMA-β (Figure 3F). Pancreatic β-cell function is commonly estimated using
HOMA-β, which in individuals with T2DM increases between years 4 and 3 before
diagnosis, and then decreases until diagnosis [36]. Glucose intolerance in HFD-fed mice
with reduced insulin sensitivity is suggested to impair β-cell function in pancreatic islets,
resulting in excessive β-cell proliferation and increased islet size [37,38]. It has also
been reported that the dietary intake of an HFD to induce IR in rodents results in an
increase in pancreatic islet size [39,40]. The H&E staining showed that pancreatic islets
were herein larger in the control group than in the chow group, and this increase was
significantly diminished by BCG vaccination (Figure 4). These data suggest that prior
BCG vaccination alleviates the development of β-cell dysfunction in HFD-fed mice and
consequently improves insulin tolerance.

The glucagon-to-insulin ratio was ameliorated in the BCG group compared with that
in the control group, although the serum glucagon levels were largely comparable between
both experimental groups (Figure 3C,D). Recent studies have indicated that the lower the
glucagon-to-insulin ratio, the greater the likelihood of suffering from nonalcoholic fatty
liver disease (NAFLD), cardiovascular disease, and metabolic syndrome in patients with
T2DM [41,42]. Intravenous BCG administration to ob/ob mice has been shown to improve
the hepatic fat accumulation state and serum levels of high-molecular-weight adiponectin,
which is considered a more sensitive marker of metabolic dysfunction [20,43]. In the
present study, no significant differences were observed; however, inhibitory tendencies
were observed in liver weight (p = 0.07) and hepatic TG content (p = 0.06) after BCG
vaccination (Table 1). Therefore, these results suggest that pre-vaccination with BCG
not only delays the progression of glucose dysmetabolism, but also has beneficial effects
on various diseases associated with lipid metabolism abnormalities, such as metabolic
syndrome, in HFD-fed mice.

Although innate immune cells are usually considered to be able to respond de novo
to stimuli but not to form immunological memories, which have previously been consid-
ered only a part of adaptive immunity, it has been found that even organisms without an
adaptive immune response can protect themselves against reinfection with pathogens [44].
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“Trained immunity”, a term first coined in 2011, refers to the immunological memory
responses of innate immune cells in response to past pathogen infections [45]. This phe-
nomenon was clarified in humans, and it was found that BCG vaccination can lead to
the epigenetic reprograming of monocytes, resulting in enhanced proinflammatory re-
sponses to secondary invasion with unrelated pathogens [46]. It has also been reported that
BCG vaccination induces persistent epigenetic, transcriptional, and functional changes in
hematopoietic stem and progenitor cells in human bone marrow [47]. Several studies have
suggested that BCG-induced trained immunity may be partly related to the heterologous
beneficial off-target effects of BCG vaccination [48–50]. Therefore, we assessed whether
BCG-induced trained immunity modulates the progression of glucose intolerance in HFD-
fed mice. Bone marrow cells were harvested from donor B6-Ly5.1 mice vaccinated with
BCG or administered with PBS three weeks previously and transplanted into busulfan-
conditioned mice. The progression of HFD-induced glucose intolerance was inhibited
in recipient B6-Ly5.2 mice with> 90% myeloid cells derived from BCG-vaccinated mice
compared with those with myeloid cells not affected by BCG (Figure 5). These data suggest
that the inhibitory effects of BCG vaccination on glucose intolerance in HFD-fed mice may
be at least partially mediated by trained immunity. Faustman and colleagues reported
that in vitro and in vivo BCG treatments can improve the baseline glucose transport of
monocytes, which is deficient in T1DM individuals [51], and also reported that the glucose
uptake of peripheral monocytes isolated from T2DM subjects and the bone marrow cells of
T2DM models of db/db mice were augmented by in vitro BCG treatment [19]. Therefore, it is
suggested that such changes in glucose metabolism in bone marrow cells and their derived
myeloid cells are relevant to the results of this study. The main limitation of our study is
that it did not identify the molecular mechanisms and key functional cells for the inhibitory
effects of BCG vaccination on glucose metabolism abnormalities, and these remain to be
addressed in future studies.

5. Conclusions

Our study aimed to investigate, for the first time, the effects of prior BCG vaccination
on glucose intolerance progression induced by HFD intake in normal mice. BCG vaccination
significantly delayed the progression of glucose intolerance and tended to inhibit hepatic
lipid accumulation and reductions in the glucagon-to-insulin ratio, suggesting a beneficial
effect of BCG on the development of T2DM and NAFLD, which are frequently associated
with features of metabolic syndrome. Furthermore, it has been suggested that the effects of
BCG vaccination may be at least partially due to immune memory and trained immunity
for hematopoietic stem and progenitor cells of bone marrow. In this study, we used the BCG
Tokyo 172 strain to determine effects on abnormalities in glucose metabolism. However,
it has been suggested that the BCG dose, BCG strain, and timing of BCG administration
are important for achieving efficacy in human T1DM [17]. Further studies are required to
understand the effects of differences in dose administration, timing, and strains of the BCG
vaccine, together with the identification of the molecular mechanisms and key functional
cells of the beneficial effects of BCG vaccination.
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Abstract: Bacground and Objectives: The objective of this study is to investigate how different ther-
apies modulating insulin resistance, either causally or consequently, affect metabolic parameters
in treatment-naïve subjects with T2DM. Subjects and Methods: A total of 212 subjects were assigned
to receive either a tight Japanese diet (n = 65), pioglitazone at doses ranging from 15–30 mg/day
(n = 70), or canagliflozin at doses ranging from 50–100 mg/day (n = 77) for a duration of three months.
Correlations and changes (∆) in metabolic parameters relative to insulin resistance were investigated.
Results: Across these distinct therapeutic interventions, ∆HOMA-R exhibited significant correlations
with ∆FBG and ∆HOMA-B, while demonstrating a negative correlation with baseline HOMA-R.
However, other parameters such as ∆HbA1c, ∆BMI, ∆TC, ∆TG, ∆non-HDL-C, or ∆UA displayed
varying patterns depending on the treatment regimens. Participants were stratified into two groups
based on the median value of ∆HOMA-R: the lower half (X) and upper half (Y). group X consistently
demonstrated more pronounced reductions in FBG compared to group Y across all treatments, while
other parameters including HbA1c, HOMA-B, TC, TG, HDL-C, non-HDL-C, TG/HDL-C ratio, or UA
exhibited distinct regulatory responses depending on the treatment administered. Conclusions: These
findings suggest that (1) regression to the mean is observed in the changes in insulin resistance across
these therapies and (2) the modulation of insulin resistance with these therapies, either causally or
consequentially, results in differential effects on glycemic parameters, beta-cell function, specific
lipids, body weight, or UA.

Keywords: insulin resistance; very low-calorie Japanese diet; pioglitazone; SGLT-2 inhibitor

1. Introduction

Insulin resistance and beta-cell function constitute pivotal components in the patho-
physiology of Type 2 diabetes (T2DM). Insulin resistance denotes a state wherein cellular
responsiveness to insulin diminishes, culminating in elevated blood glucose levels [1,2].
While beta-cell function involves a singular organ (the pancreas) and hormone (insulin), in-
sulin resistance presents a complex scenario, entailing the participation of diverse molecules
and signal transduction pathways in various organs such as adipose tissue, liver, or kid-
ney [1–3]. Moreover, insulin resistance may inflict damage upon beta-cells, thereby impair-
ing beta-cell function [3].

The mitigation of insulin resistance in obese individuals with T2DM primarily involves
body weight control through dietary interventions and/or exercise. Additionally, certain
drugs, such as thiazolidinedione (TZD) and SGLT-2 inhibitors, have demonstrated favorable
impacts on insulin resistance [4,5].
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Pioglitazone, classified as a TZD oral hypoglycemic agent, operates by activating
peroxisome proliferator-activated receptor gamma (PPAR-γ), thereby regulating the expres-
sion of factors that contribute to insulin sensitivity in adipose tissue, liver, and muscle [4].
Notably, pioglitazone has exhibited the capacity to enhance beta-cell function and elicit
favorable effects on lipid profiles [4,6]. However, its use has diminished due to associated
adverse events, including weight gain and a suspected increase in the incidence of bladder
cancer in men [4]. Despite these concerns, pioglitazone is currently under re-evaluation
owing to its beneficial cardiovascular effects [7].

Canagliflozin, an SGLT-2 inhibitor, functions by impeding glucose reabsorption in
the kidneys, thereby augmenting urinary glucose excretion [5]. As anticipated from their
mechanism of action, SGLT-2 inhibitors induce weight loss [5]. Furthermore, SGLT-2
inhibitors are recognized for their favorable effects on insulin resistance, beta-cell function,
and specific lipid profiles [5,8]. Intriguingly, it has been demonstrated that the weight
loss induced by one SGLT-2 inhibitor, canagliflozin, is not inherently associated with
insulin-sensitizing properties or glycemic efficacy [8].

Currently, the association between changes in insulin resistance using these meth-
ods and alterations in other diabetic parameters remains unclear. In this context, the
implementation of a very low-calorie (tight) Japanese diet, pioglitazone, and canagliflozin
emerges as an intriguing investigative strategy. All three approaches are acknowledged
to reduce insulin resistance and glycemic parameters, yet they manifest distinct effects
on other parameters such as beta-cell function, weight, and lipid profiles. While the
hyperinsulinemic-euglycemic clamp and intravenous glucose tolerance test represent the
most reliable methods for estimating insulin resistance, their feasibility within routine
clinical settings is constrained [9]. Consequently, the HOMA-R index, a mathematical
model strongly correlating with the hyperinsulinemic-euglycemic clamp procedure, has
been employed to assess systemic insulin resistance across numerous studies [10]. In this
study, we have selectively examined various diabetic parameters closely associated with
T2DM, investigating their correlations and regulatory patterns relative to insulin resistance
through the employment of three distinct therapeutic strategies.

2. Subjects and Methods
2.1. Subjects

The subjects were recruited from the outpatient divisions of the affiliated hospitals
of the first author (EK). Primarily sourced from the annual health check screening system,
inclusion criteria mandated that participants were either newly diagnosed with T2DM or
previously diagnosed but untreated. The subjects had not received any regularly prescribed
medications in the six months preceding the study. Exclusion criteria encompassed clini-
cally significant renal impairment (creatinine > 1.5 mg/dL), hepatic dysfunction (glutamic
oxalacetic transaminases/glutamic pyruvic transaminases [AST/ALT] > 70/70 IU/L), a his-
tory of heart disorders, severe hypertension (systolic blood pressure > 160 mm Hg and/or
diastolic blood pressure > 100 mm Hg), Type 1 Diabetes Mellitus (T1DM), and pregnancy.
The specifics of the very low-calorie/carbohydrate Japanese diet were previously eluci-
dated by Japanese researchers [11–13]. Briefly, (1) calories do not exceeding 25 kcal/kg/day,
(2) prioritize fish consumption over meat, and (3) prioritize vegetables or protein at the
beginning of the meal, followed by carbohydrates such as rice, noodles, or bread. Male
participants were administered a tight Japanese diet (n = 40), 30 mg/day pioglitazone
(n = 53), or 100 mg/day canagliflozin (n = 59) as monotherapy. Female participants received
a tight Japanese diet (n = 15), 15 mg/day pioglitazone (n = 17), or 50 mg/day canagliflozin
(n = 18), owing to adverse events being more prevalent in women (e.g., edema with pi-
oglitazone, urogenital infections with SGLT-2 inhibitors). Adherence to the study protocol
was monitored during clinic visits. Participants who dropped out were excluded from the
data analysis. The assignment was not strictly randomized; hence, this project entails the
comparison of three observational studies. Informed consent was obtained from the partici-
pants, and the study protocol received approval from the Ethical Committee/Institutional
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Review Board of Gyoda General Hospital and Kumagaya Surgery Hospital. This study
adhered to the principles of the Helsinki Declaration and Good Clinical Practice.

2.2. Laboratory Measurements

The primary endpoint pertained to the changes in HOMA-R from baseline to 3 months.
Secondary endpoints encompassed changes in FBG, HbA1c, insulin, HOMA-B, T-C, TG,
HDL-C, TG/HDL-C, non-HDL-C, UA, and BMI over the same period. Fasting blood
samples were collected in the morning. Monthly measurements of HbA1c and FBG were
performed, while insulin, T-C, TG, HDL-C, and UA were measured at both the study’s
commencement (baseline) and conclusion (3 months). In some patients, antiglutamic
acid decarboxylase (GAD) antibodies were assayed to exclude those with T1DM (Mit-
subishi LSI or BML, Tokyo, Japan). HOMA-R and HOMA-B were calculated as previously
described [10]: HOMA-R = insulin × FBG/405, HOMA-B = insulin × 360/(FBG-63).

2.3. Data Analyses

Statistical analysis was conducted using the PAST program developed by the Uni-
versity of Oslo (https://folk.uio.no/ohammer/past/ accessed through 3 January 2024
to 28 February 2024). Unpaired Student’s t-tests were employed to assess baseline value
differences, while paired Student’s t-tests were utilized to analyze intra-group differences.
Simple regression analysis was performed to investigate correlations between baseline or
changes in HOMA-R and diabetic parameters. Analysis of covariance (ANCOVA) was
employed to determine inter-group differences in diabetic parameter changes. Throughout
the statistical analysis, significance was assigned to values of p < 0.05, and values within the
range of 0.05 < p < 0.1 were considered statistically insignificant but suggestive of potential
differences or correlations, as per established methodology [14].

3. Results
3.1. Baseline Characteristics and Associations between Insulin Resistance and Diabetic Parameters
in Newly Diagnosed, Treatment-Naïve Subjects with Type 2 Diabetes at Baseline (All Subjects)

The baseline characteristics of all the enrolled subjects are shown in Table 1.

Table 1. The baseline characteristics of all subjects encompassed in this study (n = 212).

Baseline

F/M 49/163
age 52.3 ± 12.6

FBG (mg/dL) 202.6 ± 56.3
HbA1c (%) 9.75 ± 1.96

insulin (µL/mL) 7.44 ± 5.05
HOMA-R 3.64 ± 2.52
HOMA-B 23.23 ± 20.44

BMI 25.89 ± 4.93
T-C (mg/dL) 215.3 ± 42.2
TG (mg/dL) 181.7 ± 160.4

HDL-C (mg/dL) 52.6 ± 12.8
non-HDL-C (mg/dL) 148.0 ± 61.8

TG/HDL-C 3.86 ± 4.16
UA (mg/dL) 4.96 ± 1.33

Significant correlations were discerned between HOMA-R and various parameters
at baseline, including FBG (R = 0.295), HOMA-B (R = 0.535), BMI (R = 0.466), insulin
(R = 0.886), and UA (R = 0.279), whereas negative correlations manifested between HOMA-
R and age (R =−0.145). TG (R = 0.127, p = 0.064). TG/HDL-C (R = 0.120, p = 0.081) exhibited
a tendency towards positive correlations, while HDL-C (R = −0.131, p = 0.056) displayed a
tendency towards a negative correlation with HOMA-R (Table 2).
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Table 2. Correlations between insulin resistance (HOMA-R) and diabetic parameters at baseline (all
the subjects).

Baseline HOMA-R vs. Baseline R p-Values

age −0.145 <0.04
FBG (mg/dL) 0.295 <0.00001

HbA1c (%) 0.082 n.s.
insulin (µL/mL) 0.886 <0.00001

HOMA-B 0.535 <0.00001
BMI 0.466 <0.00001

T-C (mg/dL) −0.019 n.s.
TG (mg/dL) 0.127 0.064

HDL-C (mg/dL) −0.131 0.056
nonHDL-C (mg/dL) 0.019 n.s.

TG/HDL-C 0.12 0.0817
UA (mg/dL) 0.279 0.00001

Simple regression analysis was performed between HOMA-R and indicated diabetic parameters at baseline.

Subsequently, subjects were stratified into two groups based on the median baseline
values of HOMA-R, yielding lower half (group A) and upper half (group B) designations.
As depicted in Table 3, group B exhibited significantly elevated levels of HOMA-R, FBG,
insulin, HOMA-B, BMI, and UA and concurrently lower levels of age and HDL-C in
comparison to group A. TG, TG/HDL-C, and non-HDL-C displayed a propensity to be
higher in group B relative to group A (p = 0.099 and p = 0.051, respectively). Conversely,
HbA1c demonstrated no discernible differences between these two groups, if any.

Table 3. Comparison of baseline diabetic parameters depending on insulin resistance (all the subjects).

A B p-Values

N 107 105 n.s.
age 54.1 ± 11.4 50.6 ± 13.5 <0.05

FBG (mg/dL) 191.8 ± 54.4 213.6 ± 56.4 <0.005
HbA1c (%) 9.72 ± 2.10 9.78 ± 1.82 n.s.

insulin (µL/mL) 4.13 ± 2.35 10.81 ± 4.83 <0.00001
HOMA-R 1.87 ± 1.04 5.46 ± 2.29 <0.00001
HOMA-B 14.68 ± 11.89 31.94 ± 23.48 <0.00001

BMI 24.03 ± 4.03 27.79 ± 5.07 <0.00001
T-C (mg/dL) 219.4 ± 45.5 211.2 ± 38.3 n.s.
TG (mg/dL) 163.7 ± 176.0 200.0 ± 141.3 0.099

HDL-C (mg/dL) 54.5 ± 14.4 50.7 ± 10.7 <0.04
nonHDL-C (mg/dL) 137.8 ± 74.7 160.5 ± 37.8 0.051

TG/HDL-C 3.32 ± 4.16 4.40 ± 4.09 0.058
UA (mg/dL) 4.69 ± 1.25 5.25 ± 1.36 <0.003

Unpaired Student’s t-test was used to compare the baseline characteristics of the indicated diabetic parameters
depending on the degree of baseline insulin resistance. The subjects were divided into two groups according to
the median values of the baseline HOMA-R (lower half: group A and upper half: group B).

3.2. Alterations in Diabetic Parameters following Very Low-Calorie (Tight) Japanese Diet,
Pioglitazone, or Canagliflozin Monotherapy in Treatment-Naïve Subjects with T2DM

At baseline, no significant differences in these diabetic parameters were observed
among the three treatment groups (data not presented as a table).

After 3 months, significant reductions in FBG, HbA1c, and HOMA-R, along with
increases in HOMA-B, were evident across all three treatment groups. Conversely, diverse
regulatory patterns were observed in other parameters. Under the tight Japanese diet
regimen, T-C, non-HDL-C, and BMI exhibited significant decreases, while UA increased
(Table 4A; for each value and statistical significance, refer to the corresponding tables).
Pioglitazone resulted in significant reductions in TG and TG/HDL, coupled with increases
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in HDL-C and BMI (Table 4B). Canagliflozin yielded a significant increase in HDL-C,
accompanied by a decrease in BMI. TG exhibited a tendency to decrease (Table 4C).

Table 4. Changes in diabetic parameters with tight Japanese diet, pioglitazone, or canagliflozin.
(Panel A) tight Japanese diet; (Panel B) pioglitazone; (Panel C) canagliflozin.

(A)

Baseline 3 Months p-Values % Changes

F/M 15/50
age 50.8 ± 12.9

FBG (mg/dL) 189.4 ± 49.3 167.6 ± 51.9 <0.0004 −11.5
HbA1c (%) 9.08 ± 1.32 7.96 ± 1.52 <0.00001 −12.3

insulin (µL/mL) 8.04 ± 5.25 7.20 ± 5.02 n.s. −10.4
HOMA-R 3.80 ± 2.28 2.95 ± 2.18 <0.01 −22.3
HOMA-B 26.23 ± 19.94 30.60 ± 24.92 <0.05 16.6

BMI 26.20 ± 4.97 25.29 ± 4.77 <0.00001 −3.4
T-C (mg/dL) 208.0 ± 31.7 201.6 ± 33.7 p < 0.05 −3
TG (mg/dL) 157.2 ± 100.9 142.2 ± 85.6 n.s. −9.5

HDL-C (mg/dL) 53.2 ± 11.7 53.2 ± 11.5 n.s. 0
nonHDL-C (mg/dL) 116.9 ± 71.7 110.8 ± 70.2 <0.03 −5.2

TG/HDL-C 3.18 ± 2.28 2.87 ± 2.05 n.s. −9.7
UA (mg/dL) 4.84 ± 1.39 5.13 ± 1.47 <0.002 5.9

(B)

Baseline 3 Months p-Values % Changes

F/M 17/53

age 53.0 ± 11.7
HOMA-R 3.62 ± 2.27 2.64 ± 1.78 <0.00001 −27

FBG (mg/dL) 214.4 ± 53.1 170.2 ± 63.3 <0.00001 −20.6
HbA1c (%) 9.85 ± 1.60 8.37 ± 1.69 <0.00001 −15

insulin (µL/mL) 6.93 ± 4.36 6.61 ± 4.70 n.s. −4.6
HOMA-B 19.00 ± 15.42 32.31 ± 38.79 <0.003 70

BMI 25.20 ± 5.23 25.64 ± 5.30 <0.00001 1.7
T-C (mg/dL) 210.3 ± 37.8 213.0 ± 36.2 n.s. 1.2
TG (mg/dL) 177.9 ± 122.6 145.4 ± 88.7 <0.0007 −18.2

HDL-C (mg/dL) 49.9 ± 11.3 56.5 ± 16.0 <0.00001 13.2
nonHDL-C (mg/dL) 160.4 ± 38.7 156.44 ± 38.8 n.s. −2.4

TG/HDL-C 3.56 ± 10.7 2.57 ± 5.52 <0.0002 −27.8
UA (mg/dL) 4.67 ± 1.31 4.64 ± 1.21 n.s. −0.6

(C)

Baseline 3 Months p-Values % Changes

F/M 18/59
age 53.5 ± 12.5

HOMA-R 3.53 ± 2.72 2.48 ± 2.05 <0.00001 −29.7
FBG (mg/dL) 203.1 ± 64.8 150.6 ± 47.9 <0.00001 −25.8

HbA1c (%) 10.24 ± 2.61 8.34 ± 1.97 <0.00001 −18.5
insulin (µL/mL) 7.38 ± 5.92 6.85 ± 6.28 n.s. −7.1

HOMA-B 24.53 ± 26.76 33.46 ± 43.00 <0.00001 36.4
BMI 26.26 ± 5.64 25.82 ± 5.66 <0.00001 −1.6

T-C (mg/dL) 226.1 ± 49.7 224.2 ± 46.1 n.s. −0.8
TG (mg/dL) 205.3 ± 213.0 193.1 ± 233.7 0.087 −5.9

HDL-C (mg/dL) 54.0 ± 14.4 56.2 ± 14.8 <0.03 4
nonHDL-C (mg/dL) 167.7 ± 58.7 163.7 ± 54.7 n.s. −2.3

TG/HDL-C 4.44 ± 5.77 4.19 ± 7.24 n.s. −5.6
UA (mg/dL) 5.33 ± 1.25 5.31 ± 1.26 n.s. −0.3

Paired Student’s t-test was used to compare the changes in the indicated parameters after 3 months of treatment
with very low-calorie (tight) Japanese diet, pioglitazone, or canagliflozin. The results are expressed as the
mean + SD.
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3.3. Correlation between Changes in Insulin Resistance and Diabetic Parameters with Very Low
Calorie (Tight) Japanese Diet, Pioglitazone or Canagliflozin

Simple regression analysis was conducted to examine the relationships between al-
terations in insulin resistance (∆HOMA-R) and corresponding changes in other diabetic
parameters under the three treatment strategies.

With tight Japanese diet, as delineated in Table 5A, significant correlations were
observed between ∆HOMA-R and changes in ∆FBG (R = 0.599), ∆HbA1c (R = 0.256),
∆insulin (R = 0.932), or ∆HOMA-B (R = 0.452). Marked negative correlations were noted
between ∆HOMA-R and baseline HOMA-R (R = −0.688, Figure 1A). Insignificant negative
correlations were observed between ∆HOMA-R and ∆UA (R = −0.217, p = 0.082).

Table 5. Correlation of the changes in insulin resistance and those of other diabetic parameters.
(A) Tight Japanese diet; (B) pioglitazone; (C) canagliflozin.

(A)

∆HOMA-R vs. R p-Values

baseline HOMA-R −0.688 <0.00001
∆FBG 0.599 <0.00001

∆HbA1c 0.256 <0.04
∆insulin 0.932 <0.00001

∆HOMA-B 0.452 <0.0002
∆BMI 0.102 n.s.
∆T-C −0.078 n.s.
∆TG 0.137 n.s.

∆HDL-C 0.022 n.s.
∆nonHDL-C −0.091 n.s.
∆TG/HDL-C 0.154 n.s.

∆UA −0.217 0.082

(B)

∆HOMA-R vs. R p-Values

baseline HOMA-R −0.654 <0.00001
∆FBG 0.51 <0.00001

∆HbA1c 0.266 <0.03
∆insulin 0.771 <0.00001

∆HOMA-B 0.298 <0.02
∆BMI −0.342 <0.04
∆T-C 0.283 <0.02
∆TG 0.299 <0.02

∆HDL-C 0.087 n.s.
∆nonHDL-C 0.26 <0.03
∆TG/HDL-C 0.23 0.055

∆UA 0.077 n.s.

(C)

∆HOMA-R vs. R p-Values

baseline HOMA-R −0.685 <0.00001
∆FBG 0.322 <0.007

∆HbA1c 0.118 n.s.
∆insulin 0.849 <0.00001

∆HOMA-B 0.365 <0.004
∆BMI −0.178 n.s.
∆T-C 0.041 n.s.
∆TG 0.215 0.072

∆HDL-C −0.041 n.s.
∆nonHDL-C 0.06 n.s.
∆TG/HDL-C 0.293 <0.02

∆UA −0.196 0.093
Simple regression analysis was performed between the changes in (∆) HOMA-R and those of diabetic parameters.
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Figure 1. Baseline-dependent regulation of insulin resistance Simple regression analysis was per-
formed between the changes in (Δ) HOMA-R and baseline HOMA-R. (A) Tight Japanese diet; (B) 
pioglitazone; (C) canagliflozin. 
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Figure 1. Baseline-dependent regulation of insulin resistance Simple regression analysis was per-
formed between the changes in (∆) HOMA-R and baseline HOMA-R. (A) Tight Japanese diet;
(B) pioglitazone; (C) canagliflozin.

With pioglitazone, as illustrated in Table 5B, significant correlations were identified
between ∆HOMA-R and changes (∆) in FBG (R = 0.510), ∆HbA1c (R = 0.266), ∆insulin
(R = 0.771), ∆HOMA-B (R = 0.298), ∆T-C (R = 0.283), ∆TG (R = 0.299), and ∆non-HDL-C
(R = 0.260). Significant negative correlations were observed between ∆HOMA-R and base-
line HOMA-R (R = −0.654, Figure 1B) and ∆BMI (R = −0.342). A tendency of correlations
was observed between ∆HOMA-R and ∆TG/HDL-C (R = 0.230, p = 0.055).

With canagliflozin, as depicted in Table 5C, significant correlations were observed
between ∆HOMA-R and ∆FBG (R = 0.322), ∆insulin (R = 0.849), ∆HOMA-B (R = 0.365),
and ∆TG/HDL-C (R = 0.293). No correlations, if any, were observed between ∆HOMA-R
and ∆HbA1c. Significant negative correlations were seen between ∆HOMA-R and baseline
HOMA-R (R = −0.685, Figure 1C). Insignificant positive or negative correlations were
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observed between ∆HOMA-R and ∆TG (R = 0.215, p = 0.072) and ∆UA (R = −0.196,
p = 0.093), respectively.

3.4. Differential Regulations of Diabetic Parameters in Two Groups with Distinct Changes in
Insulin Resistance

Within each treatment group, subjects were stratified into two subgroups based on
the median value of the changes (∆) in HOMA-R: lower ∆HOMA-R (group X) and higher
∆HOMA-R (group Y), as detailed in the Subjects and Methods section. Notably, in each
treatment group, baseline HOMA-R was significantly higher in group X compared to
group Y (Table 6(AX,AY,BX,BY,CX,CY)).

Table 6. Effect of tight Japanese diet, pioglitazone, or canagliflozin on diabetic parameters in two
groups with distinct changes in insulin resistance. (A) Tight Japanese diet (group X and Y); (B) piogli-
tazone (group X and Y); (C) canagliflozin (group X and Y).

(AX)

Baseline 3 Months p-Values % Changes

N 33
age 51.0 ± 13.4

HOMA-R 5.47 ± 2.89 2.83 ± 1.86 <0.00001 −48.2
FBG (mg/dL) 205.6 ± 47.8 155.9 ± 39.4 <0.00001 −24.1

HbA1c (%) 9.31 ± 1.37 7.79 ± 1.43 <0.00001 −16.3
insulin (µL/mL) 10.92 ± 5.27 7.23 ± 4.00 <0.00001 −33.7

HOMA-B 31.70 ± 21.67 20.59 ± 16.48 <0.00001 −35
BMI 27.65 ± 4.79 26.59 ± 4.88 <0.00001 −3.8

T-C (mg/dL) 208.4 ± 31.4 200.7 ± 37.5 0.094 −3.6
TG (mg/dL) 171.0 ± 81.5 153.4 ± 81.3 n.s. −10.2

HDL-C (mg/dL) 52.0 ± 9.4 52.7 ± 11.4 n.s. 1.3
nonHDL-C (mg/dL) 156.3 ± 29.1 148.0 ± 33.8 <0.05 −5.3

TG/HDL-C 3.49 ± 1.95 3.08 ± 1.90 n.s. −11.7
UA (mg/dL) 4.93 ± 1.45 5.40 ± 1.59 <0.0002 9.5

(AY)

Baseline 3 Months p-Values % Changes

N 32
age 50.6 ± 12.7

HOMA-R 2.08 ± 1.35 3.08 ± 2.50 <0.01 48
FBG (mg/dL) 172.6 ± 45.6 179.7 ± 60.4 n.s. 4.1

HbA1c (%) 8.85 ± 1.25 8.15 ± 1.60 <0.00001 −7.9
insulin (µL/mL) 5.07 ± 3.22 7.16 ± 5.96 <0.02 41.2

HOMA-B 20.59 ± 16.48 28.39 ± 26.80 <0.04 37.8
BMI 24.71 ± 4.77 23.96 ± 4.33 <0.007 −3

T-C (mg/dL) 207.6 ± 32.6 202.6 ± 29.9 n.s. −2.4
TG (mg/dL) 143.0 ± 117.3 130.6 ± 89.6 n.s. −8.6

HDL-C (mg/dL) 54.4 ± 13.7 53.8 ± 11.7 n.s. −1.1
nonHDL-C (mg/dL) 153.1 ± 31.1 148.8 ± 28.8 n.s. −2.8

TG/HDL-C 2.85 ± 2.58 2.66 ± 2.21 n.s. −6.6
UA (mg/dL) 4.75 ± 1.35 4.86 ± 1.31 n.s. 2.3

(BX)

Baseline 3 Months p-Values % Changes

N 35
age 52.2 ± 11.9

HOMA-R 5.03 ± 2.15 2.52 ± 1.58 <0.00001 −49.9
FBG (mg/dL) 223.1 ± 58.1 150.7 ± 50.0 <0.00001 −32.4

HbA1c (%) 9.78 ± 1.59 7.93 ± 1.68 <0.00001 −18.9
insulin (µL/mL) 9.55 ± 4.39 6.88 ± 3.70 <0.00001 −27.9

HOMA-B 26.07 ± 18.21 35.02 ± 23.19 <0.007 34.3
BMI 26.21 ± 5.44 26.77 ± 5.58 <0.00001 2.1
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Table 6. Cont.

T-C (mg/dL) 216.0 ± 42.7 211.0 ± 40.7 n.s. −2.3
TG (mg/dL) 207.8 ± 147.4 151.4 ± 101.4 <0.0004 −27.1

HDL-C (mg/dL) 48.7 ± 10.5 54.2 ± 13.4 <0.0005 11.2
nonHDL-C (mg/dL) 167.2 ± 40.6 156.8 ± 40.9 0.052 −6.2

TG/HDL-C 4.73 ± 4.01 3.10 ± 2.53 <0.001 −34.4
UA (mg/dL) 5.12 ± 1.42 4.98 ± 1.20 n.s. −2.7

(BY)

Baseline 3 Months p-Values % Changes

N 35
age 53.8 ± 11.6

HOMA-R 2.22 ± 1.33 2.76 ± 1.97 <0.02 24.3
FBG (mg/dL) 205.7 ± 46.8 189.6 ± 69.6 0.082 −7.8

HbA1c (%) 9.91 ± 1.64 8.81 ± 1.61 <0.00001 −11
insulin (µL/mL) 4.32 ± 2.30 6.35 ± 5.56 <0.01 46.9

HOMA-B 11.93 ± 6.92 29.59 ± 50.01 <0.04 148
BMI 23.89 ± 4.09 24.25 ± 4.19 <0.00001 1.5

T-C (mg/dL) 204.7 ± 31.7 215.0 ± 31.7 0.078 5
TG (mg/dL) 144.3 ± 81.1 133.5 ± 70.9 n.s. −7.4

HDL-C (mg/dL) 51.7 ± 12.2 59.2 ± 18.2 <0.0005 14.5
nonHDL-C (mg/dL) 153.6 ± 35.9 156.0 ± 37.2 n.s. 1.5

TG/HDL-C 2.93 ± 1.83 2.60 ± 1.76 n.s. −11.2
UA (mg/dL) 4.22 ± 1.03 4.30 ± 1.13 n.s. 1.8

(CX)

Baseline 3 Months p-Values % Changes

N 39
age 52.46 ± 13.05

HOMA-R 4.79 ± 2.74 2.32 ± 1.75 <0.00001 −51.5
FBG (mg/dL) 220.0 ± 61.6 143.6 ± 31.5 <0.00001 −34.7

HbA1c (%) 10.75 ± 2.74 8.59 ± 2.18 <0.00001 −20
insulin (µL/mL) 9.40 ± 6.23 6.64 ± 5.26 <0.00001 −29.3

HOMA-B 27.95 ± 28.09 33.30 ± 28.94 n.s. 19.1
BMI 26.88 ± 4.67 26.50 ± 5.01 <0.05 −1.4

T-C (mg/dL) 223.7 ± 48.4 220.0 ± 44.7 n.s. −1.6
TG (mg/dL) 201.5 ± 133.5 175.0 ± 123.0 <0.04 −13.1

HDL-C (mg/dL) 53.0 ± 15.7 55.1 ± 15.8 n.s. 3.9
nonHDL-C (mg/dL) 170.7 ± 50.7 165.0 ± 46.0 n.s. −3.3

TG/HDL-C 4.47 ± 4.73 3.70 ± 3.84 <0.02 −17.2
UA (mg/dL) 5.13 ± 1.14 5.33 ± 1.17 n.s. 3.8

(CY)

Baseline 3 Months p-Values % Changes

N 38
age 53.71 ± 13.32

HOMA-R 2.25 ± 1.30 2.65 ± 1.97 <0.05 17.7
FBG (mg/dL) 185.7 ± 59.7 157.9 ± 57.5 <0.0002 −14.9

HbA1c (%) 9.71 ± 2.14 8.09 ± 1.76 <0.0001 −16.6
insulin (µL/mL) 5.31 ± 3.52 7.07 ± 5.37 <0.01 33.1

HOMA-B 21.02 ± 19.03 33.63 ± 32.56 <0.007 59.9
BMI 25.61 ± 4.53 25.13 ± 4.27 <0.0004 −1.8

T-C (mg/dL) 228.4 ± 54.4 228.6 ± 49.6 n.s. 0
TG (mg/dL) 213.5 ± 283.5 211.6 ± 319.7 n.s. −0.8

HDL-C (mg/dL) 55.5 ± 13.4 57.3 ± 13.8 n.s. 3.2
nonHDL-C (mg/dL) 172.8 ± 55.4 171.2 ± 51.2 n.s. −0.9

TG/HDL-C 4.45 ± 6.72 4.69 ± 9.60 n.s. 5.3
UA (mg/dL) 5.54 ± 1.30 5.29 ± 1.37 0.079 −4.5

Paired Student’s t-test was used to compare the changes in the indicated parameters in two groups with distinct
changes in insulin resistance. In each treatment group, the subjects were divided into two groups based on the
median value of the changes (∆) in HOMA-R (lower half: group X and upper half: group Y). The results are
expressed as the mean + SD.
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Under the tight Japanese diet (X/Y = 33/32), comparable reductions in BMI were
observed in both groups (Table 6(AX,AY)). In group X (Table 6(AX)), significant decreases
were seen in HOMA-R, FBG, HbA1c, non-HDL-C, and insulin, while significant increases
were observed in UA. T-C displayed a tendency to decrease. In group Y (Table 6(AY)),
significant decreases were seen in HbA1c (not FBG), while significant increases were
observed in HOMA-R, HOMA-B, and insulin. Significant inter-group differences were seen
in the changes in HbA1c (greater reductions in group X versus Y, Figure 2A).
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Figure 2. Differential effects on diabetic parameters by the changes in insulin resistance. ANCOVA
was performed to analyze the inter-group differences in the changes in the indicated parameters in
each treatment group (% changes). (A) HbA1c with tight Japanese diet; (B) HbA1c with pioglitazone;
(C) UA with pioglitazone; (D) BMI with pioglitazone; (E) FBG with canagliflozin; (F) UA with
canagliflozin.

With pioglitazone (X/Y = 35/35), in group X (Table 6(BX)), significant decreases
were observed in HOMA-R, FBG, HbA1c, insulin, TG, and TG/HDL-C, while significant
increases were seen in HOMA-B, HDL-C, and BMI. Non-HDL-C exhibited a tendency to
decrease. In group Y (Table 6(BY)), significant decreases were observed in HbA1c (not FBG),
while significant increases were seen in HOMA-R, HOMA-B, HDL-C, BMI, and insulin.
T-C displayed a tendency to increase in this group. Significant inter-group differences were
observed in the changes in HbA1c and UA (greater reductions in group X versus group Y,
Figure 2B,C) and BMI (greater increases in group X versus group Y, Figure 2D).

With canagliflozin (X/Y = 39/38), in group X (Table 6(CX)), significant decreases
were observed in HOMA-R, FBG, HbA1c, insulin, TG, TG/HDL-C, and BMI. In group Y
(Table 6(CY)), significant decreases were observed in FBG, HbA1c, and BMI, while signifi-
cant increases were seen in HOMA-R, insulin, and HOMA-B. UA exhibited a tendency to
decrease. Significant inter-group differences were observed in the changes in FBG (greater
reductions in group X versus Y, Figure 2E) and UA (greater reductions in group Y versus X,
Figure 2F). No inter-group differences were noted in the changes in HbA1c or BMI between
these two groups (Table 6(CX,CY))

4. Discussion
4.1. Characteristics of Diabetic Parameters in Newly Diagnosed, Drug-Naïve Japanese Patients
with T2DM

Notably, the glycemic control of newly diagnosed, untreated Japanese patients with
T2DM is considerably poor, evidenced by an elevated HbA1c close to 10% (Table 1). This
poor glycemic control can be attributed, in part, to the asymptomatic nature of this disorder,
often described as a “silent killer,” wherein patients may not actively seek medical attention,
resulting in delayed diagnosis and intervention.

HOMA-R exceeding 2.5 generally signifies the presence of insulin resistance [10,15],
while HOMA-B below 30% indicates low beta-cell function [10,15]. Obesity is defined as
BMI above 25 [8]. Considering these contextual factors, it is postulated that newly diag-
nosed, untreated Japanese patients with T2DM exhibit characteristics of high insulin resis-
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tance, relatively preserved beta-cell function, modest overweight status, and poor glycemic
control. Thus, ameliorating insulin resistance is important in treating such populations.
There are several strategies to reduce insulin resistance, either causally or consequentially,
including a very low-calorie diet [11], pioglitazone [4,7], or SGLT-2 inhibitors [5].

Table 2 illustrates correlations between baseline levels of insulin resistance and various
diabetic parameters in the overall subject cohort. These findings suggest a robust association
between insulin resistance and FBG, insulin sensitivity, beta-cell function, body weight, and
UA, with varying degrees of correlation with certain lipid profiles (TG, HDL-C, TG/HDL-
C). The analysis in Table 3, stratifying subjects based on baseline insulin resistance levels,
further supports these results. The dissociation of FBG and HbA1c concerning baseline
insulin resistance may stem from the characteristic that insulin resistance may exert a lesser
impact on postprandial glucose levels, while maintaining minimal glucose levels during
fasting or other occasions is crucial in the early stages of diabetic history. It would be
intriguing to compare data from newly diagnosed T2DM patients in other populations
(e.g., Caucasians, Africans) to determine whether similar patterns emerge.

4.2. Link between Changes in Insulin Resistance and Diabetic Parameters

All three therapeutic strategies demonstrated a baseline-dependent regulation of
insulin resistance, as illustrated in Figure 1A–C. After dividing subjects based on the me-
dian changes in HOMA-R values (∆HOMA-R), group X (lower ∆HOMA-R) displayed
a decrease, while group Y (higher ∆HOMA-R) exhibited an increase in HOMA-R (Ta-
ble 6(AX,AY,BX,BY,CX,CY)). It is noteworthy that baseline HOMA-R was significantly
higher in group X compared to group Y in each treatment group (results not presented
in the table). These findings suggest that high baseline insulin resistance decreases while
low baseline insulin resistance increases with each therapeutic approach. An intriguing
observation is the substantial proportion of the population displaying an increase in insulin
resistance. In this study, we investigated the changes in various diabetic parameters based
on alterations in insulin resistance.

4.2.1. FBG

Significant correlations between changes in insulin resistance (evaluated by HOMA-R)
and changes in FBG were observed in all three treatment groups. Substantiating this,
when subjects were divided into two groups based on changes in HOMA-R, reductions in
FBG were observed only in those with decreased HOMA-R with a tight Japanese diet and
pioglitazone (group X, Table 6(AX,AY,BX,BY)). With canagliflozin, significant reductions in
FBG were observed in both groups (Table 6(CX,CY)), but greater reductions were seen in
those with decreased insulin resistance (group X versus group Y, Figure 2E). Collectively,
these findings strongly suggest a tight connection between insulin resistance and FBG.
However, the causative relationship remains undetermined. To establish causation, it is
imperative to consider the temporal sequence of events.

(1) With a tight Japanese diet, initial reductions in post-meal glucose (reduced input)
occur, followed by the amelioration of glucotoxicity (reduction in insulin resistance
and the enhancement of beta-cell function). In the long term, reduced caloric intake
leads to weight loss, subsequently decreasing insulin resistance and FBG.

(2) With pioglitazone, an initial reduction in insulin resistance occurs, followed by de-
creases in blood glucose levels. In the long term, enhanced insulin sensitivity may
lead to weight gain and ameliorate beta-cell dysfunction.

(3) With SGLT-2 inhibitors, as anticipated from their mode of action, initial reductions
in both fasting and post-meal glucose (increased output) occur. Subsequently, gluco-
toxicity is alleviated (reduction in insulin resistance and the enhancement of beta-cell
function). In the long term, weight reduction follows, leading to decreases in insulin
resistance and blood glucose levels.

While it is widely accepted that reductions in insulin resistance cause decreases in
blood glucose, it is still plausible that reductions in blood glucose cause decreases in
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insulin resistance, as described above. Therefore, observed correlations or effects do not
necessarily imply causation. Conversely, the absence of correlations or effects does not
definitively rule out a causal link, as confounding factors may mask these relationships.
Further well-validated basic and clinical research is required to investigate this matter.

4.2.2. HbA1c

Distinct outcomes were observed regarding HbA1c compared to FBG. While significant
correlations were noted between changes in HOMA-R and HbA1c with a tight Japanese
diet (R = 0.256, Table 5A) and pioglitazone (R = 0.266, Table 5B), no correlations were
evident with canagliflozin (R = 0.118, Table 5C).

In a separate analysis, the SGLT-2 inhibitor canagliflozin exhibited distinct regu-
latory patterns compared to tight Japanese diet or pioglitazone. When subjects were
stratified based on changes in insulin resistance, both tight Japanese diet and pioglita-
zone resulted in HbA1c reductions in both groups, with notable inter-group differences
(higher reductions in HbA1c observed in those with greater reductions in insulin resistance,
Table 6(AX,AY,BX,BY), Figure 2A,B). Conversely, with canagliflozin, similar, significant
reductions in HbA1c were consistent regardless of changes in HOMA-R (Table 6(CX,CY)).
The mechanism of action of SGLT2 inhibitors, independent of insulin secretion or action,
implies that their efficacy remains unchanged irrespective of the status of insulin resistance
and/or impaired beta-cell dysfunction. This could contribute to the lack of correlations
between changes in HOMA-R and HbA1c with canagliflozin.

4.2.3. Beta-Cell Function

Across all three therapeutic strategies, there were notable reductions in insulin resis-
tance and increases in beta-cell function (assessed with HOMA-B). Supporting the notion
that beta-cell function is stimulated in response to insulin resistance, significant corre-
lations were observed between changes in insulin resistance (∆HOMA-R) and beta-cell
function (∆HOMA-B, Table 5A–C). However, beta-cell function displayed distinct regula-
tory patterns based on changes in insulin resistance, as elucidated below: HOMA-B was
significantly up-regulated in those with elevated insulin resistance in all three strategies
(group Y, Table 6(AY,BY,CY)). Conversely, it exhibited different patterns in those with
reduced insulin resistance (group X). With a tight Japanese diet, HOMA-B was signifi-
cantly down-regulated (Table 6(AX)). By contrast, with pioglitazone, it was up-regulated
(Table 6(BX)). With canagliflozin, there was a tendency to increase (Table 6(CX)). The mech-
anisms and implications of this divergent regulation in this subgroup are presently under
investigation.

4.2.4. Weight

Body weight management is crucial for obese patients with diabetes. It is well-
established that excess weight exacerbates glucose control through deteriorated insulin
resistance, and conversely, weight control positively impacts insulin sensitivity [16]. How-
ever, controversies surround this issue in pharmacotherapies. For instance, certain diabetes
drugs like insulin or sulphonylurea have no impact on insulin resistance but induce weight
gain [17]. DPP-4 inhibitors are considered neutral in weight or insulin sensitivity, but indi-
viduals responding efficiently to these drugs may experience weight gain [18,19]. SGLT-2
inhibitors reduce both weight and insulin resistance. However, previous findings have
suggested that specific populations treated with SGLT-2 inhibitors may not experience
weight loss, and correlations between changes in insulin resistance and weight are not
consistently observed [8]. A TZD drug, such as pioglitazone, reduces insulin resistance
but contributes to weight gain [4,6]. These complexities imply that weight loss (or gain)
does not consistently correlate with decreased (or increased) insulin resistance during
pharmacotherapies.
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In this study, we explored the relationship between changes in insulin resistance
and weight across three distinct therapeutic strategies, all of which aim to reduce insulin
resistance.

(a) With a tight Japanese diet, similar weight reductions were observed irrespective
of changes in insulin resistance (Table 6(AX,AY)). No correlations were identified
between changes in insulin resistance and weight (Table 5A).

(b) With pioglitazone, on the contrary, more significant weight increases were noted
in individuals with reduced insulin resistance (Figure 2D). Reductions in insulin
resistance correlated with increased weight (Table 5B). The precise mechanism behind
weight gain with pioglitazone remains unclear, but it has been hypothesized that the
activation of PPARγ leads to an increase in the number and size of fat cells, resulting
in increased fat storage [20]. In addition, the improvement in insulin sensitivity with
this drug (referred to as group X in this paper) is accompanied by an increase in
weight due to heightened lipogenesis [8]. These could contribute to an overall gain in
body fat, leading to increased body weight.

(c) With canagliflozin, changes in insulin resistance were not associated with changes in
weight (Table 5C). Irrespective of changes in insulin resistance with this drug, similar
and significant reductions in weight were observed (Table 6(CX,CY)).

These findings challenge the conventional notion that increased weight worsens
insulin resistance, while weight reduction improves it. There are several assumptions to
explain these discrepancies. In human physiology, feedback mechanisms operate in many
instances. In our results, body weight reduction with a tight Japanese diet and/or SGLT-2
inhibitor may activate feedback mechanisms that attempt to increase insulin resistance and
conserve glucose.

4.2.5. Lipids

Diabetic dyslipidemia is typically characterized by increased TG and reduced HDL-
C [21]. Non-HDL-C is frequently increased and considered a better parameter for athero-
genic lipid than LDL-C [21]. In this study, changes in insulin resistance with these three
strategies resulted in differential correlations or regulations among the lipid parameters in
relation to insulin resistance, as indicated below.

(a) With a tight Japanese diet, favorable effects on T-C or non-HDL-C were observed, as
expected from the components of the Japanese diet (Table 4A). However, no correla-
tions or changes in lipid parameters were noted, irrespective of changes in insulin
resistance (Tables 5A and 6(AX,AY)).

(b) With pioglitazone, the significant down-regulation of TG and up-regulation of HDL-
C were observed (Table 4B), consistent with other reports [22]. Changes in insulin
resistance correlated with changes in T-C, TG, and non-HDL-C (Table 5B) but not with
HDL-C (Table 5B). Significant reductions in TG and TG/HDL-C were observed in
individuals with reduced insulin resistance (group 6BX). Collectively, pioglitazone
appears to have favorable effects on certain lipid parameters, and the reductions in
these lipids seem to be linked to reductions in insulin resistance.

(c) Effects on lipids with SGLT-2 inhibitors are controversial [23]. In this study, with
canagliflozin, the insignificant down-regulation of TG and significant up-regulation
of HDL-C were observed (Table 4C). Changes in insulin resistance had no correla-
tion with changes in HDL-C but showed a tendency to correlate with changes in
TG (Table 5C). TG significantly decreased only in individuals with reduced insulin
resistance (group 6CX). Thus, it appears that the modulation of insulin resistance with
this SGLT-2 inhibitor is somewhat associated with TG but is not clearly associated
with other lipid parameters.

4.2.6. UA

In comparison to other diabetic parameters such as weight or lipids, UA is less well
studied regarding its involvement in T2DM or insulin resistance. UA can impair insulin sig-
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naling pathways and interfere with insulin’s ability to regulate glucose metabolism [24,25].
Besides this, UA can promote inflammation, oxidative stress, and endothelial dysfunction,
which contribute to the development of insulin resistance and beta-cell dysfunction [24,25].
However, the exact nature of this relationship is complex and not fully understood. In this
study, the baseline UA had significant correlations with that of insulin resistance (Table 2).
Another analysis showed that UA is more elevated in those with higher vs. lower baseline
insulin resistance (Table 3). These results strongly argue that insulin resistance and UA
are linked. However, it remains unclear whether insulin resistance causes the elevation of
UA or the other way around. The therapeutic strategies in this present study all reduced
insulin resistance; however, distinct UA regulatory patterns were seen as described below.
(1) Weight reductions resulted in reduced insulin resistance and UA [26]. However, with a
tight Japanese diet, unexpectedly and surprisingly, UA was significantly increased though
reductions in body weight and insulin resistance (Table 4A). Further, reductions in insulin
resistance appear to be negatively correlated to UA (Table 5A). Those with reduced insulin
resistance had increased UA, though these subjects had reduced weight (Table 6(AX)). This
may be due to the fact that the Japanese diet contains high UA [11,12]. It is of interest to
evaluate this using other diets (e.g., Mediterranean). (2) With pioglitazone or canagliflozin,
changes in insulin resistance may not have significant correlations or effects on UA
(Table 5B,C and Table 6(BX,BY,CX,CY)). However, UA regulatory patterns depending
on the changes in insulin resistance are distinct between these two drugs; relative re-
ductions or increases in UA were observed in those with reduced insulin resistance in
pioglitazone or canagliflozin, respectively (Figure 2C,F). Some diabetes drugs including
DPP-4 inhibitors are known to elevate UA [13]. It is possible that reduced blood glucose
levels per se somehow increase UA through reduced excretion or increased re-absorption
in the kidneys. Taken together, these results indicate that UA regulation is rather complex,
and in addition to insulin resistance, other mechanisms may be involved in the regulation
of UA during therapies in T2DM. Basic research is required to investigate this issue.

4.3. Limitations of This Study

Certain drawbacks or limitations exist in this study. It is an observational study with a
relatively small number of subjects and short study duration. Additionally, there is a gender
disparity in the number of subjects and dosing of the drugs. The insulin resistance-lowering
mechanisms of the therapies in this study (low-calorie diet, pioglitazone, or canagliflozin)
are distinct. Therefore, it may not be appropriate to directly compare them. It remains to be
investigated whether similar or different results would be observed in other populations.
Thus, the results presented in this study might only be considered “hypothesis-generating”.
To prove the credibility of these results, randomized controlled trials in different diabetic
populations are required. However, this could be expensive, time consuming, and, on
some occasions, unethical. In observational studies, randomization may naturally occur.
Further, based on the design of the protocol (monotherapy in drug-naïve subjects), the
observed results were most probably caused exclusively by the treatments undertaken
(tight Japanese diet, pioglitazone, or canagliflozin).

5. Conclusions

In conclusion, the investigation into the impacts of a very low-calorie (tight) Japanese
diet, the thiazolidinedione (TZD) pioglitazone, and the sodium-glucose cotransporter-2
(SGLT-2) inhibitor canagliflozin unveiled a collective reduction in insulin resistance. The
significant negative correlations observed between the changes in insulin resistance, as
assessed by HOMA-R, and the baseline insulin resistance indicate a tendency for individ-
uals with high insulin resistance to experience a decrease, while those with low insulin
resistance may exhibit an increase (regression to the means). Unexpectedly, a noteworthy
proportion of subjects demonstrated an increase in insulin resistance with these therapeutic
strategies. The analyses conducted in this study revealed that, while significant correla-
tions were identified between the changes in insulin resistance and FBG, insulin levels, or
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beta-cell function, other parameters such as HbA1c, body weight, some lipids, or uric acid
(UA) displayed distinct regulatory patterns contingent upon the type of therapy employed.
Stratifying subjects into two groups based on the median value of the changes in HOMA-R
in each group-lower half (group X) and upper half (group Y)-revealed divergent regulations
in FBG, beta-cell function, certain lipids, body weight, and UA.
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Abstract: Background and Objectives: Post-transplant diabetes mellitus (PTDM) is a significant risk
factor for the survival of graft recipients and occurs in 10–30% of patients after kidney transplant
(KT). PTDM is associated with premature cardiovascular morbidity and mortality. Weight gain,
obesity, and dyslipidemia are strong predictors of PTDM, and by modifying them with an active
lifestyle it is possible to reduce the incidence of PTDM and affect the long-term survival of patients
and grafts. The aim of our study was to determine the effect of regular physical activity on the
development of PTDM and its risk factors in patients after KT. Materials and Methods: Participants
in the study had to achieve at least 150 min of moderate-intensity physical exertion per week. The
study group (n = 22) performed aerobic or combined (aerobic + strength) types of sports activities.
Monitoring was provided by the sports tracker (Xiaomi Mi Band 4 compatible with the Mi Fit mobile
application). The control group consisted of 22 stable patients after KT. Each patient underwent an
oral glucose tolerance test (oGTT) at the end of the follow-up. The patients in both groups have
the same immunosuppressive protocol. The total duration of the study was 6 months. Results: The
patients in the study group had significantly more normal oGTT results at 6 months compared to the
control group (p < 0.0001). In the control group, there were significantly more patients diagnosed
with PTDM (p = 0.0212) and with pre-diabetic conditions (impaired plasma glucose and impaired
glucose tolerance) at 6 months (p = 0.0078). Conclusions: Regular physical activity after KT provides
significant prevention against the development of pre-diabetic conditions and PTDM.

Keywords: post-transplant diabetes mellitus; physical activity; kidney transplantation

1. Introduction

Diabetes mellitus (DM), which occurs after organ transplantation, is a common and
serious metabolic complication [1]. Its incidence has increased over the past few decades
and remains high. PTDM develops in 10–30% of the cases in the first year after trans-
plantation [2]. The risk depends on the type of transplanted organ, the recipient’s genetic
predisposition, and their age. Its occurrence is most often monitored after KT, where its
incidence is around 15–30%. Dedinska et al., in screening patients after KT in the Slovak
Republic in 2014, identified PTDM in 38.3% of patients according to the valid American
Diabetes Association (ADA) criteria [3]. The current definition of PTDM is based on the
recommendations of the International Consensus of 2014, and the diagnosis follows the cri-
teria of the ADA and the World Health Organization (WHO) for the diagnosis of type 2 DM
and pre-diabetic conditions: fasting blood glucose > 126 mg/dL (7 mmol/L) in more than
one case, random glucose > 200 mg/dL (11.1 mmol/L) with symptoms, and glycemia
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two hours after the administration of 75 g of glucose in the oral glucose tolerance test
(oGTT) > 200 mg/dL (11.1 mmol/L) [4,5].

PTDM is a serious risk factor for the survival of recipients and grafts after KT. It is
strongly linked to the occurrence of infections and diseases of the cardiovascular system. It
is cardiovascular morbidity and mortality that significantly limit the long-term survival of
patients after KT [1,2,6,7].

The major risk factors for the development of PTDM are the metabolic side effects
of immunosuppressive drugs, post-transplant viral infections, and hypomagnesemia, fol-
lowing traditional risk factors, typical of patients with type 2 DM [8]. In a study of more
than 600 patients after primary KT, the authors confirmed that metabolic syndrome (MS)
before KT is an independent risk factor for PTDM [9]. In the multicenter study by Dedin-
ska et al., the strongest predictor of PTDM was insulin resistance before KT [3]. Central
obesity, another aspect of MS, is associated with high triglycerides, adipocyte-controlled
cytokine release, and subclinical inflammation. These all lead to insulin resistance, which
increases the risk of developing PTDM [10]. Low adiponectin levels are closely associated
with insulin resistance, and significantly increase the risk of developing PTDM regardless
of gender, age, and type of immunosuppression [11,12]. In contrast, in obese patients,
leptin production increases significantly in the post-transplant period and is significantly
associated with the development of PTDM [11]. It is possible to reduce the high incidence
of PTDM by influencing only modifiable risk factors, including obesity, associated insulin
resistance, and the other components of MS. Low levels of physical activity have even been
identified as a major modifiable risk factor for mortality in patients with end-stage chronic
kidney disease (CKD) [13]. Many studies have confirmed that regular physical activity has
a significant effect on patients with type 2 DM, not only in prevention but also in treatment
regimens [14,15]. Therefore, we can expect a similar effect of active lifestyle modification in
patients after KT, despite several differences in the pathogenesis of type 2 DM. However,
the current literature lacks sufficient data on the importance of physical activity in the
prevention of PTDM and, in particular, an objective assessment of its effect.

Recently, in a sample of patients after KT, we confirmed the positive impact of physical
activity on the development of insulin resistance and the parameters of glucose and lipid
metabolism. Therefore, our aim was to follow up on these favorable results. In this study,
we investigated the effect of regular physical activity on the development of PTDM in
patients after KT.

2. Materials and Methods

We created a pilot prospective intervention-controlled study that included patients
after primary deceased-donor or living-donor KT. All the enrolled patients underwent
three outpatient check-ups at the Transplant–nephrology department in Martin during the
follow-up: at the beginning, at the third, and at the sixth month. The observation period
lasted six months.

2.1. Inclusion and Exclusion Criteria

The study included collaborating patients who reached the limit at least 3 months
after KT. Other inclusion criteria included a good and stable graft function, defined as an
estimated glomerular filtration rate (eGFR) of less than 60 mL/min/1.73 m2, calculated us-
ing the chronic kidney disease—epidemiology collaboration index (CKD-EPI) formula, and
stabilized comorbidities. Patients with confirmed DM, PTDM, or known pre-diabetic status
(impaired glucose tolerance and elevated fasting glucose); hemoglobin levels < 100 g/L;
and age over 65 years were excluded from the study. Each member of the cohort was
set up for the same prophylactic immunosuppression (tacrolimus, mycophenolic acid,
and prednisone).
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2.2. Physical Activity and Its Monitoring

After the primary screening according to inclusion criteria (age, graft function, time
after KT, hemoglobin level, and maintenance immunosuppression), we randomly chose
patients for the intervention group (n = 22). We randomly selected participants from a
relatively small pool to ensure the equal representation of women and men, considering
the size of the transplanted population at our center. Patient selection was not performed
by software but by a third party who was not active in the study. Based on the latest ADA
recommendations from 2016 for the prevention and treatment of DM and pre-diabetic
conditions, the patients in the intervention group were prescribed a limit of at least 150 min
of medium-intensity physical activity per week. The second condition was not to have
a break for more than 2 days between activities. The patients had to perform an aerobic
type of sport (running, brisk walking, cycling, or swimming) or they could combine it
with strength training. Each patient received a Xiaomi Mi Band 4 sports bracelet for the
detailed monitoring of sports performance parameters, with a compatible Mi Fit mobile
application collecting data on activity type, heart rate, energy expenditure, activity duration,
and frequency throughout the monitoring period. Power intensity was determined by
the percentage of the maximum heart rate (HRmax). Medium-intensity physical activity
includes a range of 64 to 76% HRmax, as well as a high-intensity range of 77 to 93% [16].
At each clinic check-up, the investigator revised and sent the data from the Mi Fit mobile
application to his or her email. The investigator was available to answer the patients’ study
questions by phone or email between checkups. The patients in the control group also met
all of the study’s inclusion and exclusion criteria. They were selected to match the patients
in the intervention group according to gender and age. They were also checked out at the
same intervals during the follow-up, a total of three times. The patients were instructed not
to perform any sports activities during the observed period. The activities allowed were to
perform basic work at home, around the house, and walk to work or shop. The goal of not
reaching the level of physical activity that was prescribed for the intervention group was
controlled using The International Physical Activity Questionnaire (IPAQ) at each clinic
follow-up. However, neither a continuous monitoring of physical activity nor a prescribed
minimum weekly level of training was in place for this patient group.

2.3. Recorded Characteristics

For each patient in both groups, we recorded at the baseline of the follow-up: age
(years), body weight (kg), waist circumference (cm), body mass index—BMI (kg/m2),
the underlying cause of renal failure, family history of DM, smoking, history of acute
rejection and its type, time since KT (months), type of induction immunosuppression
(antithymocyte immunoglobulin or basiliximab), the presence of delayed graft function,
significant cytomegalovirus (CMV) replication (cut-off 10,000), and the need for transient
discontinuation of mycophenolic acid and treatment with valganciclovir for 21 days. We
recorded the following lab values: serum creatinine (umol/L), eGFR according to CKD-EPI
(ml/min/1.73 m2), vitamin D (ug/L), hemoglobin (g/L), glycemia (mmol/L), glycated
hemoglobin—HbA1c (%), immunoreactive insulin (uIU/mL), c-peptide (pmol/L), choles-
terol (mmol/L), triacylglycerols (mmol/L), and proteinuria (g/day). Proteinuria was
examined from a 24 h urine sample. We used the homeostatic model assessment of insulin
resistance (HOMA-IR) index to determine IR. All the patients maintained a stable serum
tacrolimus level between 3.0 and 6.0 ng/L during the follow-up period. We recorded the
daily dose of prednisone for each control. At 6 months, at the end of the follow-up, each
patient underwent oGTT by drinking a solution of 75 g of glucose in 200 mL of water. We
measured plasma glucose levels both during fasting and 30 and 120 min after administering
the glucose solution. During the test, the examinee sat in calm conditions.

2.4. Statistical Analysis

We used MedCalc version 13.1.2, a certified statistical program (MedCalc Software
VAT registration number BE 0809 344,640, Member of the International Association of
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Statistical Computing, Ostend, Belgium). We used parametric (t-test) or non-parametric
(Mann–Whitney) tests to compare the continuous variables between the groups, and the t2
test and Fisher’s exact test, as appropriate, to analyze associations between the categorical
variables. We used logistic regression for multivariate analysis to identify the indepen-
dent predictors of PTDM. We identified independent risk factors by means of the Cox
proportional hazard model. A p-value < 0.05 was considered to be statistically significant.

We did not perform sample size calculations because this was a pilot study, and there
was no historical data available.

3. Results

The study enrolled 44 patients, with 22 patients each in the intervention and control
groups. The basic characteristics of the group and laboratory parameters are shown in
Tables 1 and 2.

Table 1. Basic group characteristics and anthropometric data.

Group Characteristics Monitored Group
n = 22

Control Group
n = 22 p-Value

Basic group characteristics
Gender—men (%) 50 54.5 0.7677
Age (years) 42.6 ± 8.8 42.8 ± 13.2 0.9531
Time after KT (M) 60.6 ± 50 15.8 ± 9 0.0002
Basiliximab in induction (%) 36.4 31.8 0.7504
Delayed graft function (%) 4.5 4.5 1.0000
DM positive family history (%) 41 45.5 0.7658
Smokers (%) 9 13.6 0.6338
Anamnesis of CMV (%) 13.6 9.1 0.6418
Anamnesis of acute rejection 18 4.5 0.1613
Average prednisone dose (mg/day) 5.9 ± 2.4 5.5 ± 1 0.4745

Anthropometric data
Body weight (kg) baseline 75 ± 14.3 77 ± 16.4 0.6686
Body weight (kg) 3 M 74.9 ± 13.8 78.3 ± 16.4 0.4610
Body weight (kg) 6 M 75.1 ± 13.4 79.7 ± 17 0.3246
BMI (kg/m2) baseline 25.5 ± 3.2 25.5 ± 3.8 1.0000
BMI (kg/m2) 3 M 25.4 ± 3 26 ± 3.7 0.5578
BMI (kg/m2) 6 M 25.5 ± 2.9 26.4 ± 4 0.3977
Waist circumference (cm) baseline 90.6 ± 12.4 94.1 ± 12.2 0.3507
Waist circumference (cm) 3 M 89.3 ± 11.5 96.7 ± 12.1 0.0437
Waist circumference (cm) 6 M 89.1 ± 11.1 96.7 ± 12.3 0.0372
Body height (cm) 171 ± 8.2 173 ± 11.7 0.5150

KT—kidney transplant; DM—diabetes mellitus; CMV—cytomegalovirus; BMI—body mass index; M—month.

The age (p = 0.9531) and gender (p = 0.7677) structures of both groups were not
significantly different. The patients forming the control group had an overall shorter
time after KT compared to the intervention group (p = 0.0002). The mean interval from
KT was 15.8 +- 9 months, thus meeting the inclusion criterion (3 months from KT). We
did not observe a difference in the daily dose of prednisone or in the use of basiliximab
in the induction protocol between the two groups. Vitamin D levels were significantly
lower in the control group at the beginning of the follow-up, but this disparity leveled out
during the follow-up, and we did not notice it at 6 months. The hemoglobin level was
also significantly lower at the beginning, but on average it was in the zone of very mild
anemia and thus met the inclusion criterion. In addition, it was saturated during follow-up,
and these differences leveled off. Differences in glucose metabolism were also observed.
In the intervention group, the fasting plasma glucose levels were significantly lower at
baseline (p = 0.0045), 3 months (p = 0.0016), and 6 months (p = 0.0003). However, the higher
baseline glycemia in the control group was within the normo-glycemic range and did not
represent a pathological condition. We primarily recorded the magnesium levels, but since

101



Medicina 2024, 60, 1210

all the study participants were taking magnesium replacement, their levels were within the
physiological range, and there was no difference between the groups. Figure 1 shows the
file distribution based on the underlying cause of renal failure. Chronic glomerulonephritis
and chronic tubulointerstitial nephritis accounted for the majority.

Table 2. Basic group characteristics—laboratory findings.

Laboratory Parameters—Graft Function

Creatinine (µmol/L) baseline 95.1 ± 17.4 101.4 ± 23.3 0.3154
Creatinine (µmol/L) 3 M 98.2 ± 19.2 114.5 ± 30.1 0.0381
Creatinine (µmol/L) 6 M 94.5 ± 22.1 110.1 ± 27.1 0.0425
eGFR CKD-EPI (ml/min) baseline 76.4 ± 15.5 72.7 ± 18.9 0.4816
eGFR CKD-EPI (ml/min) 3 M 74.1 ± 16 63.4 ± 16.3 0.0036
eGFR CKD-EPI (ml/min) 6 M 78.2 ± 17.5 65.7 ± 14.6 0.0137
Quantitative proteinuria (g/L) baseline 0.236 ± 0.15 0.220 ± 0.18 0.7503
Quantitative proteinuria (g/L) 3 M 0.220 ± 0.19 0.267 ± 0.29 0.5383
Quantitative proteinuria (g/L) 6 M 0.187 ± 0.13 0.347 ± 0.42 0.0952
Vitamin D (µg/L) baseline 31.9 ± 10.2 23.2 ± 7.2 0.0022
Vitamin D (µg/L) 3 M 29.5 ± 8.9 24 ± 8 0.0369
Vitamin D (µg/L) 6 M 27.9 ± 8.8 26.5 ± 10 0.6246
Hemoglobin (g/L) baseline 143 ± 12.1 133 ± 15 0.0193
Hemoglobin (g/L) 3 M 145 ± 10.3 137 ± 16.5 0.0605
Hemoglobin (g/L) 6 M 146 ± 11.5 142 ± 16.7 0.3601

Laboratory parameters—glucose metabolism

Fasting glucose (mmol/L) baseline 4.7 ± 0.6 5.2 ± 0.3 0.0045
Fasting glucose (mmol/L) 3 M 4.8 ± 0.6 5.7 ± 1.1 0.0016
Fasting glucose (mmol/L) 6 M 4.8 ± 0.6 5.7 ± 0.9 0.0003
C—peptide (µg/L) baseline 2.5 ± 1 3.1 ± 1.2 0.0788
C—peptide (µg/L) 3 M 2.2 ± 0.8 2.8 ± 1.1 0.0447
C—peptide (µg/L) 6 M 2.4 ± 0.9 4 ± 2 0.0014
Immunoreactive insulin—IRI (mU/l) baseline 8.4 ± 6.2 7.8 ± 3.2 0.6887
Immunoreactive insulin—IRI (mU/l) 3 M 8.3 ± 6.8 7.9 ± 3.4 0.8063
Immunoreactive insulin—IRI (mU/l) 6 M 8.7 ± 4.7 9.7 ± 3.7 0.4374
HOMA-IR baseline 1.7 ± 1.3 1.8 ± 0.8 0.7601
HOMA-IR 3 M 1.8 ± 1.5 2.4 ± 1.2 0.1504
HOMA-IR 6 M 1.9 ± 1 2.5 ± 1.1 0.0653
Glycated hemoglobin—HbA1c (%) baseline 3.6 ± 0.4 3.8 ± 0.7 0.2512
Glycated hemoglobin—HbA1c (%) 3 M 3.6 ± 0.5 3.6 ± 0.5 1.0000
Glycated hemoglobin—HbA1c (%) 6 M 3.6 ± 0.5 3.9 ± 0.7 0.1094

Laboratory parameters—lipid profile

Cholesterol (mmol/L) baseline 5 ± 0.8 5.3 ± 1 0.2781
Cholesterol (mmol/L) 3 M 4.9 ± 0.8 5.1 ± 1 0.4679
Cholesterol (mmol/L) 6 M 4.8 ± 0.8 5.2 ± 1 0.1504
LDL—low-density lipoprotein (mmol/L)
baseline 2.8 ± 0.7 3.2 ± 0.8 0.0848

LDL—low-density lipoprotein (mmol/L) 3 M 2.8 ± 0.7 3 ± 0.9 0.4153
LDL—low-density lipoprotein (mmol/L) 6 M 2.7 ± 0.8 3.2 ± 0.8 0.0444
HDL—high-density lipoprotein (mmol/L)
baseline 1.5 ± 0.4 1.3 ± 0.4 0.1047

HDL—high-density lipoprotein (mmol/L) 3 M 1.5 ± 0.5 1.4 ± 0.5 0.5107
HDL—high-density lipoprotein (mmol/L) 6 M 1.5 ± 0.5 1.4 ± 0.4 0.4679
TAG—triglycerides (mmol/L) baseline 2 ± 1.4 2.2 ± 1 0.5885
TAG—triglycerides (mmol/L) 3 M 1.5 ± 0.9 1.8 ± 0.7 0.2240
TAG—triglycerides (mmol/L) 6 M 1.7 ± 0.8 2 ± 0.9 0.2492

M—month; eGFR—estimated glomerular filtration rate; CKD-EPI—chronic kidney disease—epidemiology col-
laboration; HOMA-IR—homeostatic model assessment for insulin resistance, LDL—low-density lipoprotein;
HDL—high-density lipoprotein; TAG—triglycerides.
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Figure 1. The distribution of the study file according to the cause of renal failure. ADPKD—autosomal
dominant polycystic kidney disease; GNF—glomerulonephritis; TIN—tubulointerstitial nephritis.

In an intervention group of 22 patients, 15 practiced isolated aerobic training and
7 combined types of training. Cycling, running, brisk walking, swimming, hiking, and
weight training have been practiced.

In addition to comparing the observed parameters between the two groups at the
specified time points, we also evaluated the development of these parameters in the
individual groups during the study period. We found no significant difference in the
development of body weight, BMI, waist circumference, creatinine level, eGFR, proteinuria,
vitamin D, hemoglobin, c-peptide, immunoreactive insulin, HbA1c, cholesterol, LDL, HDL,
and triacylglycerols for a 6-month follow-up in both groups. On the other hand, we found
a significant difference in the fasting glucose (p = 0.0227) and HOMA-IR index (p = 0.0202)
in the control group.

By analyzing the oGTT at the end of the follow-up, we observed differences in the
incidence of glucose metabolism disorders (Figure 2).
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The patients in the control group had significantly fewer physiological oGTT results
compared to the intervention group (p < 0.0001). In the control group, we also identified
a significantly higher incidence of pre-diabetic conditions: impaired glucose tolerance,
fasting hyperglycemia (p = 0.0078), and diagnosed PTDM (p = 0.0212). Figure 3 shows a
more detailed analysis of oGTT in both groups. In the control group, the blood glucose
level was significantly higher at 30 min of the test (p = 0.0034) as well as after 120 min
(p = 0.0011) compared to the intervention group.
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4. Discussion

In our study, we discovered that regular physical activity of at least 150 min of
moderate intensity per week helped the patients in the intervention group prevent PTDM
development. After 6 months of follow-up, the patients in the control group who did not
practice such a level of regular physical activity developed significantly more often PTDM,
or a pre-diabetic condition (impaired glucose tolerance and fasting hyperglycemia).

Even though there is a lot of clear evidence that exercise can help prevent type 2 diabetes
and keep blood sugar levels under control in people who already have it, there is not a lot of
information on how important regular physical activity is for patients after KT [16]. In the
first intervention study in 2008, Sharif et al. pointed out that active lifestyle modification,
including physical training, resulted in improved 2 h postprandial blood glucose levels in
patients with already confirmed glucose intolerance [17]. In this case, however, it is more of
a therapeutic aspect of using physical activity than a preventive one. In 2015, the authors
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Karelis et al. conducted a randomized pilot study in patients 6–8 weeks after KT who
underwent strength training for 16 weeks. A total of 20 patients, divided 1:1 between the
intervention and passive groups, had their physical and cardiometabolic attributes assessed,
including the risk of developing PTDM, and completed follow-up. After 16 weeks of follow-
up, the group of subjects showed no significant differences in metabolic or anthropometric
parameters, and oGTT found no lower incidence of PTDM. This work’s limitation lies in
its use of isolated strength training, despite the recommendation for aerobic or combined
activity to prevent metabolic disorders. These patients underwent three trainings per
week, with only one under the supervision of a gym trainer and the other two undergoing
treatment at home using an elastic band, thus lacking an objective of sufficient intensity and
duration of training. Additionally, the study included patients who were very shortly after
KT, did not have stable serum levels, and were on daily doses of immunosuppressive drugs
with frequent adjustments, potentially impacting glucose metabolism parameters [18].
Under the proactive supervision of a team of experts, the randomized prospective study
CAVIAR (Comparing Glycemic Benefits of Active Versus Passive Lifestyle Intervention in
Kidney Allograft Recipients) demonstrated that post-KT recipients can modify their lifestyle
to improve their cardiometabolic risk profile. The study randomly assigned 130 patients
to the active and passive intervention groups. A renal dietitian led the active intervention
using a behavioral change technique, specifically focusing on adjusting eating habits.
Additionally, the dietitian promoted an exercise program to enhance physical activity and
encouraged participants to maintain an exercise diary to track their progress. We identified
no effect of active intervention on the primary endpoints—insulin secretion, sensitivity, and
disposition index—during the 6-month follow-up period. On the other hand, this group
showed improvement in secondary endpoints, such as a significant reduction in body
weight and fat mass. In this study, the development of PTDM showed a clinically declining
trend in the intervened recipients after KT but did not reach statistical significance [19]. In
contrast to our study, we did not actively intervene in the dietary regime, instead placing
more emphasis on it. Simultaneously, these patients lacked the minimum required level
(duration and intensity) of physical training and did not undergo objective monitoring
using physical performance-sensing devices. In a prospective monocentric study of a
sample of 650 recipients, Byambasukh et al. assessed the effect of physical activity on the
development of PTDM, cardiovascular mortality, and overall mortality at least one year
after KT. The total follow-up was 5.3 years. Mild (4.0–6.5 MET) to intense (≥6.5 MET)
sports activities were applied to the subjects. Mild to intense extracurricular physical
activity has been associated with a reduced risk of developing PTDM and cardiovascular
and overall mortality, regardless of age, gender, baseline renal parameters, transplant
characteristics, and other lifestyle habits. However, after adjusting for immunosuppressive
therapy, metabolic and anthropometric parameters, and baseline blood glucose levels,
this physical load was no longer associated with PTDM. The authors used a validated
SQUASH questionnaire to determine regular physical performance during follow-up. Only
leisure sports and activities performed while commuting to work in minutes per week were
evaluated. We did not include physical activity that occurred during work. The results also
found a relatively high group of inactive patients, up to 38%. The limitation in this case,
as in other previous studies, is the patients subjectively assessed physical activity. On the
other hand, the strong point is a sufficiently long follow-up [20].

In our study, we followed the 2012 Kidney Disease: Improving Global Outcome
(KDIGO) guidelines for CKD investigation and management, which recommend that these
patients perform at least 30 min of moderate aerobic physical activity five times per week,
adjusting to their cardiovascular health and tolerance [21]. Our findings on how to stop
PTDM are in line with what the American Diabetes Association (ADA) says should be done
for all high-risk patients and people with prediabetes to stop or delay the development
of DM [22]. These PTDM prevention results complement and support the first phase of
our study’s evaluation, where we demonstrated a significant effect of regular physical
activity on reducing the development of pre-diabetic conditions, insulin resistance, and
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fasting hyperglycemia. A multivariate analysis using the Cox proportional hazard model
demonstrated a significantly higher incidence of insulin resistance, as measured by the
HOMA-IR index, in the control group after 6 months of follow-up (p = 0.0202), and fasting
hyperglycemia after 3 months of follow-up (p = 0.0279). Only a univariate comparison
revealed the impact on anthropometric parameters (waist circumference) and graft function,
as expressed by eGFR, between the two groups [23]. One potential contributing factor
to the significant difference in the incidence of PTDM and pre-diabetic conditions could
have been the significantly different time since KT. As part of the inclusion criteria, we
determined a time of at least 3 months from KT, since by that time all the patients have
stable levels, a dose of maintenance immunosuppression, and normal graft function. A
recent international consensus of experts in the field of PTDM recommends performing a
diagnosis of PTDM 10–13 weeks after KT, which our criteria agree with [24]. On the other
hand, a proportion of patients diagnosed early after KT could have a potentially reversible
disorder and, in the future, will require confirmation at least 1 year after KT. Upon analyzing
the patients, we found that five patients in the control group received a diagnosis within
a year, while three others received a diagnosis within 6 months of KT. The second factor
could be some degree of predisposition, which we did not identify before the study because
of the higher basal glycemia in the control group compared with the intervention group.
However, we could not identify potential risks before inclusion because all the patients had
physiological fasting glycemia at baseline, and there was no difference in anthropometric
parameters or other glucose metabolism parameters (HOMA-IR, immunoreactive insulin,
c-peptide, and HbA1c). Furthermore, prior to the study entry, all the enrolled patients had
a negative oGTT test, although the study protocol did not include this test. However, the
patients did not have this test performed at the same time point, which ranged from 3 to
12 months. The patients who were shortly post-transplant had it performed just before the
KT; conversely, some patients who were longer post-transplant may have had an oGTT
12 months ago. Another potential factor may be the unequal level of the physical activity
of the patients between the groups before the start of the study, as we did not objectively
ascertain their exact average activity before the study. Only at the baseline visit did we
ascertain the level of physical activity through an interview, concluding that three-quarters
of the participants in both groups did not meet the threshold of 150 min of physical activity
per week. The patients in the study group were determined to persevere for the entire
period; the investigators kept in regular contact with them and motivated them. Those
who did not take up a particular sport (e.g., running, swimming, or cycling) practiced daily
brisk walking.

Our study has limitations in terms of the total length of follow-up and the size of the
examined sample. On the other hand, given that this is a pilot study evaluating physical
activity in a transplanted population by objective measurement using sports bracelets,
we consider the number of subjects involved to be appropriate. We need larger, ideal
multicenter and randomized studies in the future to confirm these findings. With our
findings, we aim to reduce the high incidence of PTDM and other metabolic complications
after KT by strictly implementing these measures into the regimen early in the post-
transplant period, ideally within 3 months of the operation. Furthermore, we require
specific data to formulate lifestyle recommendations for kidney recipients, encompassing
not only physical activity but also dietary measures.

5. Conclusions

Our study’s findings emphasize the importance of incorporating regular physical
activity into preventable measures for postoperative glucose metabolism disorders. Car-
rying out regular aerobic or combined training lasting at least 150 min a week provided
our intervening recipients after KT with significant prevention of PTDM or pre-diabetic
conditions after only 6 months.

Post-transplant diabetes mellitus is a serious complication after KT with a negative
impact on long-term graft survival as well as cardiovascular and overall mortality. When
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potential recipients arrive at a KT, they already show signs of metabolic syndrome, which
is a significant risk factor for the later onset of PTDM, especially in the field of combi-
nation immunosuppressive therapy. It is, therefore, necessary to include this type of
non-pharmacological intervention in combination with dietary measures as soon as the
patient’s general condition, surgical wound healing, and the development of graft function
allow, ideally 3 months after KT.
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Abstract: Background and Objectives: There is a lack of studies examining balance problems and
Achilles tendon thickness in prediabetes despite their common occurrence in diabetes mellitus. The
aim of this study was to evaluate Achilles tendon size and static and dynamic balance, as well as the
role of the Achilles tendon in balance, in prediabetic patients. Materials and Methods: A total of 96 par-
ticipants were divided into three groups: (1) the control group, consisting of participants without
diabetes mellitus; (2) the prediabetes group; and (3) the diabetes mellitus group. Ultrasonographic
measurements of Achilles tendon sizes (thickness, width and area) were performed. Dynamic balance
was assessed using the Berg Balance Scale, and static balance (the Fall and Stability Indices) was
assessed using a Tetrax device. The Self-Leeds Assessment of Neuropathic Symptoms and Signs was
utilized to identify neuropathic pain. Results: In the prediabetes group, the median dynamic balance
scores [54.0 (51.0–56.0)] were lower than those of the control group [55.0 (54.0–56.0)] but higher than
those of the patients with diabetes mellitus [52.50 (49.0–54.25)]; however, this difference did not reach
statistical significance. The ultrasonographic measurements of the Achilles tendon size were similar
among the three groups. On the other hand, in the prediabetes group, a positive correlation was
observed between the bilateral Achilles tendon anterior–posterior thickness and Fall Index score
(p = 0.045), while a negative correlation was found between the left Achilles tendon anterior–posterior
thickness and the Berg Balance Score (p = 0.045). Conclusions: In prediabetes, neither Achilles tendon
size nor static or dynamic balance appears to be significantly affected. However, in prediabetic
patients, increased Achilles tendon thickness appears to be associated with increased risk of falls and
decreased balance.

Keywords: Achilles tendon; balance; dynamic balance; prediabetes; static balance

1. Introduction

Multiple mechanisms contribute to controlling balance, including reactive, anticipa-
tory, sensory and dynamic factors; the limits of the balance system; and physiological
factors, such as the vestibular, visual and proprioceptive systems; muscle strength; reac-
tion time; and the ankle and foot complex [1]. All these play crucial roles in maintaining
balance [2]. Type 2 diabetes mellitus (DM) frequently induces changes that impact the
somatosensory, vestibular and visual systems and lead to a high incidence of falls because
of inadequate balance [3–5].

Previous studies have shown that patients with DM have had several changes in the
ankle and foot complex [1,6], and the biomechanical characteristics of the ankle and foot
complex have been reported to correlate with postural control in individuals with DM and
be associated with vestibular inputs [1]. The Achilles tendon has been shown to be thicker
in DM [1,7,8], while increases in the thickness of the Achilles tendon have been associated
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with the capacity of patients with DM to rely primarily on vestibular inputs for maintaining
balance in the event of disrupted somatosensory input [1].

Prediabetes affects a wide section of the population and typically occurs for a signifi-
cant period before the onset of DM. At the point of diagnosis, many patients already exhibit
microvascular and macrovascular complications [9,10]. Individuals with prediabetes expe-
rience not only elevated peak glucose levels but also prolonged hyperglycemia due to their
concurrent insulin resistance [11]. The latter triggers numerous metabolic processes, lead-
ing to endoneurial hypoxia and altering nerve perfusion, especially in glucose-dependent
tissues such as the peripheral nerves and vestibular system. Furthermore, persistent hy-
perglycemia can result in muscle weakness, joint stiffness and premature degenerative
alterations in the brain. On the other hand, it has been suggested that the thickening of the
collagenous component, attributed to non-enzymatic glycation due to hyperglycemia, may
be a factor contributing to the thickness of the Achilles tendon, which has been reported
to be associated with vestibular inputs [1]. If persistent hyperglycemia disrupts balance
through all the mechanisms described above, it is conceivable that impairment of balance
and thickness of the Achilles tendon may also occur during the prediabetic period. Early
detection of complications is important to reduce negative effects on patients’ quality of
life not only in the DM stage but also at the prediabetic stage. In the literature, other
musculoskeletal problems, such as carpal tunnel syndrome, have been reported to be more
common in prediabetes [12]. Curiosity has been expressed about the Achilles tendon,
particularly whether it is affected during the prediabetic period and its role in balance.
However, to our knowledge, there has, as of now, been no study that has investigated
balance, changes to the Achilles tendon or the role of the Achilles tendon in balance in the
prediabetic period.

An emerging hypothesis states that Achilles tendon thickening and balance impair-
ment may occur during the prediabetic period, which is considered to be the early stages
of DM, and that the former may disrupt balance.

The primary aim of this study was to evaluate Achilles tendon size and static and
dynamic balance in the prediabetic stage by comparing these factors in an appropriate
group with those in the DM and control groups, while the secondary aim was to explore
the correlation between the Achilles tendon size and static and dynamic balance.

2. Materials and Methods
2.1. Ethical Considerations

This trial was conducted in accordance with the ethical principles outlined in the
1964 Declaration of Helsinki, ensuring the protection of participants’ rights and well-being.
Approval was obtained from the local ethics committee, with decision number 45, dated
17.01.23. Prior to participation, written informed consent was obtained from all participants
after they were fully informed about this study’s purpose, procedures, potential risks and
benefits. Ethical considerations, including the confidentiality of participant data and the
voluntary nature of participation, were strictly upheld throughout this study.

2.2. Participants and Measurements

This cross-sectional study was conducted with 96 participants who were admitted to a
Physical Medicine and Rehabilitation outpatient clinic between February and November
2023. They were divided into three groups: (1) the control group (those who were neither
prediabetic nor diabetic; (2) the prediabetes group (prediabetic patients); and (3) the DM
group (patients with Type 2 DM).

The demographic data of the participants were collected, including age, sex, body
mass index (BMI) and duration of the disease. The laboratory data included HbA1c (%)
and fasting plasma glucose (FPG) levels during the most recent three months.

Diagnosis of Type 2 DM was confirmed through patients’ medical records. Patients
with an FPG of ≥126 mg/dL or 75 g oral glucose tolerance test that resulted in second-hour
plasma glucose of ≥200 mg/dL and HbA1c ≥ 6.5% were included in the DM group.
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Diagnosis of prediabetes was also confirmed through patients’ medical records. Pa-
tients with an FPG of 100–125 mg/dL or 75 g oral glucose tolerance test that resulted
in second-hour plasma glucose of 140–199 mg/dL and HbA1c values of 5.7–6.4% were
included in the prediabetes group.

The patients in the control group had an FPG of <100 mg/dL or 75 g oral glucose
tolerance test that resulted in second-hour plasma glucose of <140 mg/dL and HbA1c
values of <5.7% [13].

The final inclusion criterion for participation in this study was being between 40 and
65 years old. This age range was selected to focus on the adult population, as balance
values can differ significantly between younger and geriatric populations.

Patients meeting any of the following criteria were excluded from this study: ex-
tremity amputation; vitamin B12 deficiency (all participants had documented B12 levels
in the patient file system); Type 1 DM, prior exposure to neurotoxic agents; peripheral
neuropathy for reasons such as chronic kidney failure, liver failure or hypothyroidism;
hereditary or inflammatory peripheral neuropathies; neuromuscular diseases; malignan-
cies; anti-neuropathic drug usage; radiculopathy; nerve trauma or surgery; vasculitis and
autoimmune disorders; peripheral vascular disease; pregnancy; vestibular and cerebellar
problems; history of lower extremity surgery; presence of medication affecting balance;
history of alcoholism; and presence of visual impairment.

The Self-Leeds Assessment of Neuropathic Symptoms and Signs (S-LANSS) is a
questionnaire consisting of seven items with Turkish validity and reliability. It is utilized
to identify neuropathic pain. The S-LANSS was applied to all participants. The original
S-LANSS, with a cut-off of ≥12, was considered indicative of the presence of neuropathic
pain [14,15].

Ultrasonographic measurements of the Achilles tendon were taken using a Samsung
Sonoace X7 ultrasound system (Samsung Medison Co., Ltd., Seoul, Republic of Korea)
equipped with an 8–13 MHz linear transducer. After assuming a prone position on the
examination table, each participant placed their feet against the wall and flexed their ankles
to ensure optimal contact between the probe and the tendon. Measurements were taken
separately on the right and left sides for each participant. Initially, the probe was positioned
perpendicularly to the long axis of the tendon for an axial plane assessment, followed
by measurements of the thickness (anterior–posterior), width (medial–lateral) and area
at the level of the medial malleolus. The thickness and width measurements utilized the
tendon’s major axes, while the area measurements were automatically calculated by the
device through continuous tracing of the tendon circumference in the same section [16]. All
sonographic measurements were performed by a sonographer with 5 years of experience
in musculoskeletal ultrasound (Figure 1).

Dynamic balance was evaluated with the Berg Balance Test, which consists of 14 dif-
ferent questions evaluating the maintenance of static positions during changes in the center
of body mass. Each participant was observed by a physician while performing the relevant
activities, and the participants were given scores from 0 to 4. A score of 4 represented the
activity being performed without any support, while 0 indicated the need for full support or
the inability to perform the activity at all. The highest total score obtainable was 56, which
represented excellent balance [17,18]. The test was performed only once per participant. To
ensure accurate and reliable results, the following considerations were made: Participants
were given sufficient rest before the test to avoid fatigue, which could have impacted
balance performance. The test was conducted in a comfortable and distraction-free environ-
ment to facilitate optimal performance. Additionally, the purpose and instructions thereof
were clearly explained to the participants to ensure they fully understood the procedure.
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Figure 1. Ultrasound Imaging of the Achilles Tendon. The small image demonstrates the positioning 
of the ultrasound probe, placed perpendicular to the long axis of the Achilles tendon to obtain an 
axial plane at the level of the medial malleolus. The larger image depicts the measurements of the 
Achilles tendon, including thickness (anterior-posterior dimension, labeled as 1) and width (medial-
lateral dimension, labeled as 2). 

A Tetrax device (Tetrax-Sunlight Medical Ltd., Ramat Gan, Israel) was used to assess 
static balance. After the device was calibrated, each participant was positioned on the 
platform and subjected to tests in eight different positions. For each position, a test 
measurement was made for a duration of 32 s, totaling approximately 5 min. The normal 
eyes-open position was taken as a reference. The effects of vision on balance were 
observed in the eyes-closed position. When a participant was in the eyes-open position on 
a pillow, foam rubber pads limited the somatosensory system. In the eyes-closed position 
on a pillow, only the vestibular system functioned and was tested. With the head turned 
to the right and left in the eyes-closed position, both the vestibular and somatosensory 
systems were examined. In the eyes-closed position with the head tilted 30 degrees 
backward, the effects of central and peripheral vestibular disorders were observed. 
Balance was dependent on the back of the heels and the lower vertebrae in this position. 
Conversely, in the eyes-closed position with the head tilted 30 degrees forward, there was 
a load on the upper vertebrae and neck. Following the measurements, the same device 
was used to calculate the Fall and Stability Indices [19]. 

2.3. Statistical Analysis 
A power analysis was conducted to determine the minimum required sample size 

for this study using the G*Power software, version 3.1.9.4 (Franz Faul, Universität Kiel, 
Düsseldorf, Germany). Based on the statistical findings from the reference publication, 
when the effect size (d) for the percentage change in the left Achilles tendon thickness 

Figure 1. Ultrasound Imaging of the Achilles Tendon. The small image demonstrates the positioning
of the ultrasound probe, placed perpendicular to the long axis of the Achilles tendon to obtain an axial
plane at the level of the medial malleolus. The larger image depicts the measurements of the Achilles
tendon, including thickness (anterior-posterior dimension, labeled as 1) and width (medial-lateral
dimension, labeled as 2).

A Tetrax device (Tetrax-Sunlight Medical Ltd., Ramat Gan, Israel) was used to assess
static balance. After the device was calibrated, each participant was positioned on the
platform and subjected to tests in eight different positions. For each position, a test measure-
ment was made for a duration of 32 s, totaling approximately 5 min. The normal eyes-open
position was taken as a reference. The effects of vision on balance were observed in the
eyes-closed position. When a participant was in the eyes-open position on a pillow, foam
rubber pads limited the somatosensory system. In the eyes-closed position on a pillow,
only the vestibular system functioned and was tested. With the head turned to the right
and left in the eyes-closed position, both the vestibular and somatosensory systems were
examined. In the eyes-closed position with the head tilted 30 degrees backward, the effects
of central and peripheral vestibular disorders were observed. Balance was dependent on
the back of the heels and the lower vertebrae in this position. Conversely, in the eyes-closed
position with the head tilted 30 degrees forward, there was a load on the upper vertebrae
and neck. Following the measurements, the same device was used to calculate the Fall and
Stability Indices [19].

2.3. Statistical Analysis

A power analysis was conducted to determine the minimum required sample size for
this study using the G*Power software, version 3.1.9.4 (Franz Faul, Universität Kiel, Düs-
seldorf, Germany). Based on the statistical findings from the reference publication, when
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the effect size (d) for the percentage change in the left Achilles tendon thickness parameter
was taken as 5.0 and the standard deviation (SD) was taken as 0.1, the number of samples
determined for power = 1.00 and α = 0.05 had minimums of n1= 22, n2 = 23 and n3 = 30 for
each subgroup, respectively [20]. Considering the exclusion criteria, 30 participants were
planned to be enrolled in each group.

In this study, the Shapiro–Wilk normality test was applied to the continuous vari-
ables. Descriptive statistics were presented as mean ± standard deviation (SD) and median
(25th–75th percentiles), and categorical variables were presented as frequency and percent-
age. The independent samples t-test and one-way analysis of variance (ANOVA) were
conducted for normally distributed variables. The Tukey and Tamhane Multiple Com-
parison tests were utilized to test differences among groups. The Mann–Whitney U and
Kruskal–Wallis tests were applied for non-normally distributed variables, with Dunn’s
Multiple Comparison Test used for intergroup differences. The Chi-square test was applied
for categorical variables. The Spearman correlation coefficient was employed to examine
correlation (a coefficient of <0.1: negligible correlation; 0.1–0.39: weak; 0.4–0.69: moderate;
0.7–0.89: strong; and ≥0.9: very strong) [21]. The significance level was set at p < 0.05.
Statistical analyses were performed using the IBM SPSS Statistics 21.0 program (SPSS Inc.,
Chicago, IL, USA).

3. Results

Two patients were excluded due to chronic kidney failure, one patient was excluded
due to a history of malignancy and three patients were excluded due to anti-neuropathic
drug usage. Considering the inclusion and exclusion criteria, 90 patients, 72 females and
18 males, with a mean age of 53.06 ± 7.33, were accepted to our study.

The demographic characteristics of the three groups are shown in Table 1. Seven
(23.3%) of the 30 patients with DM were using insulin, while twenty-eight (93.3%) of them
were using oral anti-diabetic drugs. In the prediabetes group, only eight (26.7%) patients
were using oral anti-diabetic drugs. None of the patients had a foot ulcer.

Table 1. Demographic and laboratory data of all groups.

Control Group
n = 30

Median (25–75%)

Prediabetes Group
n = 30

Median (25–75%)

DM Group
n = 30

Median (25–75%)
p-Value

Demographic data
Age (years) 52.0 (44.75–58.25) 55.0 (45.75–59.0) 56.0 (48.75–60.0) 0.495

Sex (Female/Male) n % 24 (80%)/6 (20%) 25 (83.3%)/5 (16.7%) 23 (76.7%)/7 (23.3%) 0.812
BMI 1 (kg/m2) 27.16 ± 4.11 31.67 ± 6.01 * 29.66 ± 4.18 0.002

Disease duration (months) 0 (0–0) 27.0 (3.0–48.0) a 84.0 (36.0–171.0) <0.001
Laboratory data

HbA1c (%) 5.55 (5.37–5.60) 5.95 (5.77–6.10) ◦ 7.0 (6.57–8.72) <0.001
Fasting glucose levels (mg/dL) 89.5 (83.0–95.0) 96.0 (91.5–101.75) ± 133.0 (118.0–145.0) <0.001

1 Mean ± SD (DM: Diabetes Mellitus). * The Prediabetes Group was significantly different from the Control Group
(p = 0.004). a The Prediabetes Group was significantly different from the DM Group (p < 0.001). ◦ The Prediabetes
Group was significantly different from the DM Group (p < 0.001) and the Control Group (p < 0.001). The DM
Group was significantly different from the Control Group (p < 0.001). ± The Prediabetes Group was significantly
different from the DM Group (p < 0.001) and the Control Group (p = 0.019). The DM Group was significantly
different from the Control Group (p < 0.001).

None of the control group participants, only one patient in the prediabetes group and
only one patient in the DM group had an S-LANSS score greater than 12. This means that
almost all the patients had an S-LANSS score lower than 12. A comparison of the static and
dynamic balance parameters among the three groups showed that only the Berg Balance
Score was significantly lower in the DM group than in the control group (p = 0.001) (Table 2).
In the patients with prediabetes, the median dynamic balance scores [54.0 (51.0–56.0)] were
lower than those of the control group [55.0 (54.0–56.0)] but higher than those of the patients
with DM [52.50 (49.0–54.25)]; however, this difference did not reach statistical significance.
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Moreover, the ultrasonographic measurements of Achilles tendon size was similar among
the three groups (Table 3).

Table 2. Comparison of S-LANSS, the static and dynamic balance parameters among prediabetes,
diabetes and control groups.

Control Group
n = 30

Median (25–75%)

Prediabetes Group
n = 30

Median (25–75%)

DM Group
n = 30

Median (25–75%)
p-Value

S-LANSS 1 0 (0–0) 0 (0–6) * 5.5 (1–8) <0.001
Static Balance

Stability Index (eyes open) 10.15 (8.77–12.37) 11.70 (9.15–14.42) 12.01 (10.45–15.77) 0.075
Stability Index (eyes closed) 17.10 (11.82–21.59) 17.85 (14.10–23.40) 19.25 (14.42–23.90) 0.251

Fall Index 21 (7.5–32.5) 24.0 (14.0–37.5) 21.0 (9.50–42.50) 0.624
Dynamic Balance
Berg Balance Score 55.0 (54.0–56.0) 54.0 (51.0–56.0) 52.50 (49.0–54.25) ◦ 0.001

1 S-LANSS: The Self-Leeds Assessment of Neuropathic Symptoms and Signs (DM: Diabetes Mellitus). * The
Prediabetes Group was significantly different from the Control Group (p = 0.006) and the DM Group (p = 0.008).
The DM Group was significantly different from the Control Group (p < 0.001). ◦ The DM Group was significantly
different from the Control Group (p = 0.001).

Table 3. Comparison of the ultrasonographic measurement of the Achilles tendon among prediabetes,
diabetes, and control groups.

Control Group
n = 30

Median (25–75%)

Prediabetes Group
n = 30

Median (25–75%)

DM Group
n = 30

Median (25–75%)
p-Value

Ultrasonographic Measurements
of Achilles Tendon (mm)

Thickness 1 (A-P) (R) 0.48 ± 0.08 0.50 ± 0.08 0.48 ± 0.07 0.547
Thickness (A-P) (L) 0.45 (0.40–0.50) 0.45 (0.41–0.53) 0.47 (0.43–0.50) 0.400

Width (M-L) (R) 1.24 (1.17–1.35) 1.31 (1.21–1.48) 1.30 (1.19–1.38) 0.327
Width 1 (M-L) (L) 1.28 ± 0.12 1.32 ± 0.17 1.28 ± 0.16 0.586

Area (R) 0.51 (0.44–0.60) 0.56 (0.46–0.70) 0.51 (0.47–0.58) 0.179
Area 1 (L) 0.51 ± 0.11 0.55 ± 0.13 0.53 ± 0.09 0.433

1 Mean ± SD, (DM: Diabetes Mellitus, R: Right, L: Left, A-P: Anterior–posterior, M-L: Medio–lateral,
mm: millimeters).

In the DM group, a weak positive correlation was found between BMI and the bilateral
Achilles tendon medio–lateral width (right side: p = 0.034, r = 0.388; left side: p = 0.042,
r = 0.374). On the other hand, in the control group, a moderate negative correlation was
found between BMI and Berg Balance Score values (p < 0.001, r = −0.658). In the prediabetes
group, a moderate negative correlation was found among age (p = 0.002, r = −0.549), BMI
(p = 0.003, r = −0.527) and the Berg Balance Score. In the same group, a weak positive
correlation was observed among age, the bilateral Achilles tendon anterior–posterior
thickness and the Fall Index score (right: p = 0.045, r = 0.368; left: p = 0.045, r = 0.369).
Additionally, a weak negative correlation was found between the Berg Balance Score and
the left Achilles tendon anterior–posterior thickness (p = 0.045, r = −0.369). In the DM
group, a moderate negative correlation was observed between age and the Berg Balance
Score (p = 0.025, r = −0.409), while a moderate positive correlation was observed between
age and the Fall Index score (p = 0.007, r = 0.478) (Table 4).
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Table 4. Correlation analysis among age, body mass index, ultrasonographic measurements of the
Achilles tendon and static/dynamic balance scores.

Control Group
n = 30

Prediabetes Group
n = 30

DM Group
n = 30

Dynamic
Balance (Berg
Balance Score)

Static Balance
(Fall Index)

Dynamic
Balance (Berg
Balance Score)

Static Balance
(Fall Index)

Dynamic
Balance (Berg
Balance Score

Static
Balance

(Fall Index)

Age (years) p = 0.122 p = 0.372 p = 0.002 p = 0.038 p = 0.025 p = 0.007
r = −0.288 r = 0.169 r = −0.549 r = 0.381 r = −0.409 r = 0.478

Body Mass Index
(kg/m2)

p < 0.001 p = 0.930 p = 0.003 p = 0.181 p = 0.840 p = 0.456
r = −0.658 r = 0.017 r = −0.527 r = 0.251 r = −0.039 r = 0.141

Ultrasonographic
Measurements of
Achilles Tendon

(mm)

Thickness (A-P) (R)
p = 0.515 p = 0.404 p = 0.330 p = 0.045 p = 0.889 p = 0.774

r = −0.124 r = 0.158 r = −0.184 r = 0.368 r = −0.027 r = 0.055

Thickness (A-P) (L)
p = 0.423 p = 0.676 p = 0.045 p = 0.045 p = 0.902 p = 0.422

r = −0.152 r = 0.080 r = −0.369 r = 0.369 r = −0.023 r = 0.152

Width (M-L) (R)
p = 0.388 p = 0.987 p = 0.394 p = 0.594 p = 0.925 p = 0.478

r = −0.164 r = 0.003 r = 0.161 r = −0.101 r = −0.018 r = 0.135

Width (M-L) (L)
p = 0.297 p = 0.972 p = 0.593 p = 0.813 p = 0.595 p = 0.489

r = −0.197 r = −0.007 r = 0.102 r = −0.045 r = −0.101 r = 0.131

Area (R)
p = 0.518 p = 0.707 p = 0.965 p = 0.527 p = 0.889 p = 0.889

r = −0.123 r = 0.072 r = 0.008 r = 0.120 r = 0.027 r = 0.027

Area (L)
p = 0.503 p = 0.970 p = 0.874 p = 0.585 p = 0.736 p = 0.889

r = −0.127 r = −0.007 r = −0.030 r = 0.104 r = −0.064 r = 0.027

DM: Diabetes Mellitus, R: Right, L: Left, A-P: Anterior–posterior, M-L: Medio–lateral, mm: millimeters.

4. Discussion

To the best of our knowledge, there is currently no documentation on whether the
significant impairment of balance and Achilles tendon thickness observed in the diabetic
stage are also present in the prediabetic stage.

The present study showed that in patients with prediabetes, the median dynamic
balance scores were lower than those of the control group but higher than those of patients
with DM; however, this difference did not reach statistical significance. This finding was
consistent with the characteristic features of prediabetes, which typically include blood
glucose levels that are above normal but below the thresholds for diabetes. Considering
that the dynamic balance scores of the DM and prediabetes groups were found to be
similar in our study, it cannot be concluded that dynamic balance is unimpaired in the
prediabetes period. Further research with more sensitive assessment parameters is needed
in this regard.

The static balance measurements, including the Fall and Stability Indices, with eyes
both open and closed, were found to be similar across the three groups. Static balance
did not appear to be affected in the patients with prediabetes or diabetes, who primarily
presented without neuropathic pain. Nearly all the participants included in this study
had an S-LANSS score below 12, indicating a minimal presence of neuropathic pain. This
finding aligns with the existing literature. Previous studies have shown that neuropathy,
which plays a role in the deterioration of balance, occurs not only in the diabetic stage
but also in the prediabetic stages [22]. Palma et al. [23] conducted a comparison of static
balance in Type 2 DM patients, both with and without neuropathy, and reported that
static balance was worse in the former. In addition, Lim et al. [24] reported worse static
balance scores in patients with diabetic polyneuropathy than in patients with diabetes but
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no polyneuropathy. In diabetic polyneuropathy, the presence of factors such as decreased
proprioception, weakened muscles and reduced somatosensory function explains the
deterioration of balance. If the S-LANSS scores of most of the patients in our DM and
prediabetes groups had not been below 12, or if neuropathic patients had been predominant
in our study, the static balance values of the diabetes and prediabetes groups could have
been worse.

In the present study, neither the DM group nor the prediabetes group exhibited
thickening of the Achilles tendon, which is the part of the ankle and foot complex that
correlates to postural control and vestibular inputs [1]. Most of the Achilles tendon size
parameters were higher in the prediabetes group than in the DM and control groups;
however, this result did not reach statistical significance. If the number of participants in
this study had been higher, we believe that a statistically significant difference could have
been found. This result may have contributed to higher BMIs in prediabetes patients, as
the increase in mechanical load on the foot, often observed in individuals with DM due
to their higher body masses [25], is thought to play a role in the thickness of the Achilles
tendon. In addition, BMI was positively correlated with Achilles tendon width in the DM
group. In contrast to the findings of the present study, Achilles tendon thickness has been
consistently associated with Type 2 DM in many studies [1,7,8]. Most have clarified this
association by attributing it to neuropathy [8,26]. Evranos et al. [8] reported that Achilles
tendon thickness values were significantly higher in diabetic patients with foot ulcers than
in diabetic patients without foot ulcers and the control group. They also reported similar
results to our findings between diabetic patients without foot ulcers and the control group.
In our study, none of the patients had a foot ulcer, and the number of patients showing
neuropathy symptoms was minimal.

In the literature, Achilles tendon size has been reported to be correlated with postural
control in DM [1]. To our knowledge, this issue has not yet been investigated in prediabetes.
In our study results, for the prediabetes patients, a positive correlation was observed
between the bilateral Achilles tendon anterior–posterior thickness and the Fall Index score
(which shows impaired static balance). Furthermore, in prediabetes patients, a negative
correlation was found between the left Achilles tendon anterior–posterior thickness and the
Berg Balance Score (which shows impaired dynamic balance). These results showed that
not only age and BMI but also Achilles tendon thickness affect balance in the prediabetic
stage. On the other hand, no correlation was found between static and dynamic balance
and the Achilles tendon parameters in the control and DM groups. In DM, polypharmacy,
muscle weakness of ankle dorsiflexion, and micro- and macrovascular complications, such
as neuropathy and retinopathy [27], are all factors that affect balance and increase the risk of
falls [28]. Without these other risk factors, the thickening of the Achilles tendon may not be
significant or substantial enough to disrupt balance in overt diabetes by itself. However, in
prediabetes, Achilles tendon thickness was found to affect both dynamic and static balance.
Preventing the transition of patients from prediabetes to diabetes and ensuring that they
adhere to the correct diets and exercise regimens are invaluable in preventing balance from
being impaired. Monitoring Achilles tendon thickness using ultrasonography during the
prediabetic period may provide guidance in monitoring balance.

5. Conclusions

The main limitation of this study is the absence of neuropathic diabetic and prediabetic
groups due to the low S-LANSS scores of the patients participating in this study and the
small sample size. The lack of assessment of dynamic balance using the Biodex Balance
System or similar objective measurement tools is another. The biggest strength of the
present study is that it is, to the best of our knowledge, the first study that has evaluated
balance, Achilles tendon size and their relationship in the prediabetic stage. Balance was
assessed both statically and dynamically, and moreover, static balance was measured using
an objective tool. While the Berg Balance Scale offers advantages such as cost-effectiveness,
ease of administration and minimal training requirements, its limitations, including ceiling
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effects and inadequate prediction of falls during active movement, may affect its ability
to objectively measure balance in prediabetic patients. Therefore, more precise methods
are needed to accurately assess balance in this population. Future research should focus
on evaluating balance in prediabetic patients using advanced methodologies, such as
electromyographic studies, to explore the relationship among balance, Achilles tendon
size and neuropathy. Additionally, investigating alternative balance assessment tools
and interventions could provide further insights into improving fall risk prediction and
management in these patients.

In conclusion, in prediabetes, neither Achilles tendon size nor static or dynamic balance
appears to be significantly affected. In prediabetic patients, increased Achilles tendon
thickness appears to be associated with an increased risk of falls and decreased balance.
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Abstract: Background and Objectives: Hyperornithinemia–hyperammonemia–homocitrullinuria syn-
drome (HHH; OMIM 238970) is one of the rare urea cycle disorders. Ornithine carrier 1 deficiency
causes HHH syndrome, characterized by failure of mitochondrial ornithine uptake, hyperammone-
mia, and accumulation of ornithine and lysine in the cytoplasm. The initial presentation and time
of diagnosis in HHH highly varies. Genetic analysis is critical for diagnosis. Materials and Meth-
ods: This study encompassed retrospective and prospective analyses of four unrelated Vietnamese
children diagnosed with HHH syndrome. Results: The age of diagnosis ranged from 10 days to
46 months. All four cases demonstrated hyperornithinemia and prolonged prothrombin time. Three
out of four cases presented with hyperammonemia, elevated transaminases, and uraciluria. No
homocitrulline was detected in the urine. Only one case depicted oroticaciduria. Genetic analyses
revealed three pathogenic variants in the SLC25A15 gene, with the c.535C>T (p.Arg179*) variant
common in Vietnamese patients. The c.562_564del (p.Phe188del) and c.408del (p.Met137Cysfs*10)
variants were detected in one case. The latter variant has yet to be reported in the literature on HHH
patients. After intervention with a protein-restricted diet, ammonia-reducing therapy, and L-carnitine
supplementation, hyperammonemia was not observed, and liver enzyme levels returned to normal.
Conclusions: Our results highlighted the clinical and biochemical heterogeneity of HHH syndrome
and posed that HHH syndrome should be considered when individuals have hyperammonemia,
elevated transaminase, and decreased prothrombin time.

Keywords: HHH syndrome; SLC25A15 variant; Vietnamese patients; p.Arg179*; p.Phe188del;
p.Met137Cysfs*10

1. Introduction

Hyperornithinemia–hyperammonemia–homocitrullinuria syndrome (HHH; OMIM
238970) is a rare urea cycle disorder [1]. HHH syndrome elucidates 1–3.8% of urea cycle
disorders [2]. Ornithine carrier 1 deficiency causes HHH syndrome, characterized by failure
of mitochondrial ornithine uptake, hyperammonemia, and accumulation of ornithine
and lysine in the cytoplasm [1,3]. The carbamylation of increased cytoplasmic lysine
forms homocitrulline (ε-amino-carbamoyl-lysine). Patients display protein intolerance,
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episodic vomiting, growth retardation, hepatomegaly, liver failure, coagulopathy, and
neurological symptoms, including loss of consciousness, seizures, pyramidal signs, and
cognitive impairment with or without behavioral problems [4]. Camacho summarized data
from 122 patients with HHH syndrome and reported lethargy (62%), coma (33%), increased
liver enzymes (52%), and coagulation disorders (49%) [5]. A protein-restricted diet did not
affect long-term neurological impairments with pyramidal tract signs (75%), intellectual
disability (66%), and myoclonic epilepsy (34%). However, clinical manifestations and
age of disease onset can broadly vary among individuals, even in the same family [5].
The age of onset ranges from the neonatal period to adulthood. Those with neonatal
onset seem normal for the first 24–48 h, followed by the onset of symptoms associated
with hyperammonemia (poor feeding, vomiting, lethargy, low temperature, and rapid
breathing). Those with later onset may display chronic neurocognitive deficits and/or
unexplained seizures, spasticity, acute encephalopathy secondary to hyperammonemic
crisis, or chronic liver dysfunction.

Hyperornithinemia–hyperammonemia–homocitrullinuria (HHH) syndrome can be
diagnosed by mutations in the SLC25A15 gene and marked by elevated ammonia, ho-
mocitrulline, and ornithine levels [6]. HHH syndrome differs from other defects due to
high urinary homocitrulline and ornithine [7]. Hyperornithinemia is present in almost
all patients; however, a small proportion does not exhibit hyperammonemia and homoc-
itrullinuria. Therefore, genetic testing for SLC25A15 variants accompanied by at least one
of three metabolic traits, hyperornithinemia, hyperammonemia, and homocitrullinuria, is
pivotal for a definite diagnosis of HHH syndrome [8]. Early diagnosis improves clinical
outcomes [8]. Acute treatment of HHH syndrome is similar to other urea cycle disor-
ders, whereas long-term treatment of HHH syndrome is similar to carbamoyl phosphate
synthetase I and ornithine transcarbamylase deficiency [7]. Protein restriction, citrulline,
arginine, supplementation of essential amino acids, and sodium benzoate/sodium phenyl-
butyrate are required.

The pathogenic variants in the SLC25A15 gene, an autosomal recessive inheritance pat-
tern, cause hyperornithinemia–hyperammonemia–homocitrullinuria (HHH) syndrome [2].
The SLC25A15 gene is located on chromosome 13q14.11 and comprises seven exons encod-
ing for isoform 1 of the ornithine carrier ORC1 with a length of 301 amino acids [9]. The
substrate binding of the ORC1 includes Glu77, Arg179, and Glu180 residues, and the Asn74
and Asn78 are situated in the substrate binding pocket [10]. HHH syndrome has been more
frequently reported in French-Canadian, Italian, Japanese [11], and Palestinian [12]. The
major mutant alleles in the SLC25A15 gene included p.Phe188del and p.Arg179*, identi-
fied in 45% of HHH patients [13]. The pathogenic variant, p.Arg179*, was identified in
a 5-year-old Vietnamese boy who migrated to the USA [3,14]. In this study, we report
the phenotype, genotype, treatment, and outcome of four Vietnamese patients diagnosed
with HHH syndrome. To our knowledge, our study is the first report of HHH patients
in Vietnam.

2. Materials and Methods
2.1. Individuals

The study involved retrospective and prospective analyses of four unrelated Viet-
namese children diagnosed with HHH syndrome at the Center of Endocrinology, Metabolism,
Genetic/Genomics and Molecular Therapy, Vietnam National Children’s Hospital. Clini-
cal symptoms, including seizure, poor feeding, vomiting, lethargy, pyramidal signs, and
intellectual disability, were followed.

2.2. Biochemical Parameters

Biochemical investigations included plasma ammonia, amino and acyl acid profiles,
liver function, and coagulation.

Urinary organic acid analysis was conducted using gas chromatography–mass spec-
trometry (GC/MS). The urine specimen was soaked into two 2.5 cm × 2 cm blotting papers
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and subsequently dried naturally at room temperature for 4 h [15,16]. Then, the dried
blotting papers were folded into a 2.5 mL syringe and placed in a 10 mL test tube. Distilled
water (1.2 mL) was added to each tube and kept for 5 min. After centrifugation at 3000 rpm
for 5 min, the supernatant was collected and transferred into a new 1.5 mL Eppendorf tube.
We used two internal standards: margarate (MGA) and tetracosane (C24) (Sigma-Aldrich,
Saint Louis, MO, USA). The 20 µg of each internal standard was added to the urine sample.
Then, the distilled water was added to yield a final volume of 2 mL. One milliliter of 5%
hydroxylamine hydrochloride (Sigma-Aldrich, Saint Louis, MO, USA) was added after
adjusting the pH to 12–14 with 2N NaOH (Sigma-Aldrich, Saint Louis, MO, USA) and kept
at room temperature for 60 min to oximize 2-ketoacids. Then, the resulting solution was
acidified to pH 1.0 with 0.2 mL of 6N HCl (Sigma-Aldrich, Saint Louis, MO, USA), and 1 g
of NaCl (Sigma-Aldrich, Saint Louis, MO, USA) was added. The urinary organic acids were
extracted twice with 6 mL of ethyl acetate (Sigma-Aldrich, Saint Louis, MO, USA) and once
with 6 mL of diethyl ether (Sigma-Aldrich, Saint Louis, MO, USA). After centrifugation,
the organic layers were combined and dehydrated with 5 g of anhydrous sodium sulfate
(Sigma-Aldrich, Saint Louis, MO, USA). Then, the supernatant was removed and dried
with nitrogen at 60 ◦C. The extracted organic acids were derivatized by adding 100 µL of a
mixture of N, O-bis(trimethylsilyl) trifluoroacetamide (BSTFA), and trimethylchlorosilane
(TMCS) (10:1, v/v) (Sigma-Aldrich, Saint Louis, MO, USA). Afterward, they were kept at
80 ◦C for 30 min. Then, the derivatized solution was analyzed using a capillary GC/MS
system (Shimadzu model QP 5000, Kyoto, Japan). The capillary column was a silica-coated
DB-5 (30 m in length × 0.25 mm inside diameter) with a 1 µm film thickness of 5% phenyl
methyl silicone (Shimadzu, Kyoto, Japan). The mass spectrum was formed by standard
electron impact ionization scanning from the ion fragments with mass numbers from
50 m/z to 600 m/z at 0.4 s/rev. The initial temperature was 100 ◦C for 4 min, then increased
to 290 ◦C at 4 ◦C/min and held constant for 10 min. The temperature of the injection port
and transfer line was 280 ◦C. The flow rate of the helium gas was 1.5 mL/min, and the
maximum velocity was 40.2 m/s. One microliter of the final derivatized solution was
injected into the GC/MS for split-flow analysis. The urinary organic acids were analyzed
using an automated data analysis system.

2.3. Genetic Testing and In Silico Analysis

Total genomic DNA samples were extracted from the whole blood samples using the
QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). Genomic DNA samples were
enriched for targeted regions employing a hybridization-based protocol and sequenced
utilizing Illumina technology. The gene panel comprised 10 genes associated with urea
cycle disorders. These genes were ALDH18A1, ARG1, ASL, ASS1, CPS1, NAGS, OAT, OTC,
SLC25A13, and SLC25A15. Bioinformatics analyses and variant interpretation of the patients
were performed at the Center for Gene-Protein Research, Hanoi Medical University. Reads
were aligned to a reference sequence (GRCh37). Variants were identified and interpreted
using relevant reference transcripts of NM_002860.3 for ALDH18A1, NM_000045.3 for
ARG1, NM_000048.3 for ASL, NM_000050.4 for ASS1, NM_001875.4 for CPS1, NM_153006.2
for NAGS, NM_000274.3 for OAT, NM_000531.5 for OTC, NM_014251.2 for SLC25A13, and
NM_014252.3 for SLC25A15.

The effect of variants was predicted using the Mutation Taster tool [17]. The pathogenic-
ity of variants was determined using the ClinVar database. The frequency of variants was
checked based on the information in the dbSNP154 database (https://www.ncbi.nlm.
nih.gov/snp/, accessed on 2 May 2024) and gnomAD v4.1.0 database (https://gnomad.
broadinstitute.org/, accessed on 2 May 2024).

2.4. Management

The patient management was based on the previous guidelines [7]. In managing
acute hyperammonemia, the patients stopped all protein intake for 24–48 h and were
given glucose infusion at 8–10 mg/kg/min, supplemental arginine 300–500 mg/kg/day,
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L-carnitine 100 mg/kg/day, and sodium benzoate 200–300 mg/kg/day and underwent
extracorporeal detoxification. The long-term treatment for the patients involved a low
protein diet, arginine of 300–500 mg/kg/day, L-carnitine of 100 mg/kg/day, and sodium
benzoate of 200–300 mg/kg/day.

3. Results
3.1. Clinical Findings

One male and three females were involved in this study (Table 1). One neonatal
onset case and three late-onset cases existed (Table 1). The age of onset was 7 days and
18–31 months in the neonatal and late-onset forms, respectively. Cases 2 and 4 were
diagnosed immediately after onset; however, Cases 1 and 3 were diagnosed 15–17 months
after onset. At the diagnosis, two cases exhibited poor feeding and episodic vomiting;
three cases had lethargy, with four cases not displaying any pyramidal signs (Table 1).
Hyperammonemia, elevated transaminases, and uraciluria were observed in three cases
(Table 1). Biochemical analyses revealed hyperornithinemia and liver failure with elevated
international normalized ratio (INR) but not homocitrulline in the urine in four cases. Four
cases demonstrated biochemical heterogeneity (Table 1).

Table 1. Clinical features and biochemical profile of the four cases.

Case 1 Case 2 Case 3 Case 4

Sexuality Female Female Male Female
Age of onset 31 months 7 days 31 months 18 months

Elevated transaminases
and prolonged

prothrombic time

Poor feeding,
vomiting, jaundice,

lethargy

Fever, lethargy, irritability,
elevated transaminases, and
prolonged prothrombic time

Vomiting and
seizure

Age of diagnosis 46 months 10 days 48 months 19 months
Poor feeding + + − −
Episodic vomiting + + − −
Seizure − − − −
Lethargy + + + −
Hepatosplenomegaly − − + −
History of fibrile
seizure − − − +

Biochemical profile at the diagnosis
Hyperammonemia
(µmol/L)

+
98.0

+
192.0

+
76.8 −49.5

Hyperornithinemia
(µmol/L)

+
258.8

+
256.5

+
329.2

+
193.7

Elevated transaminases + − + +
3 Alanine

transaminase
(UI/L)

118 30 1055 69

3 Aspartate
transaminase
(UI/L)

56 19 1033 58

Prolonged Prothrombin
time (%) 32 46 48 46

International
normalized ratio (INR) 1.67 1.52 1.55 1.74

Uraciluria + − + +
Oroticaciduria − − − +
Homocitrullinuria − − − −

(+), present; (−) not present.

Case 1 is the second child of family 1, born by vaginal delivery. She had normal
physical development. At 31 months of age, she had elevated transaminases and prolonged
prothrombin time in the context of fever and fatigue episodes. Diagnosed with unknown
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liver failure, she was treated with arginine and vitamin K supplements for 14 months. At
46 months of age, she displayed fatigue and lethargy and was admitted to our department.
After analyzing for plasma ammonia and amino and acyl acid analyses, she indicated
hyperammonemia (98.0 µmol/L) and hyperornithinemia (258.8 µmol/L) with elevated
transaminases and uraciluria. The family history illustrated normal conditions.

Case 2 is the second child of family 2, also born by vaginal delivery. After the birth,
she had symptoms of poor feeding, vomiting, jaundice, and lethargy and was admitted
to our department. Biochemical investigations yielded hyperammonemia (192.0 µmol/L),
hyperornithinemia (256.5 µmol/L), and normal levels of transaminases. The urine analysis
revealed normal uracil, orotic acid, and homocitrulline levels. Her brother exhibited
normal development.

Born by vaginal delivery, Case 3 is the second child of family 3. At 31 months of age,
he exhibited fever, cough, fatigue, irritability, lethargy, hypertransaminase, and prolonged
prothrombin time. Hence, he was diagnosed with liver failure and treated with glucose
infusion, arginine, and vitamin K. At 48 months of age, he exhibited fatigue and lethargy
and was admitted to our department. Biochemical investigations indicated slight hyper-
ammonemia (76.8 µmol/L), hyperornithinemia (329.2 µmol/L), and high transaminases
(Alanine transaminase 1055 UI/L and aspartate transaminase 1033 UI/L). Increased uracil
was detected in the urine sample.

Case 4 is the first child of family 4, born by vaginal delivery. She displayed nor-
mal physical development. At 18 months of age, she had a seizure (under 10 s) and
vomiting and was admitted to our department. Biochemical investigations revealed hy-
pertransaminases (Alanine transaminase 69 UI/L and aspartate transaminase 58 UI/L),
hyperornithinemia (193.7 µmol/L), and prolonged prothrombin time, but normal levels of
ammonia (49.5 µmol/L).

3.2. Molecular Findings

Through molecular analyses of the four patients, we identified three variants in the
SLC25A15 gene classified as pathogenic variants according to ClinVar (Table 2). The
variant c.535C>T (p.Arg179*) was a common variant, which was present in all four pa-
tients. Cases 1 and 2 were homozygous for the c.535C>T (p.Arg179*) variant. Case
3 harbored compound heterozygosity for c.408delC (p.Met137Cysfs*10) and c.535C>T
(p.Arg179*). Case 4 had compound heterozygous variants of c.535C>T (p.Arg179*) and
c.562_564delTTC (p.Phe188del).

Table 2. Molecular analyses of the four cases.

Patient Gene Variant dbSNP152 ClinVar

Case 1 SLC25A15 c.535C>T (p.Arg179*)/c.535C>T
(p.Arg179*) rs104894429 5994 (Pathogenic)

Case 2 SLC25A15 c.535C>T (p.Arg179*)/c.535C>T
(p.Arg179*) rs104894429 5994 (Pathogenic)

Case 3 SLC25A15
c.535C>T (p.Arg179*)/ rs104894429 5994 (Pathogenic)

c.408delC (p.Met137Cysfs*10) rs780201405 851,641 (Pathogenic)

Case 4 SLC25A15
c.535C>T (p.Arg179*)/ rs104894429 5994 (Pathogenic)

c.562_564delTTC (p.Phe188del) rs202247803 5992 (Pathogenic)

The variant c.408delC (p.Met137Cysfs*10) has not been reported in the literature on
HHH patients. The variant was reported by Invitae and Baylor Genetics in the ClinVar
database (ID 85164) as a pathogenic or likely pathogenic variant. The variant c.408delC was
observed in an East Asian at the heterozygous state (https://gnomad.broadinstitute.org/
variant/13-40805209-AC-A?dataset=gnomad_r4, accessed on 2 May 2024). The variant
was predicted as a deleterious variant in the Mutation Taster tool.
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3.3. Treatment and Outcome

Cases 1 and 3 were misdiagnosed with unknown liver failure and treated with vitamin
K1 (phytok 5 mg/day) and arginine supplement. However, their liver functions only
improved once they were diagnosed accurately. After an accurate diagnosis, four cases
were subjected to a protein-restricted diet (1–1.5 g/kg/day), L-carnitine (100 mg/kg/day),
arginine (300–500 mg/kg/day), and sodium benzoate (100–250 mg/kg/day) (Table 3).
All cases responded well to the treatment, depicting no acute hyperammonemia. Cases
1, 2, 3, and 4 were discharged after 10, 10, 7, and 5 days of treatment, respectively. After
3 days of treatment, Cases 1 and 2 rapidly returned to normal levels of transaminase and
coagulation. Nevertheless, in Case 4, transaminases decreased gradually to normal levels
after 2 months of treatment. Meanwhile, in Case 3, liver enzyme and blood clotting index
slowly improved and returned to normal after 2 years of treatment. In the last visit, all cases
depicted normal levels of ammonia, normal brain magnetic resonance imaging, and normal
physical development. Cases 1, 2, and 3 had slightly increased levels of transaminases
and international normalized ratio (INR), with Case 4 demonstrating normal levels. Case
3 displayed attention deficit hyperactivity disorder (Table 3). At the age of five, Case
3 was diagnosed with mild deficit hyperactivity disorder and received psychotherapy
intervention at home. Case 3 is six years old now and has improved and increased focus
on learning.

Table 3. Treatment and outcome of the four HHH cases.

Case 1 Case 2 Case 3 Case 4

Treatment before accurate diagnosis
Age of treatment 31 months None 31 months None
Vitamin K1
Arginine supplement (mg/kg/day) 300–500 None 300–500 None
Treatment after accurate diagnosis
Age of treatment 46 months 10 days 48 months 19 months
Low protein diet (g/kg/day)
L-carnitine supplement (mg/kg/day) 100 100 100 100
Arginine supplement (mg/kg/day) 300–500 300–500 300–500 300–500
Sodium benzoate supplement at the Acute episodes
(mg/kg/day) 100–250 100–250 100–250 100–250

Outcomes
Treatment time to achieve normal transaminase and
coagulation 3 days 3 days 2 years 2 months

Current age 9 years 4 years 6 years 4 years
Physical development

3 Height
3 Weight

Normal
−0.6 SD
−1.4 SD

Normal
−1.8 SD
−1.8 SD

Normal
−0.4 SD
−0.4 SD

Normal
−1.5 SD
−0.6 SD

Attention deficit hyperactivity disorder None None Yes None
Brain magnetic resonance imaging Normal Normal Normal Normal
Relapse None None None None
Biochemical profile at the last visit
Plasma ammonia level (µmol/L)Transaminases 29.4 28.2 21.0 10.2
3 Alanine transaminase (UI/L)
3 Aspartate transaminase (UI/L)

34
47

50
44

47
55

39.3
32.4

Prothrombin time (%)International normalized ratio (INR) 73
1.25

75
1.22

61
1.43

81
1.15

4. Discussion

Hyperornithinemia–hyperammonemia–homocitrullinuria (HHH) syndrome is a spo-
radic disorder of the urea cycle in Vietnam. Until now, only four cases have been diagnosed
in our center. The diagnosis was based on clinical, biochemical, and molecular analyses.
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In our study, we observed diverse onset ages and delayed diagnoses. The age of
onset ranged from neonatal to toddler. Case 2 was presented at 10 days old, which
aligned with the findings of Camacho and colleagues [5], who posed that the neonatal
onset rate was about 8% in people with HHH syndrome. This onset rate usually appears
24–48 h after breastfeeding with acute symptoms [5]. Martinelli and colleagues (2015)
reported symptoms in the neonatal period for 2% of patients, 24% from 1 month to under
1 year old, and 44% from 1–12 years old [2]. Even though up to 1/3 of children have
symptoms of neonatal onset, diagnosis is often delayed, with an average diagnostic delay
of 6.3 ± 10.1 years (range 0–37 years) [2]. In our study, Cases 1 and 3 were misdiagnoses
of unknown liver failure, with the accurate diagnosis delayed 15 months and 17 months,
respectively. The clinical symptoms of children with HHH syndrome are diverse and
nonspecific [2,6,12]. For example, due to hyperammonemia, HHH patients exhibited
acute neurological symptoms, including seizures, poor appetite, vomiting, and lethargy.
Therefore, these HHH patients can easily be misdiagnosed with encephalitis, epilepsy,
cerebral hemorrhage, or poisoning. Additionally, hepatosplenomegaly can not immediately
suggest a metabolic disorder. Other symptoms encompass acute encephalopathy, chronic
liver disease, or cognitive impairment/learning disability/seizures.

Four cases also depicted biochemical heterogeneity. Three of them were presented
with hyperammonemia. The median blood ammonia concentration usually ranged from
100 to 300 µmol/L, with newborns having higher average blood ammonia concentrations
than older children and adults [5]. Wild et al. reported that a premature infant diagnosed
with HHH syndrome had a blood ammonia concentration of 1300 µmol/L when they
received intravenous nutrition and 623 µmol/L after stopping intravenous nutrition [1].
In our study, Case 3, which was early onset at 7 days, had the highest ammonia level
(192 µmol/L). Case 4 displayed a normal level of ammonia but positive oroticaciduria
at the diagnosis, contrasting with the other patients. The normal level of ammonia and
elevated levels of transaminases caused Case 4 to be mistaken for liver failure of unknown
cause or autoimmune hepatitis. Therefore, we recommend that patients with unexplained
liver failure be repeatedly tested for ammonia primary when a change in consciousness
and inborn errors of metabolism screening exist, such as MS/MS and plasma amino acids.

In our study, four cases had hyperornithinemia, which is observed in HHH
patients [2,18]. Martinelli and colleagues reported that blood ornithine concentrations of pa-
tients with HHH syndrome increased from 216 to 1915 µmol/L (Normal:
30–110 µmol/L) [2]. Despite treatment with medication and a protein-restricted diet, blood
ornithine levels remained elevated, and only a few patients were reported to have normal
levels upon long-term follow-up [2]. Thus, the blood ornithine index was reliable in new-
born screening to help with early diagnosis of HHH syndrome. No homocitrulline was
detected in the urine of the four cases. Homocitrullineuria is a characteristic sign of the
disease; however, patients who may have no or only marginal homocitrulline excretion
in the urine are present [12,19]. Especially in neonates, homocitrulline may be obscured
by plasma amino acid profile and abnormal aminoaciduria in liver dysfunction [5]. Such
factors may have impacted the detection of urinary homocitrulline in our four cases.

Our study involved six of eight alleles of c.535C>T (p.Arg179*), suggesting that it
was a “hot spot” variant in Vietnamese patients with HHH syndrome. The c.535C>T
(p.Arg179*) variant was one of the most common variants observed in various HHH pa-
tients, including Japanese, Italian, Senegal, Morocco, Han Chinese, Korean, and Thailand [2].
Therefore, the c.535C>T (p.Arg179*) variant might have a broader carrier distribution in
Vietnamese and could be used in population screening programs. Another common vari-
ant, c.562_564delTTC (p.Phe188del), which was reported in French-Canadian [11,18,20],
Italian [21], Korean [22], and Pakistan [23], was identified in one of our patients. These
two variants are located in exon 4 of the SLC25A15 gene. Thirteen pathogenic or likely
pathogenic variants are reported in exon 4 in the ClinVar database. The third variant,
c.408delC (p.Met137Cysfs*10), is situated in exon 3. This variant causes a frameshift; me-
thionine at the position of amino acid 137 changes to cysteine and early termination after
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mutation of 10 amino acids. The identified variants in our study are nonsense or deletion
variants aligning with the ClinVar database (accessed on 23 July 2024). Figure 1 depicts
that the nonsense and deletion variants contribute 18% and 33% of the total pathogenic or
likely pathogenic variants in the SLC25A15 gene, respectively.

Both Cases 1 and 2 harbored the same nonsense variant c.535C>T (p.Arg179*) at the
homozygous state. However, they posed clinical heterogeneity. Case 2 depicted neonatal
onset at 7 days, whereas Case 1 demonstrated the late-onset form at 31 months. Table 4 dis-
plays thirteen previously reported patients harboring c.535C>T/c.535C>T with the details
of clinical and biochemical characteristics selected for comparison. Overall, 17 patients with
c.535C>T/c.535C>T variant exhibited diverse phenotypes with the typical characteristics
of lethargy, hyperornithinemia, hyperammonemia, and elevated homocitruline (Table 4).
Seven patients were diagnosed at very late onset (>10 years), whereas three presented
symptoms during the neonatal period. Nevertheless, they depicted different phenotypes in
coma, coagulopathy, seizure, pyramidal signs, and levels of ornithine and ammonia [23].
Table 4 illustrates that our patient (P17) had normal ammonia levels, aligning with five
Turkish patients. However, the five Turkish patients did not depict any medical history
of hyperammonia. The probands P8 and P11 were referred for gait disturbances [6], and
genetic analysis revealed that they harbored homozygotes of c.535C>T (p.Arg179*). Then,
their siblings were screened for the pathogenic variant. Results demonstrated that the
siblings also carried the pathogenic variant and presented with elevated ornithine and
homocitruline. However, they did not exhibit any symptoms of HHH syndrome. No corre-
lation between the genotype and phenotype in HHH patients seemed to exist [12,20,23]. To
our knowledge, no published data to date of patients harboring compound heterozygous
variants SLC25A15: c.535C>T/c.408delC or c.535C>T/c.562_564delTTC are present.

Before obtaining accurate diagnoses, the liver functions of Cases 1 and 3, managed
with vitamin K1 and arginine supplement, had not improved over 15 and 17 months. After
a protein-restricted diet, L-carnitine, arginine, and sodium benzoate, liver functions in all
cases became normal. For Cases 1 and 2, liver enzyme levels returned to normal after 3 days
of treatment. Nonetheless, it took 2 years and 2 months for Cases 3 and 4, respectively. All
cases had not occurred with the acute crisis of hyperammonemia for 2–5 years because
they were prevented by enough energy support (glucose infusion) in the case of stresses
(fever, vomiting, vaccination, etc.), aligning with other studies. All of our patients exhibited
normal physical development. Therefore, early, accurate diagnosis of HHH syndrome
is necessary more than ever, especially in newborn screening. Diet therapy, controlling
plasma ammonia levels, and preventing acute crises from stresses provide better outcomes.
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No brain abnormalities were detected in the brain MRI of our four cases. Neurora-
diological abnormalities usually occur after 20 years of age [28]. In our study, brain MRI
was performed at 4 to 9 years of age. Hence, neurological abnormalities have not been
illustrated in the MRI findings. Additionally, after age 15, HHH patients developed spastic
paraparesis, which was not related to dietary intake and sodium benzoate treatment [12].
Therefore, HHH patients should be carefully monitored by clinical examination and spinal
and brain MRI for the long term. We suggest that an MRI be performed annually after
15 years of age.

Our study’s limitations include a small sample size and lack of functional testing
to demonstrate the effect of pathogenic variants on protein functions in vitro or in vivo.
Further studies would be needed to reach conclusive conclusions.

5. Conclusions

Hyperornithinemia–hyperammonemia–homocitrullinuria (HHH) syndrome is a clin-
ical and biochemical heterogeneity disorder. The clinical spectrum is diverse, and bio-
chemical changes are nonspecific. HHH syndrome should be considered when evaluating
individuals with unexplained hyperammonemia or persistently elevated liver enzymes
and decreased prothrombin ratio, especially in newborn screening. The hot spot at residue
179 of SLC25A15 in Vietnamese cases with HHH syndrome may be used in the screening
of individuals suspected of HHH syndrome.
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Abstract: Background and Objectives: Obesity-related chronic inflammation may lead to neuroinflam-
mation and neurodegeneration. This study aimed to evaluate the neurometabolic profile of obese
patients using cerebral multivoxel magnetic resonance spectroscopy (mvMRS) and assess correlations
between brain metabolites and obesity markers, including body mass index (BMI), waist circumfer-
ence, waist-hip ratio, body fat percentage, and indicators of metabolic syndrome (e.g., triglycerides,
HDL cholesterol, fasting blood glucose, insulin, and insulin resistance index (HOMA-IR)). Materials
and Methods: This prospective study involved 100 participants, stratified into two groups: 50 obese
individuals (BMI ≥ 30 kg/m2) and 50 controls (18.5 ≤ BMI < 25 kg/m2). Anthropometric mea-
surements, body fat percentage, and biochemical markers were evaluated. All subjects underwent
long- and short-echo mvMRS analysis of the frontal and parietal supracallosal subcortical and deep
white matter, as well as the cingulate gyrus, analyzing NAA/Cr, Cho/Cr, and mI/Cr ratios, along
with absolute concentrations of NAA and Cho. Results: Obese participants exhibited significantly
decreased NAA/Cr and Cho/Cr ratios in the deep white matter of the right cerebral hemisphere
(p < 0.001), while absolute concentrations of NAA and Cho did not differ significantly between groups
(p > 0.05). NAA levels showed negative correlations with more reliable obesity parameters (waist
circumference and waist-to-hip ratio) but not with BMI, particularly in the deep frontal white matter
and dorsal anterior cingulate gyrus of the left cerebral hemisphere. Notably, insulin demonstrated a
significant negative impact on NAA (ρ = −0.409 and ρ = −0.410; p < 0.01) and Cho levels (ρ = −0.403
and ρ = −0.392; p < 0.01) at these locations in obese individuals. Conclusions: Central obesity and
hyperinsulinemia negatively affect specific brain regions associated with cognitive and emotional
processing, while BMI is not a reliable parameter for assessing brain metabolism.

Keywords: neurodegeneration; brain; neuroinflammation; metabolic syndrome; insulin; magnetic
resonance spectroscopy

1. Introduction

Obesity presents a significant public health concern, with 300 million individuals
classified as obese worldwide and over a billion people falling into the category of being
overweight [1,2]. This condition is closely linked to a cluster of disorders known as
metabolic syndrome [3], which is believed to be a common factor in various obesity-
related illnesses due to its role in causing low-grade systemic inflammation that impacts
multiple organs [4] and is connected to a heightened risk of dementia [5]. In cases of
obesity, inflammatory reactions within the central nervous system, commonly known as
neuroinflammation, have been observed in different areas such as the hypothalamus [6].

A study utilizing population-based MRI scans revealed that obesity and a high waist-
to-hip ratio during middle age were linked to an increased likelihood of reduced brain
volume and a decline in executive function a decade later. Furthermore, the metabolic
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obesity profile, marked by increased body fat, visceral adiposity, and systemic inflammation,
was linked to a widespread reduction in gray matter volume [7]. Additionally, diabetes
was associated with a faster increase in temporal horn volume, which serves as a surrogate
marker for accelerated hippocampal atrophy [8]. Previous studies have indicated that
greater weight and central obesity are correlated with diminished brain volume [9–12].
Furthermore, a higher body mass index (BMI) and waist circumference have been found to
be significantly linked to a thinner cerebral cortex [13].

It is well known that magnetic resonance spectroscopy (MRS) brings additional in-
formation to conventional neuroimaging in clinical practice. This method can detect the
neurometabolic profile of the lesion and its spatial heterogeneity [14]. Multivoxel MRS
(mvMRS) is a sophisticated diagnostic modality in neuroscience that can reveal marked
metabolic abnormalities in examinees with no morphological changes on conventional
MR imaging, even in mutation carriers of genetic disorders [15]. Ostojic et al. found
marked differences among the head, body, and tail of the hippocampus in healthy persons,
compatible with different histologic characteristics of the aforementioned segments [16].
Multivoxel MRS can detect significant disturbances in neurometabolic ratios in various
disorders, including traumatic brain injury, HIV, and other diseases, although morphologic
changes were not evident on routine scanning [17].

It is imperative to comprehend the neurometabolic state of individuals who are obese
but show no neurological symptoms. By utilizing MRS, we can non-invasively determine
the biochemical profile of brain tissue, which provides insights into both its structural and
functional abnormalities. This technique relies on measuring the absolute and relative
concentrations of specific metabolites, namely N-acetylaspartate (NAA), choline-containing
molecules (Cho), creatine (Cr), myoinositol (mI), glutamate, lactate, and lipid compo-
nents [18,19].

Brain atrophy and reduced levels of NAA, particularly in the temporal lobes and
hippocampus, are considered risk factors for cognitive decline and dementia in older in-
dividuals. N-acetylaspartate serves as an established indicator of neuronal viability, only
present in mature neurons and their extensions. A decrease in its concentration signifies
neuronal loss and dendritic and axonal atrophy. On the other hand, choline-containing
compounds primarily play a role in the breakdown and synthesis of cell membranes.
Metabolites containing Cr are involved in cellular bioenergetics, while mI is regarded as a
marker for the number of glial cells (indicative of neuroinflammation) and an osmoregula-
tor [1].

We analyzed and compared individuals with obesity to those with a normal BMI. We
examined the absolute concentrations of NAA and Cho in relation to various anthropomet-
ric parameters such as BMI, waist circumference, waist-hip ratio, and body fat percentage
in both groups. Additionally, we assessed these concentrations in relation to biochemical
markers of metabolic syndrome in the obese participants, including triglycerides, HDL
cholesterol, fasting blood glucose and insulin levels, as well as the insulin resistance index
(HOMA-IR).

2. Materials and Methods
2.1. Participants in the Study

A total of 100 subjects were included in the study, divided into two groups:

1. The first group consisted of 50 obese persons, with a BMI of ≥30 kg/m2 (25 men and
women each), average age 43.32 years (22–62).

2. The second group consisted of 50 control subjects with BMI ≥ 18.5 and <25 kg/m2

(25 men and women each), average age 43.22 years (23–62).

This study was a prospective cohort study that included participants who did not have
any neurological deficits based on the Montreal Cognitive Assessment (MoCA) test [20].
The subjects in both groups were sex- and age-matched, aged between 20 and 65. Exclusion
criteria for both groups included acute or chronic neurological disorders, mood disorders,
anxiety [21,22], white matter lesions, and the use of medications affecting lipid levels, blood

132



Medicina 2024, 60, 1880

glucose, and insulin (glucocorticoids, statins, fibrates, oral hypoglycemics, and GLP-1
receptor agonists), as well as conditions such as Cushing’s syndrome, acromegaly, and
uncontrolled hypothyroidism.

Contraindications for an MRI exam included both absolute and relative factors. Abso-
lute contraindications were implanted devices such as pacemakers (unless MRI-compatible),
neurostimulators, cochlear implants, and metallic objects near the eyes. Relative contraindi-
cations included claustrophobia, first-trimester pregnancy, obesity beyond machine limits,
and difficulty remaining still.

The study was approved by the institutional ethical review board, and all participants
provided informed consent before joining the study.

2.2. Anthropometric Measurements

The height and weight of all participants in the study were measured, and the BMI
was calculated (formula: weight/height2 in kg/m2). Additionally, waist circumference
(WC) was measured, as well as the waist-hip ratio. Waist circumference was measured
halfway between the lower rib and the iliac crest along the midaxillary line, while hip
circumference was measured at the widest point over the greater trochanters. Furthermore,
body fat percentage was measured by using a bioelectrical impedance body composition
analyzer, TBF-300, Tanita, Tokyo, Japan.

2.3. Laboratory Tests and Other Measurements

All obese participants in the study underwent an analysis of biochemical indicators
of metabolic syndrome (triglyceride, HDL cholesterol, blood glucose, and insulin with
calculation of the HOMA-IR index). For insulin measurement, we used the chemilumi-
nescent microparticle immunoassay (CMIA) method. Blood samples were taken from the
cubital vein 12 h after fasting. The HOMA-IR index was calculated according to the formula
HOMA-IR = (fasting blood glucose × fasting insulinemia)/22.5.

2.4. Neuroimaging

All subjects underwent conventional MR imaging with additional mvMRS on a
1.5 Tesla magnetic field device (Magnetom Avanto, Siemens, Erlangen, Germany) using a
head coil. Conventional MR imaging consisted of T1W sagittal spin echo tomograms, T2W
turbo spin echo transverse tomograms, FLAIR transverse tomograms, diffusion imaging
(DWI), coronal T2W turbo spin echo tomograms, and 3D T1W MPR sagittal tomograms.
Conventional imaging was used to exclude possible focal or diffuse white and gray matter
lesions and to correctly position the region of interest for mvMRS (voxel grid).

Multivoxel MR spectroscopy of the supracallosal white and gray matter was performed
in all subjects included in the study. Proton MR spectroscopy in the form of the Point
RESolved Spectroscopy method (PRESS) was used to obtain data through spectroscopy,
with TR/TE for long echo 1690/135 ms and for short echo 1690/30 ms. Section dimensions
on CSI spectroscopic imaging were determined by the following parameters: FOV size was
160 mm × 160 mm × 160 mm, the volume of interest (VOI) was 80 mm × 80 mm × 80 mm,
and section thickness was 10 mm. The voxel grid was placed directly above the corpus
callosum in order to determine the spectra from the subcortical and deep white matter
of the centrum semiovale of the frontal and parietal lobes, while the gray matter spectra
were determined from the parafalx area of the anterior and posterior cingulate gyrus. The
number of phase encoding steps was 16 in all directions (right-left, forward-backward,
and up-down). The interpolation resolution was 16 in all directions, obtaining a VOI of
10 mm × 10 mm × 10 mm. To achieve the homogeneity of the magnetic field, automatic,
volume-selective shimming was used. Non-water-suppressed CSI data were obtained with
the same geometric parameters (1 average) to provide an internal water reference for the
absolute quantification of metabolites. The amplitude of the water signal for each processed
voxel was assessed from the scan without water suppression and used as an internal
reference to calculate the absolute concentration of the metabolites. The SpectrImQMRS
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program, a tool for the combined analysis of MR spectroscopy and anatomy, was used
to calculate the absolute concentrations of the investigated metabolites [23]. To process
the spectra of metabolites, pre-processing was carried out, and the obtained values were
expressed through the metabolite intensity or the area under the curve (Area) (Figure 1),
and these data were further used to quantify the absolute values of the metabolites. A
similar pre-processing procedure was also applied to the non-water-suppressed CSI spectra.
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of interest (VOI); (b) intensity of water at VOI; (c) intensity of NAA; (d) intensity of Cho.

In total, about 4800 spectra were analyzed. We calculated the ratios of metabolites
NAA/Cr, Cho/Cr, and mI/Cr from the Leonardo workstation (Figures 2 and 3) and
absolute concentrations of NAA at 2.0 parts per million (ppm) and Cho at 3.2 (ppm)
using spectral fitting with the appropriate basis set model in the SpectrImQMRS program
(Figures 4 and 5) [24]. Monoexponential T1 and T2 relaxation was assumed, and published
values of T1 and T2 relaxation times of water and corresponding metabolites measured at
1.5 T in gray and white matter of healthy volunteers were used for relaxation corrections [25].
The obtained absolute concentrations were expressed in mmol/L.
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Figure 5. Determination of water intensity through spectrImQMRS: (a)—spectrum from the posterior
anterior cingulate gyrus (ACG) of the right cerebral hemisphere (V6) without water suppression
before pre-processing; (b)—the same spectrum after pre-processing and spectral fitting.
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We analyzed spectra from 12 individual voxels (Figure 1a), namely: 1. subcortical
frontal white matter (FWM) of the right cerebral hemisphere; 2. anterior cingulate gyrus
(ACG) of the right cerebral hemisphere; 3. ACG of the left cerebral hemisphere; 4. subcorti-
cal FWM of the left cerebral hemisphere; 5. deep FWM of the right cerebral hemisphere; 6.
the posterior ACG of the right cerebral hemisphere; 7. the posterior ACG of the left cerebral
hemisphere; 8. deep FWM of the left cerebral hemisphere; 9. subcortical parietal white
matter (PWM) of the right cerebral hemisphere; 10. posterior cingulate gyrus (PCG) of the
right cerebral hemisphere; 11. PCG of the left cerebral hemisphere; 12. subcortical PWM of
the left cerebral hemisphere.

2.5. Statistical Analysis

IBM SPSS software version 27.0 (Chicago, IL, USA) was used for statistical data
processing. Since all subjects were imaged on the same MR machine, potential scanner-
dependent differences between patients did not exist. Descriptive statistics were reported
as the mean and standard deviation for variables that exhibited a normal distribution, while
for those that did not conform to normality, the statistics were presented as the median
and interquartile range. Determining the difference in neurobiochemical profile within the
brain parenchyma between obese patients and controls was performed with the t-test or the
Mann-Whitney U test depending on the normality of the distribution of the test variables,
which was examined with the Kolmogorov Smirnov test. A value of 95% with a statistical
significance level of p < 0.05 was taken as the confidence interval.

The examination of the relationship between the anthropometric parameters of all
subjects, as well as the biochemical parameters of the metabolic syndrome of obese patients
with the parameters in the neurobiochemical profile was analyzed with the Spearman cor-
relation coefficient (ρ), because all anthropometric and biochemical parameters have abnor-
mal distribution [26]. The correlation between age and parameters in the neurobiochemical
profile of the participants was also examined using the Spearman correlation coefficient.

3. Results
3.1. Demographic, Anthropometric, and Biochemical Data

This prospective cohort study was conducted on 100 participants: 50 obese people
with a BMI over 30 kg/m2 and 50 people with a normal BMI, between 18.5 and 24.9 kg/m2.
An equal number of men and women were recruited in both groups (25 each), matching the
participants for age and sex to exclude their influence on examined parameters (Table 1).
The level of education can potentially influence the results of the examined parameters, so
we recruited subjects with approximately similar educational levels between the groups
(χ2 = 1.412, df = 1, p = 0.235).

Table 1. Age and anthropometric characteristics of all participants in the study.

Groups Mean (SD) Median (IQR) p

Age Obese 43.32 (11.01) N/A *
0.950Controls 43.22 (11.09) N/A

BMI
Obese 36.19 (4.33) N/A

<0.001Controls 22.23 (1.39) N/A

Waist circumference (cm)
Obese 115.78 (10.44) N/A

<0.001Controls N/A 79.00 (8.50)

Waist-to-hip ratio Obese 0.94 (0.07) N/A
<0.001Controls 0.85 (0.05) N/A

Body fat (%) Obese N/A 41.10 (13.02)
<0.001Controls 24.81 (6.77) N/A

* N/A—not applicable
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The anthropometric measurements of all participants in the study are listed in
Table 1, while Table 2 presents the biochemical indicators of metabolic syndrome for
the obese participants.

Table 2. Biochemical indicators of metabolic syndrome in obese participants.

Median Interquartile Range (IQR)

Triglycerides (mmol/L) 1.37 0.90

HDL cholesterol (mmol/L) 0.99 0.33

Glucose (mmol/L) 4.95 0.88

Insulin (µlU/mL) 10.30 4.70

HOMA-IR 2.20 1.25

3.2. Correlation Between Age and Neurometabolites
3.2.1. Relative Concentrations

Although the obese and control groups are homogeneous in terms of age, an examina-
tion of the association of metabolites obtained by mvMRS long and short echo with age
was performed, considering that literature data indicate that the level of certain metabolites
changes with age (primarily NAA and Cho).

The results show that NAA/Cr values decrease with age in 6 out of 12 examined
voxels, both for long-echo mvMRS and short-echo mvMRS, with a smaller deviation in
localizations. The degree of correlation in statistically significant voxels was weak (ρ < 0.3),
except for V9 (right subcortical PWM) on the short echo, where it was moderate (ρ = 0.347,
p < 0.001).

Regarding the Cho/Cr ratio at almost all observed locations, no statistically significant
association with age was found, with the exception of V11 (left PCG) on the short echo,
where it can be seen that the level of Cho/Cr increases with age and that this correlation is
of moderate intensity (ρ = 0.327, p < 0.001).

3.2.2. Absolute Concentrations

The correlation of absolute NAA concentrations with age shows a statistically signifi-
cant negative association at all voxels of interest, which confirms that NAA values decrease
with age, independently of Cr, and that in half of the locations there is a strong correlation
(ρ > 0.4).

Analyzing the correlation between age and absolute concentrations of Cho, a statisti-
cally significant negative correlation is observed in only three voxels: at voxels V4 and V11,
weak correlation (ρ < 0.3), while at the V2 location it is moderate (0.3 < ρ < 0.3.99).

3.3. Comparison of Relative Concentrations of Metabolites Between Groups on Long-Echo MRS
3.3.1. NAA/Cr

The results in Table 3 show that there is no difference in the values of the NAA/Cr
ratio between the groups in almost all examined locations, with the exception of V5 (right
deep FWM), where a statistically significantly lower value of NAA/Cr is observed in obese
subjects (p < 0.001) (Figure 3a,b) in comparison to controls (Figure 3c,d).

Table 3. Differences in NAA/Cr ratios obtained by the long-echo mvMRS between the groups.

Groups Mean (SD) Median (IQR) p

NAA/Cr 1
Obese 1.967 (0.431) N/A

0.972Controls 1.970 (0.427) N/A

NAA/Cr 2
Obese 1.611 (0.364) N/A

0.052Controls 1.467 (0.367) N/A
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Table 3. Cont.

Groups Mean (SD) Median (IQR) p

NAA/Cr 3
Obese 1.532 (0.287) N/A

0.936Controls 1.525 (0.466) N/A

NAA/Cr 4
Obese 1.949 (0.378) N/A

0.127Controls 2.064 (0.370) N/A

NAA/Cr 5
Obese 2.219 (0.447) N/A

<0.001Controls 2.586 (0.423) N/A

NAA/Cr 6
Obese N/A 1.480 (0.44)

0.250Controls 1.609 (0.301) N/A

NAA/Cr 7
Obese 1.506 (0.259) N/A

0.282Controls 1.560 (0.246) N/A

NAA/Cr 8
Obese 2.184 (0.452) N/A

0.094Controls 2.324 (0.371) N/A

NAA/Cr 9
Obese 2.044 (0.306) N/A

0.114Controls 1.949 (0.287) N/A

NAA/Cr 10
Obese 1.624 (0.307) N/A

0.575Controls 1.663 (0.375) N/A

NAA/Cr 11
Obese N/A 1.570 (0.33)

0.236Controls 1.651 (0.328) N/A

NAA/Cr 12
Obese 1.827 (0.366) N/A

0.535Controls N/A 1.815 (0.55)

3.3.2. Cho/Cr

The results in Table 4 show the comparison of Cho/Cr ratio between the groups with
no statistically significant difference in almost all examined locations with the exception of
V5 (right deep FWM), where a statistically significantly lower value of Cho/Cr is observed
in obese subjects (p = 0.009, p < 0.01) (Figure 3a,b).

Table 4. Differences in Cho/Cr ratios obtained by the long-echo mvMRS between the groups.

Groups Mean (SD) Median (IQR) p

Cho/Cr 1
Obese N/A 1.210 (0.50)

0.331Controls 1.206 (0.239) N/A

Cho/Cr 2
Obese N/A 1.120 (0.32)

0.155Controls N/A 1.030 (0.43)

Cho/Cr 3
Obese 1.094 (0.234) N/A

0.942Controls N/A 1.100 (0.31)

Cho/Cr 4
Obese 1.254 (0.297) N/A

0.406Controls 1.303 (0.294) N/A

Cho/Cr 5
Obese N/A 1.105 (0.30)

0.009Controls 1.295 (0.281) N/A

Cho/Cr 6
Obese N/A 1.045 (0.29)

0.735Controls 1.034 (0.212) N/A

Cho/Cr 7
Obese 1.028 (0.189) N/A

0.424Controls 0.996 (0.209) N/A

Cho/Cr 8
Obese 1.260 (0.304) N/A

0.817Controls 1.247 (0.243) N/A

Cho/Cr 9
Obese 1.077 (0.232) N/A

0.169Controls 1.015 (0.213) N/A
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Table 4. Cont.

Groups Mean (SD) Median (IQR) p

Cho/Cr 10
Obese N/A 0.750 (0.22)

0.051Controls 0.857 (0.238) N/A

Cho/Cr 11
Obese 0.780 (0.271) N/A

0.471Controls 0.816 (0.218) N/A

Cho/Cr 12
Obese 0.983 (0.231) N/A

0.294Controls 1.036 (0.272) N/A

3.4. Comparison of Absolute Concentrations of NAA and Cho Between Groups on Long-Echo MRS

Based on the obtained results, there is no statistically significant difference in absolute
concentrations of NAA and Cho between obese subjects and controls at any of the studied
locations of interest.

3.5. Comparison of Relative Concentrations of Metabolites Between Groups on Short-Echo MRS

Based on the obtained results, we did not find any difference in the values of the
NAA/Cr and mI/Cr ratios between obese subjects and controls in all the examined lo-
cations. As for Cho/Cr, the absence of a statistically significant difference is observed in
almost all examined locations except for V6 (right posterior ACG), where a statistically
significantly lower value of Cho/Cr is observed in obese subjects (p = 0.037, p < 0.05).

3.6. Correlation of Absolute Concentration of NAA and Cho with Anthropometric Parameters and
Body Fat Percentage in Subjects of Both Groups on Long-Echo MRS

There is a weak negative correlation with waist circumference at V7 and V8 (p = 0.021),
with waist-hip ratio at V6 (p = 0.015), V7 and V8 (p = 0.017), as well as with body fat
percentage at V4 (p = 0.023). The obtained results show us that the parameters that more
clearly reflect obesity (waist circumference and waist-hip ratio) have more influence on
NAA values than BMI (Table 5).

Table 5. Correlation of absolute concentrations of NAA obtained by long-echo mvMRS with anthro-
pometric parameters and body fat percentage.

Long-Echo BMI Waist Circumference Waist-to-Hip Ratio Body Fat (%)

NAA 1
ρ 0.079 0.053 −0.051 0.010
p 0.450 0.617 0.624 0.921
N 94 94 94 94

NAA 2
ρ 0.050 0.037 −0.023 0.033
p 0.634 0.727 0.826 0.751
N 94 94 94 94

NAA 3
ρ 0.023 0.086 0.125 0.086
p 0.825 0.415 0.232 0.411
N 94 94 94 94

NAA 4
ρ −0.072 −0.029 0.071 −0.235 *
p 0.495 0.783 0.497 0.023
N 94 94 94 94

NAA 5
ρ −0.085 −0.086 0.056 −0.188
p 0.419 0.413 0.595 0.071
N 94 94 94 94

NAA 6
ρ −0.102 −0.172 −0.251 * −0.044
p 0.330 0.099 0.015 0.676
N 94 94 94 94
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Table 5. Cont.

Long-Echo BMI Waist Circumference Waist-to-Hip Ratio Body Fat (%)

NAA 7
ρ −0.187 −0.239 * −0.246 * −0.089
p 0.073 0.021 0.017 0.399
N 94 94 94 94

NAA 8
ρ −0.188 −0.240 * −0.248 * −0.088
p 0.072 0.021 0.017 0.399
N 94 94 94 94

NAA 9
ρ −0.029 −0.065 −0.085 −0.084
p 0.786 0.535 0.419 0.422
N 94 94 94 94

NAA 10
ρ −0.042 −0.113 −0.127 0.007
p 0.691 0.282 0.226 0.945
N 94 94 94 94

NAA 11
ρ 0.021 −0.051 −0.098 0.101
p 0.843 0.628 0.350 0.337
N 94 94 94 94

NAA 12
ρ 0.139 0.166 0.121 0.034
p 0.183 0.111 0.249 0.745
N 94 94 94 94

* p = 0.05

As for Cho, the results show there is a weak negative correlation only with the
percentage of body fat at position V4 (left subcortical FWM) (p = 0.016).

3.7. Correlation of Absolute Concentrations of NAA and Cho with Biochemical Indicators of
Metabolic Syndrome in Obese People on Long-Echo MRS
3.7.1. NAA

The results shown in Table 6 demonstrate that there is a strong negative correlation
of the NAA concentrations with the insulin level at the V7 (p = 0.006) and V8 (p = 0.007)
positions, as well as the HOMR-IR index level at the same locations (p = 0.005). A slightly
contradictory result is the positive correlation of NAA values with insulin at the V4 position,
but it is borderline weak to moderate intensity (p = 0.047).

Table 6. Correlation of absolute concentrations of NAA obtained by long-echo MRS with biochemical
indicators of metabolic syndrome in obese people.

Long-Echo Triglycerides HDL Cholesterol Glucose Insulin HOMA-IR

NAA 1
ρ −0.069 0.092 −0.075 −0.060 −0.083
p 0.660 0.559 0.634 0.704 0.595
N 44 44 44 44 44

NAA 2
ρ 0.209 0.056 −0.251 −0.068 −0.119
p 0.178 0.723 0.105 0.667 0.449
N 44 44 44 44 44

NAA 3
ρ 0.057 0.005 −0.059 −0.017 −0.046
p 0.718 0.975 0.708 0.913 0.770
N 44 44 44 44 44

NAA 4
ρ −0.058 0.086 0.187 0.305 * 0.300
p 0.713 0.582 0.230 0.047 0.051
N 44 44 44 44 44

NAA 5
ρ 0.187 −0.177 0.289 0.118 0.210
p 0.231 0.257 0.060 0.453 0.176
N 44 44 44 44 44
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Table 6. Cont.

Long-Echo Triglycerides HDL Cholesterol Glucose Insulin HOMA-IR

NAA 6
ρ −0.058 0.011 −0.057 −0.124 −0.111
p 0.714 0.945 0.718 0.430 0.478
N 44 44 44 44 44

NAA 7
ρ 0.014 0.091 −0.222 −0.410 −0.422 **
p 0.930 0.560 0.152 0.006 0.005
N 44 44 44 44 44

NAA 8
ρ 0.014 0.090 −0.222 −0.409 ** −0.422 **
p 0.931 0.565 0.152 0.007 0.005
N 44 44 44 44 44

NAA 9
ρ 0.079 0.070 0.184 0.027 0.091
p 0.613 0.655 0.238 0.865 0.560
N 44 44 44 44 44

NAA 10
ρ 0.007 −0.157 0.136 0.023 0.077
p 0.963 0.313 0.386 0.882 0.621
N 44 44 44 44 44

NAA 11
ρ 0.087 −0.084 0.040 −0.200 −0.136
p 0.578 0.592 0.800 0.198 0.385
N 44 44 44 44 44

NAA 12
ρ −0.054 −0.004 −0.163 −0.006 −0.061
p 0.732 0.981 0.297 0.970 0.696
N 44 44 44 44 44

* p = 0.05; ** p = 0.01

3.7.2. Cho

The results shown in Table 7 demonstrate that there is a negative correlation of a
moderate degree of Cho value with the level of insulin at the position of V7 (left posterior
ACG) (p = 0.009) and a strong degree at V8 (left deep FWM) (p = 0.007), as well as with
the level of the HOMR-IR index at the same locations of a moderate degree (p = 0.023
and p = 0.019). From the previously presented results, it can be observed that NAA and
Cho values are negatively correlated with insulin and the HOMA-IR index at V7 and V8,
which indicates their influence on degenerative processes at those locations. The result,
which is a little contradictory, is a positive correlation of a moderate intensity of Cho with
triglycerides at the V5 position (p = 0.036).

Table 7. Correlation of absolute concentrations of Cho obtained by long-echo MRS with biochemical
indicators of metabolic syndrome in obese people.

Long-Echo Triglycerides HDL Cholesterol Glucose Insulin HOMA-IR

ρ −0.078 −0.104 0.126 −0.055 −0.012
Cho 1 p 0.619 0.506 0.420 0.726 0.938

N 44 44 44 44 44

ρ 0.020 0.134 −0.139 −0.018 −0.037
Cho 2 p 0.898 0.391 0.373 0.910 0.814

N 44 44 44 44 44

ρ 0.158 0.067 −0.091 −0.001 −0.035
Cho 3 p 0.310 0.667 0.562 0.993 0.823

N 44 44 44 44 44

ρ −0.117 −0.096 0.156 0.246 0.269
Cho 4 p 0.455 0.539 0.318 0.111 0.081

N 44 44 44 44 44

142



Medicina 2024, 60, 1880

Table 7. Cont.

Long-Echo Triglycerides HDL Cholesterol Glucose Insulin HOMA-IR

ρ 0.320 −0.252 0.073 −0.008 0.033
Cho 5 p 0.036 0.102 0.643 0.958 0.836

N 44 44 44 44 44

ρ 0.222 −0.109 −0.065 −0.072 −0.042
Cho 6 p 0.152 0.487 0.678 0.647 0.791

N 44 44 44 44 44

ρ 0.133 0.060 −0.095 −0.392 ** −0.346 *
Cho 7 p 0.396 0.700 0.547 0.009 0.023

N 44 44 44 44 44

ρ 0.129 0.074 −0.110 −0.403 ** −0.357 *
Cho 8 p 0.411 0.638 0.483 0.007 0.019

N 44 44 44 44 44

ρ 0.112 −0.026 0.046 −0.244 −0.166
Cho 9 p 0.473 0.867 0.769 0.115 0.287

N 44 44 44 44 44

ρ 0.078 −0.099 −0.067 0.006 −0.015
Cho 10 p 0.617 0.527 0.668 0.970 0.923

N 44 44 44 44 44

ρ 0.227 −0.088 0.026 −0.185 −0.142
Cho 11 p 0.143 0.574 0.867 0.236 0.364

N 44 44 44 44 44

ρ 0.017 0.007 −0.268 −0.007 −0.073
Cho 12 p 0.916 0.966 0.082 0.964 0.640

N 44 44 44 44 44
* p = 0.05; ** p = 0.01

4. Discussion

There are no studies in the literature that have examined the association of biochemical
indicators of metabolic syndrome (triglyceride, HDL cholesterol, blood glucose, and insulin
level, as well as the insulin resistance index (HOMA-IR)) in obese patients with cerebral
metabolite concentrations obtained by the mvMRS. There are also no literature data that
compare the concentrations of brain metabolites with the percentage of body fat.

There are various mechanisms by which obesity can impact brain health [27,28],
particularly regarding the structure of gray matter [29]. First, obesity is associated with
hypertension, diabetes, and hyperlipidemia, which are known causes of poor brain health.
Second, obesity-associated low-grade chronic inflammation may induce neuroinflamma-
tion [30,31]. Different structures of the central nervous system could be affected, including
the cerebral cortex, amygdala, cerebellum, and hypothalamus [32,33]. Brain involvement
is most likely related to the disturbed blood-brain barrier, with consequent entry of pro-
inflammatory cytokines to the brain parenchyma [34] and activation and proliferation of
microglia and astrocytes. Microglial proliferation has been previously reported in neu-
rodegenerative diseases and traumatic brain injury [35]. The obesity-related microglial
proliferation induces synaptic remodeling, suppressing neurogenesis, leading to cognitive
decline [36].

Analyzing the difference in the level of metabolites between obese subjects and con-
trols, we found that only right deep FWM on long-echo MRS has statistically significantly
lower values of NAA/Cr and Cho/Cr. Looking at this finding, the obtained results could
indicate initial neurodegenerative changes, but a comparison of the absolute values of
NAA and Cho between the examined groups did not show the presence of a statistically
significant difference. Comparison of mI/Cr ratio between the obese subjects and controls
did not find a statistically significant difference. Myoinositol is found mainly in astrocytes,
and its high concentrations are interpreted as a reflection of glial proliferation or an increase
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in the size of glial cells; therefore, it is considered a marker of neuroinflammation [37],
which indicates that in our study, there is an absence of a neuroinflammation state between
the groups. In another study, elevated concentrations of myoinositol were reported in
metabolic syndrome as well as in type 2 diabetes [38].

First of all, it should be noted that there is a negative correlation of NAA values with
age, which is in agreement with the results of other studies. This data should be taken into
account when analyzing other correlations in order to get a real picture of the relationship
between the investigated parameters.

One of the main studies that compared BMI with metabolite values obtained on
single-voxel MRS found that higher BMI was significantly associated with lower NAA
concentration in frontal, parietal, and temporal white matter, with lower NAA concentra-
tion in frontal gray matter, and with lower concentration of choline in the frontal white
matter. This study found no association of BMI with regional concentrations of creatine
or myoinositol [1]. In contrast to the results of the mentioned study, in our research we
did not find that the BMI of participants correlated with the absolute concentrations of
NAA in any of the investigated locations. On the other hand, looking at other anthropo-
metric parameters such as waist circumference and waist-hip ratio, we obtained a negative
correlation with the level of NAA at positions V7 (left posterior ACG) and V8 (left deep
FWM). However, these results were not followed by a correlation of Cho levels. From the
above, we can conclude that BMI is not a true parameter that reflects real obesity, that waist
circumference and waist-hip ratio better reflect central obesity, and that they correlate better
with NAA values in the described locations. Additionally, the waist-hip ratio negatively
correlates with NAA values at position V6 (right posterior ACG), and the percentage of
body fat correlates negatively with NAA only at position V4 (left subcortical FWM). From
these results, we see that the percentage of body fat is an unreliable parameter that reflects
obesity, similar to BMI, and perhaps for this reason we did not find a correlation with the
values of NAA and Cho.

Analysis of the correlation of biochemical indicators of metabolic syndrome (triglyc-
erides, HDL cholesterol, blood glucose, and insulin with the HOMA-IR index) with absolute
concentrations of NAA and Cho in obese individuals showed interesting results. Two lo-
cations in the brain parenchyma showed a strong negative correlation between NAA and
Cho values with insulin levels and the HOMA-IR index, namely left posterior ACG and
left deep FWM. If we look at the correlations with the anthropometric parameters, we
see that significant correlations are in the same locations. Changes in NAA levels can be
caused by an insulin disorder, i.e., the presence of insulin resistance or hyperinsulinemia,
which often exists in obese people [39]. This insulin disorder leads to impaired insulin
transport in the brain, which in turn leads to impaired glucose utilization in the brain,
which can be associated with lower NAA values [40]. Previous studies have shown low
concentrations of NAA in patients with glucose intolerance [41] or diabetes [19,41]. A study
examining metabolite concentrations in metabolic syndrome found a decreased ratio of
NAA/Cr and an increased ratio of Cho/Cr in the white matter of the frontal lobe in patients
with metabolic syndrome compared to patients without it, with the changes being more
pronounced in obese patients [42]. In adolescents with metabolic syndrome, the levels of
NAA, choline, and myoinositol were significantly reduced in both hippocampi, especially
in the right hippocampus [43]. Choline-containing compounds are primarily involved in
the breakdown and synthesis of cell membranes, and their concentrations are elevated in
type 2 diabetes [44].

One study that examined the reversibility of brain metabolite changes after intragastric
balloon insertion found that in a combined group of obese people with and without diabetes,
changes in the NAA/Cr ratio during the first 3 months after intragastric balloon insertion
were inversely proportional to changes in body weight and BMI. Furthermore, patients
with type 2 diabetes had an elevated mI/Cr ratio, which was found to normalize only
3 months after intragastric balloon insertion. This change was accompanied by a decrease

144



Medicina 2024, 60, 1880

in the Cho/Cr ratio. N-acetylaspartate concentrations, but not myoinositol, have been
shown to be affected by diet [45,46].

Creatine (Cr) has long been considered a constant in the brain, and metabolite values
are expressed through the relationship with Cr. In our study, the analysis of absolute
concentrations shows that the only explanation for the mentioned difference in the NAA/Cr
and Cho/Cr ratios would be an increase in Cr in obese people in the right deep FWM,
which leads to lower metabolic ratios. The possible explanation for this phenomenon could
be the generally increased energy and caloric intake in the obese and the consequent higher
amount of glucose, i.e., energy in the brain. As Cr is considered to have a role in the storage
and transfer of energy in metabolically active tissues, such as the brain, muscles, and heart,
it is possible that in obese people there is an excess of Cr in the right deep FWM, i.e., the
centrum semiovale, where white matter tracts transit, of which the most important is the
corticospinal tract.

One of the important limitations of the study is the use of a 1.5 T MRI scanner, instead
of 3 T, which may limit the sensitivity of our study due to the relatively low signal-to-noise
ratio (SNR) of MRS at this field strength. This reduced SNR can impair the detection of
metabolites and other subtle changes, potentially impacting the accuracy and reliability
of the results. Furthermore, an examination of the level of intelligence for the participants
in the study was not carried out, which could eventually lead to a difference between the
metabolites in the brain, but care was taken to ensure that the obese and control groups
did not differ in terms of their level of education. Potential confounding factors, such
as hypertension, lifestyle habits, dietary patterns, and levels of physical activity, should
be considered too, as they may influence the brain metabolism. Additionally, one of the
limitations of the study is the absence of more detailed cognitive and behavioral testing,
which would allow for a more comprehensive interpretation of the results, given that
obesity has been shown to affect deficits in cognitive control [47].

5. Conclusions

This research is one of the rare prospective studies to observe the impact of obesity
on several different locations in the brain, and we concluded that specific changes are
noticed in the right deep FWM. However, when analyzing absolute concentrations of
neurometabolites, it seems that they are not a reflection of neurodegenerative processes
(lower NAA/Cr and Cho/Cr). Instead, there is most likely an increased energy metabolism
in the obese primarily due to an increase in Cr in the white matter pathways. Central
obesity (a higher waist circumference and waist-to-hip ratio) and hyperinsulinemia have
negative effects in the context of neurodegeneration on the deep left FWM and the left
posterior ACG, which is responsible for cognitive and emotional processing and which can
eventually lead to Alzheimer’s disease, while BMI is not a reliable parameter for assessing
brain metabolism.

Future research should focus on clarifying the relationship between neurometabolic
changes in obesity and a broader range of cognitive and behavioral assessments. Addition-
ally, studies should expand neurometabolic assessments to other brain regions, particularly
the hippocampus, and explore the connection between these neurometabolic alterations
and potential microstructural and volumetric brain changes in individuals with obesity.
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Abstract: Background and Objectives: Lower extremity amputations (LEAs) represent a significant
health problem. The aim of our study was to analyse the type and trends of diabetes-related LEAs
in patients hospitalized in one surgical centre in Bucharest between 2018 and 2021. The second
aim was to assess the impact of the COVID-19 pandemic on the trends of LEAs. Materials and
Methods: We performed a retrospective analysis of all lower limb amputations performed between
01 January 2018 and 31 December 2021 in the Department of Surgery, Dr. I. Cantacuzino Clinical
Hospital, Bucharest, Romania. We evaluated demographic parameters, type of LEA, the level, the
laterality and trends of the amputations, the main aetiologies leading to amputation, and the length
of hospitalization. Results: During the study period, 1711 patients underwent an LEA. The mean age
was 64.53 ± 9.93 years, 71.6% (n = 1481) being over 60. Men outnumbered women by a ratio of 3.62:1.
The most frequent interventions were ray amputations in 41.2% (n = 705) of patients; then, there
were amputations of the toe (20.4%, n = 349), transtibial amputations (18.9%, n = 323), transfemoral
amputations (10.6%, n = 181), and midfoot amputations (9%, n = 154). Wet gangrene was the most
frequent aetiology (40.9%, n = 699). The total number of LEAs decreased constantly throughout the
analysed period, such that 616 LEAs were performed in 2018 and 323 LEAs in 2021 (p < 0.001). There
was a statistically significant increase in the rate of major LEAs in the pandemic vs. pre-pandemic
period (37% vs. 24.4%, p < 0.001). Conclusions: In our study, the total number of LEAs decreased
throughout the analysed period, but there was an increase in the rate of major LEAs in the pandemic
vs. pre-pandemic period. Being over 65 years of age, leucocytosis, sepsis at presentation, and diabetic
polyneuropathy were important risk factors for the necessity of LEA in complicated diabetes-related
foot disease.
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1. Introduction

Lower extremity amputations (LEAs) represent an important problem in the diabetic
population, being associated with lower quality of life, premature mortality, and a signif-
icant economic burden for healthcare services. The mortality at 5 years after a diabetes-
related LEA speaks for itself; it exceeds 70%. This excess of mortality seems to be caused
by a combination of factors, such as associated conditions and complications of advanced
diabetes, lack of physical activity, and deconditioning [1].

Diabetes-related foot disease (DFD) encompasses infection, ulceration, or destruction
of tissues of the foot induced by neuropathy and/or peripheral artery disease in the lower
extremities of a patient with diabetes mellitus. Lower extremity amputation represents
the most severe form of this spectrum, which also includes callus or ulcer of the foot
or lower limb, peripheral angiopathy with or without gangrene, cellulitis, osteomyelitis,
mono/polyneuropathy, or neuropathic arthropathy [2,3].

Indeed, DFD is a major public health problem, as in patients with diabetes, its preva-
lence varies between 4.6 and 15.1%. Moreover, DFD is the leading cause for nontraumatic
lower limb amputation in the developed world, and the global annual incidence of diabetes-
related minor and major amputations during the 2010–2020 period was estimated to be,
respectively, 139.97 and 94.82 cases/100,000 people with diabetes [4–8].

The most important contributing factors to LEAs in the diabetic population are diabetic
foot ulcers and low extremity peripheral arterial disease, both being parts of DFD. At least
half of the foot ulcers become infected and, afterward, up to 20% of significantly infected
ulcers impose the need for LEA [1].

Prevention and early recognition of aggravation should play a central role in DFD
management, being essential to observe early any risk factor for a possible evolution
to ulceration or amputation, such as foot deformity, peripheral neuropathy with loss of
protective sensation, preulcerative callus or corn, peripheral arterial disease, poor glycaemic
control, visual impairment, diabetic nephropathy, cigarette smoking, or an anterior history
of ulcers [9]. Increased awareness of possible evolution to amputation would favour
timely guidance to a specialized multidisciplinary team in order to perform preventive and
curative management of diabetic foot disease aimed at reducing the amputation rate [10].
By bridging the gap between research findings and their clinical application, this study
hypothesizes that diabetes complications and metabolic disturbances contribute to the
progression of diabetes-related foot disease toward amputations.

Our study aimed to analyse the type and trends of diabetes-related LEAs in patients
hospitalized in one surgical centre in Bucharest between 2018 and 2021. The second aim
was to assess whether there was a significant change in the number and type of amputations
(major vs. minor) during the pandemic period (2020–2021) compared to the pre-pandemic
period (2018–2019) and to identify the contributing factors to any observed differences,
such as delayed access to healthcare, increased incidence of severe infections, or other
pandemic-related barriers.

2. Materials and Methods
2.1. Study Design, Location, and Period

We performed a retrospective analysis of all lower limb amputations performed
between 1 January 2018 and 31 December 2021 in the Department of Surgery, Dr. I. Can-
tacuzino Clinical Hospital, Bucharest, Romania’s capital and largest city with approximately
2 million inhabitants. This analysis included all adult patients with diabetes undergoing
a lower extremity amputation (LEA). We evaluated demographic parameters, type of
LEA, the level and laterality of amputation and trends of the amputations performed,
the presence of any chronic complication of diabetes, risk factors (hypertension, obesity,
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dyslipidaemia), main aetiologies leading to the indication for amputation, and the length
of hospitalization. Ethical approval for this study was obtained from the Ethics Committee
of the Dr. I. Cantacuzino Clinical Hospital (190/15 Jan 2024).

2.2. Study Population

The inclusion criteria were all patients over 18 years with diabetes (type 1 diabetes
mellitus T1DM, type 2 diabetes mellitus T2DM) who underwent an LEA between 2018 and
2021 in the Department of Surgery, Dr. I. Cantacuzino Clinical Hospital. Patients without
diabetes who underwent amputations during the analysed period were excluded from the
study. All clinical data were collected from the clinical report form each patient’s clinical
report form.

LEAs were classified as major and minor. The surgical removal of only a part or
multiple parts of the lower limb proximal to the ankle joint represents a major lower
extremity amputation. A minor lower extremity amputation was described as any LEA
distal to the ankle joint.

2.3. Variables

We obtained demographic parameters (e.g., age, gender) and clinical data such as the
type of LEA, the level and laterality of amputation (amputation of the toe; amputation of the
toe, including the metatarsal bone; mediotarsal amputation; transmetatarsal amputation;
ankle disarticulation; transmaleolar amputation of the tibia and fibula; above the knee
amputation; below the knee amputation; hip amputation), main aetiologies leading to the
indication for amputation, the presence of hypertension, obesity, dyslipidaemia, any chronic
complication of diabetes (diabetic polyneuropathy (DPN), peripheral arterial disease (PAD),
chronic kidney disease (CKD) or end-stage renal disease (ESRD), diabetic retinopathy) and
medical treatment, the associated antibiotic therapy and the postoperative complications,
previous vascular intervention, and length of hospitalization recorded from the clinical
case report.

Paraclinical laboratory tests at admission, including white blood cell (WBC) counts,
C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), fasting plasma glucose
(FPG), cholesterol, triglycerides, HDL-cholesterol, and renal function (creatinine, estimated
glomerular filtration rate (GFRe)) were analysed.

Hypertension, dyslipidemia (hypercholesterolemia, hypertriglyceridemia, or hypo-
HDL cholesterolemia) were diagnosed according to the American Diabetes Association
Standards of Care for 2024. The Friedewald equation was applied to estimate the LDL-
cholesterol level as follows: estimated LDL-C = [total cholesterol] − [total HDL] − [es-
timated very low-density lipoprotein (VLDL)]. VLDL level was calculated by dividing
the total triglycerides level by 5. There was no direct LDL-C testing performed. Diabetes
mellitus (DM) was described using the standard criteria (blood glucose levels, HbA1c, or
the use of antidiabetic treatment) [9]. Obesity was defined using a body mass index (BMI)
exceeding 30 kg/m2. The use of tobacco was described as present or absent. Leukocytosis
was defined as a number of leukocytes in peripheral blood over >11 × 109/L.

2.4. Statistical Analysis

Qualitative variables are presented as percentages and mean ± standard deviation (SD)
for continuous normally distributed data or as median (interquartile range) for continuous
abnormally distributed data. We used the Kolmogorov–Smirnov with a Lilliefors signifi-
cance correction and Shapiro–Wilk statistic to assess the normality of our data. Chi-square
tests were used for categorical variables, independent t-tests were used for continuous
normally distributed data, and Mann–Whitney U tests were used for nonnormally dis-
tributed data. A p-value less than 0.05 was considered significant. Data collected were
analysed using Statistical Package for Social Software (SPSS) version 19. The cohort was
divided according to the year of admission and the type of amputation. All variables
with a p-value < 0.05 in the univariate analysis were included in the multivariate logistic
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regression models using the backward stepwise method, and an odds ratio (OR) with a
95% confidence interval was calculated.

3. Results
3.1. General Characteristics of the Population

During the study period, between January 2018 to December 2021, 1711 patients
underwent an LEA. The most frequent interventions were ray/rays amputation (n = 705);
then, in order of frequency, the following were performed: amputation of the toe (20.4%,
n = 349), transtibial amputation 18.9% (n = 323), transfemoral amputation (10.6%, n = 181),
and transmetatarsal amputation (9%, n = 154). Wet gangrene was the most frequent
aetiology (40.9%, n = 699), followed by superinfected ulcers (21.8%, n = 373) and ischemia
(11.9%, n = 204). The mean age was 64.53 ± 9.93 (range 26–93) years, 71.6% (n = 1481)
being over 60 (Table 1). Men (78.4%, n = 1341) outnumbered women by a ratio of 3.62:1.
The majority of patients were with T2DM (98.3%, n = 1682), and the median duration of
diabetes was 13 years (CI 95% 13.55–15.02). A total of 38.8% (n = 664) were current smokers.
August to October was the period with the highest LEAs. The most commonly isolated
microorganisms were Staphylococcus aureus (28.1%, n = 71, 17% MSSA (n = 43) and 11.1%
MRSA (n = 28)), Group D Streptococci (14.6%, n = 37), and Proteus Mirabilis (11.9%, n = 28).

Table 1. General characteristics of the population that underwent an LEA.

Variables 2018 2019 2020 2021 Total p * p **

Age (years) Total 64.034 ± 10.35 64.32 ± 10.17 64.88 ± 9.83 65.19 ± 9.43 64.5 ± 9.94 <0.001 ns
Male 63.400 ± 9.63 63.81 ± 9.73 64.409 ± 9.7 64.510 ± 8.77 63.9 ± 9.53 ns

Female 66.31 ± 11.14 66.301 ± 11.6 67.029 ± 9.92 67.750 ± 11.25 66.7 ± 11.02 ns

Gender
Male 465 (75.6%) 330 (79.9%) 291 (81.1%) 255 (78.9%) 1341 (78.4%) ns

Female 150 (24.4%) 83 (20.1%) 68 (18.9%) 68 (21.1%) 369 (21.6%) ns

Environment
Rural 227 (37%) 144 (35%) 120 (33.4%) 118 (36.6%) 609 (35.7%) ns
Urban 387 (63%) 268 (65%) 239 (66.6%) 204 (63.4%) 1098 (64.3%) ns

Type of
diabetes

1 10 (1.6%) 5 (1.2%) 8 (2.2%) 6 (1.9%) 29 (1.7%) ns ns
2 602 (98.4%) 407 (98.8%) 350 (97.8%) 316 (98.1%) 1675 (98.3%) ns ns

Smoking Total 235 (38.1%) 140 (33.9%) 156 (43.5%) 133 (41.2%) 664 (38.8%) 0.04 0.04
Male 210 (45.2%) 128 (38.8) 138 (27.4%) 117 (45.9%) 593 (44.2%) ns

Female 25 (16.6%) 12 (14.5%) 18 (26.5%) 16 (23.5%) 71 (19.2%) ns

Duration of
diabetes
(years) #

14.93 ± 9.82
13 (12)

14.27 ± 9.17
13 (12)

13.30 ± 9.91
11.5 (15)

13.64 ± 8.98
12 (13)

14.29 ± 9.54
13 (12) <0.001 ns

Length of
stay (days) # 6 (4) 5 (4) 5 (3) 5 (3) 5 (3) ns 0.001

The data have been presented as mean ± standard deviation (SD) for continuous normally distributed data or as median
and interquartile range (marked with #). p *—between gender, p **—between years; ns, statistically nonsignificant.

A total of 35.4% (n = 606) underwent recurrent LEAs on the same limb, and 21.9% on
the contralateral limb, 6.3% (n = 107) being major LEAs. Only 3.3% (n = 57) of participants
had a history of revascularization procedures. The length of stay ranged from 1 to 71 days
with an average of 6.26 days (CI95% 6.05–6.46), with significantly longer durations in
the case of major LEAs (6.61 days (CI95% 6.31–6.9) vs. 6.11 days (5.85–6.38), p = 0.032).
Upon admission, the patients presented hyperglycaemia, leucocytosis, and inflammatory
syndrome (higher C-reactive protein) (Table 2).

The characteristics of the population are described in Table 1.
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Table 2. Laboratory parameters at admission.

2018 2019 2020 2021 p

Median Inter-quartile
range Median Inter-quartile

range Median Inter-quartile
range Median Inter-quartile

range

FPG (mg/dL) 189.5 138 174 117 187 166 200 151 ns

Serum creatinine
(mg/dL) 0.96 0.64 0.92 0.61 0.95 0.63 1.02 0.66 ns

eGFR
(mL/min/1.73 mp) 79 49.75 81 49 81 50 72.5 46.75 ns

Leucocyte
(10 × 109 /L) 12 7 12 7 13 8 14 8 <0.001

C-reactive Protein
(mg/dL) 147.5 119.5 163.5 191.25 117 151 137.5 135.48 ns

Abbreviations: FPG, fasting plasma glucose; eGFR, estimated glomerular filtration rate. The data have been
presented as median and inter-quartile range. ns, statistically nonsignificant.

3.2. Major Amputations

Approximately one-third of all LEAs were major (29.4%, n = 503). The total number
of LEAs decreased during the period of observation; 616 LEAs were performed in 2018,
and 323 LEAs in 2021 (p < 0.001) (Table 3). Even though numerically the number of major
amputations decreased (Figure 1), the rate of major LEAs increased in 2020 and 2021
(Figure 2). The ratio of major amputations to minor was initially 0.41 and had an upward
trend. We also noted a rising trend for the proportion of major amputations in both men
(p < 0.001) and women (p = 0.004).

Table 3. Number of LEAs during the study period, stratified by gender.

Gender Type of LEAs 2018 2019 2020 2021 Total

Male Major 115 (24.7%) 69 (20.9%) 96 (33%) 95 (37.3%) 375 (28%)
Minor 350 (75.3%) 261 (79.1%) 195 (67%) 160 (62.7%) 966 (72%)

Female Major 48 (31.8%) 19 (22.9%) 27 (39.7%) 34 (50%) 128 (34.6%)
Minor 103 (68.2%) 64 (77.1%) 41 (60.3%) 34 (50%) 242 (65.4%)

Total Major 163 (26.5%) 88 (21.3%) 123 (34.3%) 129 (39.9%) 503 (29.4%)
Minor 453 (73.5%) 325 (78.7%) 236 (65.7%) 194 (60.1%) 1208 (70.6%)

All LEAs 616 413 359 323 1711
Abbreviations: LEA, lower extremity amputation. Variables are presented as percentages.
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The most common was transtibial amputation at 18.9% (n = 323) (without gender
differences). The number of transtibial amputations increased by 1.7 times between 2018
and 2021. This was followed by transfemoral amputations at 10.5% (n = 180); the proportion
of transfemoral amputations increased by 1.18 times over the years. The majority of patients
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who underwent major LEAs were male, with an M/F ratio of 2.92, diagnosed with PAD
(peripheral arterial disease) (75.1%, n = 378), PNP (polyneuropathy) (44.1%, n = 222), CKD
(chronic kidney disease) (35%, n = 176), obesity (46.1%, n = 232), hypertension (76.5%,
n = 385), and 39.1% current smokers (Table 4).
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Table 4. Characteristics of patients with major and minor LEAs.

Major LEAs
(n = 503, 29.4%)

Minor LEAs
(n = 1208, 70.6%) p

Age (years) 66.57 ± 9.39 63.68 ± 10.03 ns
Gender, male 375 (74.6) 966 (80%) 0.014

Gender, female 128 (25.4) 242 (20%) 0.014
Type 1 diabetes 10 (2%) 19 (1.6%) 0.541
Type 2 diabetes 493 (98%) 1189 (98.4%) ns
Smoking (n, %) 199 (39.6%) 465 (38.5%) 0.703

Hypertension (n, %) 385 (76.5%) 899 (74.4%) 0.391
Obesity (n, %) 232 (46.1%) 645 (53.4%) 0.001

Dyslipidaemia (n, %) 150 (29.8%) 366 (30.3%) 0.862
PAD (n, %) 378 (75.1%) 616 (51%) <0.001

DPN 222 (44.1%) 748 (61.9%) <0.001
PAD + DPN 160 (31.8%) 361 (29.9%) 0.454

CKD 176 (35%) 359 (29.7%) 0.034
ESRD 53 (10.5%) 51 (4.2%) 0.02

DR 46 (9.1%) 108 (8.9%) 0.926
Charcot foot 32 (6.4%) 26 (2.2%) 0.001

History of revascularisation 13 (2.6%) 44 (3.6%) 0.303

Main causes: Wet
gangrene/Ischemia/Infected ulcers

233 (46.3%)
100 (19.9%)

51 (12%)

466 (38.6%)
104 (8.6%)

322 (26.7%)
SGLT2 inhibitors 8 (1.6%) 37 (3.1%) 0.097

Abbreviations: LEA, lower extremity amputation; PAD, peripheral arterial disease; DPN, diabetic polyneuropathy;
CKD, chronic kidney disease; ESRD, end-stage renal disease; DR, diabetic retinopathy. Variables are presented
as percentages.

3.3. Minor Amputations

Between 2018 and 2021 were carried out 1208 minor LEAs (70.6%). For minor LEAs,
the trend was descending for both genders (Table 3). The most common was ray amputation
(including the toe and corresponding metatarsal bone) at 41.2% (n = 705). Minor LEAs
decreased from 453 procedures in 2018 (73.5% of total LEAs) to 194 procedures in 2021
(60.1% of total LEAs). The patients who underwent minor LEAs were predominantly male
(80%, n = 966), with an M/F ratio of 3.99, diagnosed with PNP (61.9%, n = 748), PAD (51%,
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n = 616), CKD (29.7%, n = 359), obesity (53.4%, n = 645), hypertension (74.4%, n = 899), with
a high proportion of smoking (38.5%, n = 465) (Table 4).

3.4. Age

The mean age at admission increased from 64.034 ± 10.35 years in 2018 to
65.19 ± 9.43 years in 2021 (p = 0.03), being higher in those with major amputations
(66.57 ± 9.39 years versus 63.68 ± 10.03 years, p < 0.001), both in women and men.

Overall, both minor and major amputations belonged to the age group 60–69 years
(major LEAs n = 206, 41%; minor LEAs n = 530, 43.9%) (Figure 3); the second most prevalent
age group was 70–79 years in women (31.1%, n = 115) and 50–59 years for men (24.2%,
n = 324) (Figure 3).
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3.5. Smoking

Current smoking status was noticed in 38.8% (n = 664) of the included subjects; the
percentage of smokers increased year after year; significantly more men than women were
smoking (44.2% versus 19.2%, p = 0.001). Similar proportion of smokers was found both in
major (39.6% (n = 199)) and minor amputations (38.5%, n = 465). There were no differences
remarked between smokers and nonsmokers regarding the type of intervention.

3.6. Type of Diabetes

There were twenty-nine patients with T1DM, and 34.5% (n = 10) underwent major
amputations. In patients with T2DM, 29.3% (n = 493) suffered major amputations, and
70.7% (n = 1208) had minor amputations (p = 0.541). Amputation of the toe and the
metatarsal bone was the most common minor LEA in T1DM (n = 11, 57.9%) and T2DM
(n = 694, 58.35%). Transtibial amputation was the most frequent major LEA, both in type 1
and type 2 diabetes; in T1DM patients, there were six cases (60%), and in T2DM people,
316 (64.09%).

3.7. The Complications of Diabetes Mellitus

Peripheral arterial disease (PAD) (n = 994, 58.1%) and diabetic polyneuropathy (DPN)
(n = 970, 56.7%) were the most prevalent diabetes-related complications in patients who
underwent LEAs. Chronic kidney disease (CKD) was present in 31.3% (n = 535), and 9%
had end-stage renal disease (ESRD) (n = 154). An increased proportion of patients had
associated cardiovascular risk factors such as hypertension (n = 1284, 75%), obesity (n = 877,
51.3%), and dyslipidaemia (n = 516, 30.2%) (Table 5).
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Table 5. Complications and comorbidities stratified by year and gender.

2018 2019 2020 2021 Total

Complications and
Comorbidity

No. of
Patients (%) No. of

Patients (%) No. of
Patients (%) No. of

Patients (%) No. of
Patients (%)

DPN Total 343 55.70% 225 54.50% 196 54.60% 206 63.80% 970 56.70%
Men 270 58.10% 184 55.80% 161 55.30% 167 65.50% 782 58.30%

Women 73 48.30% 41 49.40% 35 51.50% 39 57.40% 188 50.80%

PAD Total 361 58.60% 214 51.80% 225 62.70% 194 60.10% 994 58.10%
Men 266 57.20% 165 50.00% 184 63.20% 152 59.60% 767 57.20%

Women 95 62.90% 49 59.00% 41 60.30% 42 61.80% 227 61.40%

DPN + PAD Total 192 31.20% 96 23.20% 116 32.30% 117 36.20% 521 30.50%
Men 143 30.80% 76 23.00% 98 33.70% 93 36.50% 410 30.60%

Women 49 32.50% 20 24.10% 18 26.50% 24 35.30% 111 30.00%

CKD Total 178 29.10% 127 30.80% 118 32.90% 111 34.40% 535 31.30%
Men 133 28.60% 107 32.40% 93 32.00% 89 34.90% 422 31.50%

Women 46 30.50% 20 24.10% 25 36.80% 22 32.40% 113 30.50%

ESRD Total 59 9.60% 41 9.90% 31 8.60% 23 7.10% 154 9.00%
Men 36 7.70% 29 8.80% 22 7.60% 15 5.90% 102 7.60%

Women 23 15.20% 12 14.50% 9 13.20% 8 11.80% 52 14.10%

Hypertension Total 455 73.90% 292 70.70% 280 78.00% 257 79.60% 1284 75.00%
Men 331 71.20% 227 68.80% 218 74.90% 197 77.30% 973 72.60%

Women 124 82.10% 65 78.30% 62 91.20% 60 88.20% 311 84.10%

Dyslipidaemia Total 137 22.20% 111 26.90% 119 33.10% 149 46.10% 516 30.20%
Men 106 22.80% 92 27.90% 94 32.30% 118 46.30% 410 30.60%

Women 31 20.50% 19 22.90% 25 36.80% 31 45.60% 106 28.60%

BMI over 30 kg/m2 Total 294 47.70% 193 46.70% 200 55.70% 190 58.80% 877 51.30%
Men 229 49.20% 150 45.50% 156 53.60% 152 59.60% 687 51.20%

Women 65 43.00% 43 51.80% 44 64.70% 38 55.90% 190 51.40%

Abbreviations: LEA, lower extremity amputation; DPN, diabetic polyneuropathy; PAD, peripheral arterial disease;
CKD, chronic kidney disease; ESRD, end-stage renal disease; BMI, body mass index. Variables are presented
as percentages.

In univariate analysis, factors associated with major LEAs were age over 70, gender,
sepsis, obesity, DPN, PAD, CKD, and leucocytosis. In multivariate analysis, patients with
diabetes and sepsis, diabetic polyneuropathy, age over 65, and leucocytosis were more
likely to undergo major amputation (Table 6). For minor amputation, in multivariate
logistic regression, age over 65 years, sepsis, diabetic polyneuropathy, and leucocytosis
could be considered independent risk factors (Table 6).

Table 6. Factors associated with LEAs.

B S.E. p OR
95% C.I.

Lower Upper

Major LEAs

Sepsis 0.851 0.142 <0.001 2.342 1.772 3.094
DPN 0.597 0.117 <0.001 1.817 1.445 2.285

Leucocytosis 0.081 0.011 <0.001 1.084 1.061 1.107
Age over 65 years 0.032 0.006 <0.001 1.032 1.020 1.045

Minor LEAs

Sepsis −1.021 0.139 <0.001 0.360 0.274 0.473
PAD 1.015 0.127 <0.001 2.760 2.154 3.537
DPN −0.560 0.116 <0.001 0.571 0.455 0.717

Leucocytosis 0.708 0.126 <0.001 2.029 1.586 2.596
Age over 65 years 0.348 0.137 0.011 1.416 1.084 1.851

Abbreviations: LEA, lower extremity amputation; DPN, diabetic polyneuropathy; PAD, peripheral arterial disease.
B, standard beta coefficient; SE, standard error; OR, odds ratio; CI, confidence interval.
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The total number of LEAs decreased significantly in the pandemic period (682 in
pandemic era vs. 1029 in pre-pandemic period). This decrease was obtained mainly
because of the reduction of minor LEAs (778 pre-pandemic vs. 430 in the pandemic era),
while the number of major LEAs remained approximately constant (251 vs. 252). However,
there was a statistically significant increase in the rate of major LEAs in the pandemic vs.
pre-pandemic period (37% vs. 24.4%, p < 0.001). There were significantly higher percentages
of transtibial and transfemoral amputations in the pandemic versus pre-pandemic period
(24.9% vs. 14.8% and 12% vs. 9.6%, respectively). The patients who needed amputations
in pandemic era had leucocytosis (55.6% to 46.5%, p < 0.001) and sepsis (28.9% to 17.5%,
p < 0.001) more frequently than the patients who needed amputations in the pre-pandemic
era (Table 7).

Table 7. Number and type of LEAs in pre-pandemic vs. pandemic period.

Pre-Pandemic Pandemic p

T2DM 1014 (98.5%) 668 (97.9%) 0.347
Minor LEAs 778 (75.6%) 430 (63%) <0.001
Major LEAs 251 (24.4%) 252 (37%) <0.001
Total LEAs 1029 (60.1%) 682 (39.9%) <0.001

Sepsis 180 (17.5%) 197 (28.9%) <0.001
Leukocytosis 478 (46.5%) 379 (55.6%) <0.001

Toe amp 225 (21.9%) 124 (18.2%) ns
TMT and toe 466 (45.3%) 239 (35%) <0.001

TMT amp 87 (8.5%) 67 (9.8%) ns
Transtibial amp 152 (14.8%) 170 (24.9%) <0.001

Transfemoral amp 99 (9.6%) 82 (12%) <0.001
Abbreviations: T2DM, type 2 diabetes mellitus; LEA, lower extremity amputation; TMT, transmetatarsal; amp,
amputation. ns, statistically nonsignificant.

4. Discussion

In our four-year retrospective study, between January 2018 and December 2021,
1711 patients underwent an LEA, and 29.4% of all LEAs were major (n = 503). Our data
are similar with the statistics published for Romania between 2015 and 2019, when major
amputation represented 28.87% of the LEA-affected individuals [11].

Most of our patients were in their 6th decade, with a mean age of 64.53 ± 9.93 (range
26–93) years, similar to other studies [8,11].

Our results showed that men are disproportionately affected by LEAs, with a ratio
of 3.62 (1341 vs. 370, p = 0.014), consistent with results from extensive studies available in
the literature. Ezzatvar et al. published a meta-analysis that provided global estimates of
diabetes-related amputation incidence from 2010 to 2020; the incidence of LEAs in males
was approximately two-fold higher than in women [8]. In another cohort, men exhibited a
higher prevalence of LEAs compared to women, irrespective of whether they had type 1 or
type 2 diabetes mellitus [12].

There are several hypotheses for this difference. On the one side, the risk factors for
LEA seem to be more prevalent in men: diabetic foot ulcers, peripheral artery disease, or
tobacco consumption [8]. Our data likewise showed that more men were smoking (44.2%
versus 19.2%, p = 0.001). On the other hand, in women of reproductive age, oestrogens
could have a vascular and neural protective effect [13].

In our analysis, septic complications were most frequently the reason for LEA, wet
gangrene and infected ulcers causing together 62.7% of the indications for LEA. Unlike
other large studies that named infected ulcers as the leading cause for LEAs [8,14], in our
analysis, wet gangrene (40.9%, n = 699) was the most frequent cause, with infected ulcers
accounting for only 21.8% of the cases. One explanation may be that our patients were
addressed later to the healthcare services, in more advanced stages of the disease.

The risk factors identified in our study are consistent with other results published
in the literature [15–17]. In a meta-analysis including 6000 patients with diabetic foot
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infections, the predictors for LEAs were identified as male gender, smoking habits, a
previous amputation, peripheral arterial disease, diabetic retinopathy, osteomyelitis, severe
infections, gangrene/necrosis, and advanced scores in the International Working Group on
the Diabetic Foot (IWGDF) (grades 3 or 4) and Wagner classifications (grades 4 or 5) [15].
Additionally, inflammatory markers such as leucocytosis, elevated CRP, and erythrocyte
sedimentation rate levels were associated with an increased risk of amputation [15].

In another meta-analysis, which included 21 studies with 6505 participants, PAD and
infection severity were among the strongest predictors of LEA [16]. Male sex, smoking,
and a history of foot ulcers or amputations were also linked to increased risk [16]. Co-
morbidities, including osteomyelitis, neuropathy, lower body mass index, and delayed
wound healing, were highlighted as contributing factors for LEAs [16]. Early detection and
management of PAD and infection, as well as addressing modifiable factors like smoking,
could significantly reduce the incidence of amputations and emphasize the importance of
targeted interventions and risk stratification in preventing amputations among patients
with DFUs [16].

In a more recent meta-analysis that included 9934 subjects, previously identified risk
factors for lower extremity amputations (LEAs) were reconfirmed [17]. Male sex and
older age were associated with a higher prevalence of LEAs [17]. Although, age and the
type of diabetes mellitus were not identified as significant risk factors for lower extremity
amputation in individuals with diabetic foot ulcers [17]. Smoking cessation and improved
wound care, especially in cases of infection or gangrene, were emphasized as critical for
reducing LEA risk [17].

The total number of LEAs decreased constantly throughout the analysed period;
616 LEAs were performed in 2018 and 323 LEAs in 2021 (p < 0.001). The total number of
LEAs decreased mainly by a reduction in minor LEAs (778 pre-pandemic vs. 430 in the
pandemic era), the number of major LEAs remaining approximately constant (251 vs. 252).
However, we observed an increasing tendency in the rate of major LEAs among males and
females compared to minor LEAs, which was statistically significant (p < 0.001). This could
support the idea that the access of DFD-affected patients to healthcare services during
the pandemic era could have been hampered, as from the patients needing amputation
procedures, more individuals needed major LEAs, meaning that they ended up receiving
treatment in a more advanced stage of disease. This idea could also be supported by
the fact that the patients who needed amputations in the pandemic era had leucocytosis
(55.6% to 46.5%, p < 0.001) and sepsis (28.9% to 17.5%, p < 0.001) more frequently than the
amputees in the pre-pandemic era. The hypothesis of impaired access of DFD-affected
patients to healthcare services caused by the COVID-19 pandemic is also supported by
other authors [18,19].

Disparities seem to be caused not only by impaired access to healthcare services due
to the COVID-19 pandemic but also by limited access to complex, expensive medical proce-
dures in our country. For instance, in the Netherlands, the majority (70%) of people with
major LEAs had a history of endovascular revascularisation before amputation [20]. On the
contrary, only a small proportion of our cohort (3.3%, n = 57) had access to revascularization
procedures before being subject to LEA. Revascularization, both endovascular and surgical,
is a first-class recommendation for limb salvage in patients with chronic limb-threatening
ischaemia [21].

A study analysing global variations in amputation rates, using data from 12 countries
(primarily European), highlighted that countries with lower gross domestic product (GDP)
and healthcare expenditures, such as Hungary and Slovakia, reported the highest rates of
major amputations [22,23].

The strengths of this study are the inclusion of a large number of patients treated in a
tertiary care centre from the largest city of Romania, a significant analysed period (4 years),
including 2 pre-pandemic years and 2 pandemic years, and a direct comparison between
the pre-pandemic and pandemic period.
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The limitations of our study would be the lack of data regarding quality of life,
the impact of different medications in the magnitude of necessary LEAs, possible other
disparities significantly involved (such as socioeconomic or ethnic disparities), the severity
of diabetes in LEA-affected individuals (possibly quantified by HbA1c, duration of diabetes,
or intensity of default antidiabetic treatment), a possible correlation between specific risk
factors and repeated need for LEA in the same patient, or the single-centre nature of
the study.

This paper brings to attention new data regarding LEAs caused by diabetes mellitus,
highlights the risk factors involved in the unfortunate evolution of diabetes-related foot dis-
ease, discusses the impact of the COVID-19 pandemic upon diabetes-affected individuals,
and could be the basis of future studies aimed at reducing the burden of diabetes.

5. Conclusions

LEAs, in general, and in diabetes-affected individuals in particular, remain an impor-
tant public health issue, with immense emotional implications for patients and a significant
burden for health and social services. This study highlights the ongoing public health
challenge posed by lower extremity amputations (LEAs) in patients with diabetes mellitus,
exacerbated during the COVID-19 pandemic. In our study, a positive trend was observed,
as the total number of LEAs constantly decreased throughout the analysed period. De-
spite a reduction in the total number of LEAs over the study period, major amputations
increased significantly during the pandemic, likely reflecting delays in access to care and
advanced disease stages at presentation. Identified key risk factors, including age over
65 years, leucocytosis, sepsis, and diabetic polyneuropathy, underscore the need for early
detection and intervention in diabetic foot disease. Further studies, including more years
of surveillance and more patients from more centres, could give us a better picture of the
trends in amputation rates in diabetic foot disease.
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Abstract: Background and Objectives: Diabetes is a rapidly increasing global health challenge
compounded by a critical shortage of diabetes care and education specialists. Robot-assisted
diabetes care offers a cost-effective and scalable alternative to traditional methods such as
training and dispatching human experts. This pilot study aimed to evaluate the feasibility of
using robots for diabetes care consultations by examining their ability to elicit meaningful
patient feedback, identify therapeutic issues, and assess their potential as substitutes
for human specialists. Materials and Methods: A robot-assisted consultation programme
was developed by selecting an appropriate robot, designing the programme content, and
tailoring back-channel communication elements. Experienced diabetes care nurses operated
the robot during the consultations. Patient feedback was collected through a 17-item
questionnaire using a five-point Likert scale (evaluating functionality, impressions, and
effects). Additionally, a five-item questionnaire was used to assess whether the programme
helped patients reflect on the key therapeutic domains of diabetes knowledge, diet, exercise,
medications, and blood glucose control. Results: This study included 32 participants
(22 males; mean age, 69.7 ± 12.6 years; mean HbA1c, 7.2 ± 1.0%). None of the participants
reported any discomfort during the consultation. Sixteen of the seventeen feedback items
scored above the median of 3, as did all five therapeutic reflection items. The interview
content analysis revealed the programme’s ability to differentiate patients facing issues in
treatment compliance from those effectively managing their condition. Robots can elicit
valuable patient narratives like human specialists. Conclusions: The results of this pilot
study support the feasibility of robot-assisted diabetes care to assist human experts. Future
research should explore the programme’s application with healthcare professionals with
limited experience in diabetes care, further demonstrating its scalability and utility in
diverse healthcare settings.

Keywords: type 2 diabetes; communication robot; treatment behaviour; diabetes care
consultation; response phrase
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1. Introduction
The prevalence of diabetes has been increasing rapidly worldwide [1], posing a significant

challenge to healthcare systems. This escalating prevalence, combined with the global shortage
of diabetes care and education specialists, highlights the urgent need for innovative solutions.
Current approaches to addressing this shortage—such as training and dispatching human
specialists—are resource-intensive in both time and cost. Therefore, alternative strategies that
are cost-effective, scalable, and capable of rapid deployment are imperative.

Robot-assisted diabetes care is a promising approach in this context. Communication
robots can be deployed swiftly and economically, potentially alleviating the burden on
human specialists. Robots have demonstrated their utility in healthcare-related fields, in-
cluding promoting physical activity in middle-aged and older adults [2], supporting mental
health [3], improving cognitive function [4], rehabilitation for patients with hemiplegia [5],
and mental support for patients with blood disorders [6]. Recent reports suggest that some
individuals have more comfortable interactions with robots than with human healthcare
professionals [7]. However, the applications of communication robots in diabetes care
remain unexplored.

To address this gap, we developed a robot-assisted diabetes care consultation pro-
gramme (hereafter referred to as “the programme”) to facilitate patient–professional inter-
actions, identify therapeutic issues, and enhance patient outcomes. Previous studies have
shown the potential of such programmes to improve glycaemic control before and after
implementation [8]. Unlike conventional consultations, in which patients often experience
hesitation or tension, robot-assisted consultations may provide a less intimate environment,
thereby encouraging patients to share their concerns more openly.

Given this background, this study aimed to evaluate the feasibility of the programme
by documenting its development process, assessing patient feedback, and determining
whether healthcare professionals could effectively identify patients’ therapeutic issues. By
exploring the role of robots in diabetes care, this study seeks to contribute to resolving the
global shortage of diabetes care specialists and to improving patient outcomes.

2. Methods
2.1. Study Design and Ethical Issues

All procedures in this cross-sectional observational study followed the ethical standards
of the responsible committee on human experimentation and the Helsinki Declaration of 1964,
as well as its later amendments. The study protocol was approved by the Ethics Committee of
Osaka University (IRB# R4-21). Written informed consent was obtained from all participants
after they were informed that they could opt out at any time without penalty.

2.2. Study Participants

A diagnosis of diabetes was established based on the criteria outlined by the American
Diabetes Association and the Japan Diabetes Society: HbA1c levels ≥ 6.5% (National Glyco-
haemoglobin Standardisation Programme), fasting blood glucose concentration ≥ 126 mg/dL
(7.0 mmol/L), random blood glucose concentration ≥ 200 mg/dL, or current use of medica-
tions for diabetes [9,10]. The exclusion criteria were as follows: (i) type 1 diabetes, (ii) sec-
ondary diabetes, (iii) refractory malignant diseases, (iv) dependency on haemodialysis, (v) renal
dysfunction with serum creatinine levels > 2.5 mg/dL, (vi) symptomatic coronary artery dis-
ease or percutaneous coronary intervention within the past year, (vii) severe hepatic dysfunc-
tion (Child–Pugh score ≥ 10), and (viii) patients who had changed their prescriptions within
2 months prior to the interview.

This study was conducted on patients with type 2 diabetes attending a private clinic
in Japan. Consecutive cases were approached, and those who provided informed consent
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participated in this study. Given that this study targeted patients regularly attending a
private clinic, it was anticipated that many would have relatively stable glycaemic control
and fewer complications. To ensure the homogeneity of the study population, the exclusion
criteria above were strictly applied.

Regarding the basic attributes of the subjects, information was collected on age, sex, HbA1c,
presence or absence of injectable medication use, and presence or absence of complications.

2.3. Study Period

The study period was from November 2021 to October 2022.

2.4. Programme Creation
2.4.1. Selection of the Robot

In this study, we used SHARP’s RoBoHoN-lite (SHARP Corporation, Osaka, Japan).
We selected this robot for the following reasons: First, it has a rounded humanoid form,
which gives it a charming appearance. Second, its size is convenient for portability because
it can fit in one’s hand. Third, it is relatively inexpensive for robots, costing approximately
JPY 100,000 (USD 154). Fourth, a previous study investigated the possibility of using this
robot as a remote-control system [11].

2.4.2. Programme Content
Creation of an Introduction

We created an introductory scenario to reduce the patient’s tension and clarify the
patient’s behavioural role towards the robot.

Creation of Questions to Ascertain Treatment Behaviours

Nightingale [12] stated that humans should be viewed as an integrated entity in which
the body, mind, and environment are interrelated. To ensure that these three aspects were
depicted as a whole, multiple questions were constructed to capture the overall knowledge,
acceptance, implementation level, and support system surrounding a specific health be-
haviour. Therefore, questions were created to assess whether patients with diabetes engage
in the necessary behaviours for diabetes control, such as adjusting their environment, imple-
menting desirable psychological and behavioural practices, and maintaining constructive
relationships with their general practitioner (GP) and significant others. These questions
were extracted based on guidelines for diabetes care [13]. Additionally, the content imple-
mented by the researcher, a nurse with extensive experience in diabetes consultations, was
also referenced. After creation, the questions were tested with three patients to determine
whether they were understandable, confirm their relevance to the objectives, and check the
appropriateness of the order of the questions, leading to revisions of the scenario.

a. Treatment Behaviours (Diet, Exercise) (Table 1)

The content related to diet was composed of actual dietary intake, its relationship with
blood glucose levels, snacking habits, evaluations, satisfaction with the current diet, and
the relationship with family and support staff regarding meals.

The content related to exercise was structured to include the type and duration of
exercise being performed, the implementation status according to the weather and physical
condition, questions regarding exercise, and the status of consultations with GP.

b. Treatment Knowledge (Table 1)

This section comprised content related to foot care, sick day management, and complications.

c. Diabetes Acceptance (Table 1)
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Table 1. RoBoHoN interview items and assessment content.

Interview Items Assessment Content

Treatment
Behaviours

Diet

Whether there are any awkward situations with family
regarding meals
Satisfaction with meals
Relationship between diet and blood glucose levels
Self-evaluation of how well things are going
Whether family members give compliments
Whether you eat anything other than meals

Exercise

Whether you share details about your exercise, such as the
type and duration, with your doctor
Selecting and performing exercise based on your
physical condition
Exercise on rainy days
Whether you have any questions about exercise
Whether you did any exercise in your youth

Treatment
Knowledge

Foot care
Whether you are familiar with the term “foot care”
Knowledge of foot care methods, such as nail trimming

Sick day management

Whether you are familiar with the term “sick
day management”
Whether you have ever sought a medical consultation on
days other than your regular check-up days

Complications
Whether you want detailed information about complications
and how to prevent them
The level of ability to explain the complications you know

Diabetes
Acceptance

Aetiology Perception of the cause of diabetes

Whether there is any disadvantage
or burden in daily life

Whether the thought of having diabetes itself feels like
a burden
Changes in lifestyle following the diagnosis
Whether you feel you have lost out because of your diabetes

Expectations towards the people
around you

Whether you have expectations towards
healthcare professionals
Whether you have expectations towards family
Whether you have expectations towards RoBoHoN

This section was structured to include perceptions of the causes of diabetes onset,
disadvantages and burdens of living with diabetes, and expectations regarding the sur-
rounding environment (healthcare professionals and family members).

2.4.3. Creation of Response Phrases Emitted by the Robot During Interviews

Response phrases were created to deepen the interviews and ease speech. The cre-
ation of these phrases was based on counselling theories [14], interpersonal communication
theories [15], and learning theories [16]. To determine the appropriateness of the content,
trials were conducted with three patients, and the operator observed and confirmed whether
the response phrases interrupted the patient’s speech, whether the content developed to a
certain depth, and whether the content caused unpleasant reactions. Based on these findings,
the response phrases were finalised. The system was designed to allow the robot to select
and vocalise responses that the operator judged to be appropriate according to the patient’s
responses to questions about treatment behaviour and the content of the patient’s speech.
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2.4.4. Interview Procedure

An interview was conducted with one subject and a robot operator. The robot was
operated by nurses experienced in diabetes consultations. The robot operator sat slightly
apart from the subject in the same room and operated the robot. The operator did not
explicitly inform the subject that the robot was being operated by a person in the same
room during the interviews. The interview was recorded using a camera and microphone
integrated into the robot, enabling a review of the interview content.

2.5. Evaluation Method of the Programme
2.5.1. Participant Evaluations

After robot-mediated interviews, a questionnaire was conducted to evaluate the robot.
The evaluation included three aspects of the robot itself: “Functionality of the RoBoHoN”,
“Impression of the RoBoHoN”, and “Effects of the RoBoHoN”. Additionally, participants
were asked about the programme content: “Did the programme help you reflect on your
diabetes?”. The responses were rated on a five-point Likert scale, from “1. Strongly
disagree” to “5. Strongly agree”. We checked the internal consistency of these items and
obtained a Cronbach’s alpha coefficient of 0.87. Since a Cronbach’s alpha coefficient of ≥0.7
is considered acceptable, it was determined that the items in this study were valid.

2.5.2. Criteria for Assessing the Patient’s Issues in Diabetes Care

Through conversations with the robot, the patients described three aspects of issues in
diabetes care: (1) treatment behaviours (e.g., diet and exercise), (2) treatment knowledge,
and (3) diabetes acceptance. Criteria were established to assess the patients’ therapeutic
issues based on these three aspects. After the interviews, assessments were conducted by
two nurses with experience in diabetes consultation who reviewed the interviews.

Treatment Behaviours (e.g., Diet, Exercise) (Table 1)

The criteria for assessing diet and exercise were established from three perspectives:
knowledge, behaviour, and support from others. The scores for this section range from 3 to
9 points.

(i) Knowledge: 3 levels (1 point: No knowledge, 2 points: Aware of precautions, 3 points:
Have basic knowledge)

(ii) Behaviour: 3 levels (1 point: Not concerned, 2 points: Only pay attention, 3 points:
Practising basic principles)

(iii) Support from others: 3 levels (1 point: No concept of cooperation from others,
2 points: Feel that others cooperate but cannot talk about specifics, 3 points: Can
discuss specifics regarding cooperation)

Treatment Knowledge (Table 1)

These criteria were based on the presence or absence of treatment knowledge, with
three assessment levels: 1 point, never heard of it; 2 points, heard of it but unable to explain;
and 3 points, knowledgeable and able to explain. The scores for this section ranged from
3 to 9 points.

Diabetes Acceptance (Table 1)

The criteria for diabetes acceptance were as follows: scores for this section ranged
from 3 to 6 points.

(i) Cause of onset: 2 levels (1 point: Do not know, 2 points: Have an idea).
(ii) Burden or disadvantage in daily life: 2 levels (1 point: None, 2 points: Present).
(iii) Expectations from others: 2 levels (1 point: None, 2 points: Present).
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2.6. Statistical Analysis

The sample size was determined using Lehr’s formula. Assuming an expected dif-
ference in questionnaire score of 1 and a standard deviation of 0.7, the effect size was
estimated to be 1.4. Consequently, the required sample size was calculated as 32 (16 × 1.42),
with a target power of 80% and a significance level of 0.05.

Continuous variables are expressed as mean ± standard deviation (SD) and median
values, while categorical variables are reported as counts and percentages. For question-
naire responses, 95% confidence intervals (CIs) were calculated. The Kolmogorov–Smirnov
test was used to analyse the cumulative relative frequency distributions.

Statistical analyses were conducted using Microsoft Excel (Microsoft Corporation,
Redmond, WA, USA), R version 4.3.0 (R Foundation for Statistical Computing, Vienna,
Austria), GUI version 1.79, RStudio version 2024.09.1+394 (Boston, MA, USA) on an Apple
Macintosh computer (Apple, Cupertino, CA, USA), and SPSS Statistics version 27 (IBM,
Chicago, IL, USA).

3. Results
3.1. Baseline Characteristics of the Participants (Table 2)

In total, interviews were conducted with 32 participants (22 males [68.8%]; mean age,
69.7 ± 12.6 years). All participants were asked a series of questions and responses were
recorded for each question. The average HbA1c level was 7.2 ± 1.0%, and a limited number of
participants were treated with insulin injections (28.1%) and had diabetic complications (15.6%).

Table 2. Baseline characteristics of the participants. (n = 32).

Variables Mean ± SD

Male gender, (%) 22 (68.8)
Age, years old 69.7 ± 12.6

HbA1c, % 7.2 ± 1.0
Treated with insulin injections, (%) 9 (28.1)

With diabetic complications, (%) 5 (15.6)

3.2. Created Programme
3.2.1. Introduction

In the introduction, the expected role behaviour was: “I will ask you questions about
your diet, exercise, and treatment, so please answer them”.

3.2.2. Questions Regarding Treatment Behaviours (Table 3)

Regarding treatment behaviours, the questions about diet included the following: “Are
you satisfied with your current diet? Can you tell me if you’re satisfied?” and “ Do you
ever think that your diet is a cause of your fluctuating blood glucose levels?”. For family
relationships related to meals, the question was: “Do you ever have awkward moments with
your family because of meals? For example, are you often told you eat too much?”.

Regarding exercise, the questions included the following: “Do you choose and perform
exercises based on your condition each day? What do you do when it rains? How do you
exercise on rainy days?”. The question about exercise-related concerns was “If you have
any questions about exercise, please feel free to ask me”.

Regarding treatment knowledge, the questions about foot care included the following:
“Are you familiar with foot care?” and “If you have any trouble with foot care, such as
cutting your nails, please tell me”. Regarding sick day management, the questions were:
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“Do you know what a ’sick day management’ is?” and “If you have ever had the experience
of wanting to see a doctor outside of your routine appointments, please share it with me”.

Regarding complications, the questions included the following: “Would you like to
know more details about the types of complications and their prevention?” and “Can you
tell me about any complications you’re aware of?”. In addition, questions regarding oral
medication and insulin therapy were added to the questionnaire.

Regarding diabetes acceptance, the questions were “Could you let me know if you
feel burdened just because you have diabetes?” and “Please tell me what you expect from
your healthcare professional or family when you go through treatment for diabetes”.

All questions and scenarios are presented in Table 3. No participants exhibited unpleas-
ant reactions throughout the programme, and all were able to respond to the questions.

Table 3. Questions regarding treatment behaviours.

Introduction

I will ask you questions about your diet, exercise, and treatment, so please answer them.
Please rest assured that your responses will not be shared with anyone without your permission.
I will come up with useful advice regarding subsequent treatment based on what you tell me.
I will discuss matters with your GP as necessary.
Thank you in advance for your time and cooperation.

Treatment
Behaviours

(Diet and Exercise)

I will ask you about your daily life, so please share your thoughts.
First, I will ask about your diet.
Do you ever have awkward moments with your family because of meals?
For example, are you often told you eat too much?
Are you satisfied with your current diet? Can you tell me if you’re satisfied?
Do you ever think that your diet is a cause of your fluctuating blood glucose levels?
Please tell me whether your family praises you for your efforts in following your dietary regimen.
Do you think your current diet is working well?
Think back to yesterday’s meals and tell me what you ate.
Is that generally similar to a normal meal for you?
Please let me know if you eat anything in addition to your meals.
That concludes the questions about your diet.

Next, I will ask about exercise.
Could you let me know if you communicate the types and duration of exercise you do to your
primary physician.
Do you choose and perform exercises based on your condition each day?
What do you do when it rains? How do you exercise on rainy days?
If you have any questions about exercise, please feel free to ask me.
If there were any sports you played when you were younger, please share that with me.
That concludes the questions about exercise.
This wraps up the questions about your lifestyle.

Treatment Knowledge

From now on, I will ask questions about your treatment.
Are you familiar with foot care?
If you have any trouble with foot care, such as cutting your nails, please tell me.
Do you know what a ’sick day management’ is?
If you have ever had the experience of wanting to see a doctor outside of your routine
appointments, please share it with me.
Would you like to know more details about the types of complications and their prevention?
Can you tell me about any complications you’re aware of?
Do you feel that your insulin injections are going well?
If you have any questions about insulin injections, please let me know.
If you have any questions about the medication you are currently taking, please let me know.

Diabetes
Acceptance

Could you tell me what you think is the cause of your diabetes?
We are almost done with the questions. Please do your best to answer.
Could you let me know if you feel burdened just because you have diabetes.
If you feel that your lifestyle has changed since being diagnosed with diabetes, please share what
has changed.
If you have ever felt that having diabetes has caused you to lose out on something, please let me know.
The following questions are about your expectations for healthcare professionals and your family.
Please tell me what you expect from your healthcare professional or family when you go through treatment
for diabetes.
If you have any requests for me, the robot asking these questions, please let me know.
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Table 3. Cont.

Conclusion

This is the last question.
If there is anything else you would like to ask me, about anything other than the questions I asked today, feel
free to ask.
That concludes the questions. Thank you very much.

GP, general practitioner.

3.2.3. Response Phrases Issued by the Robot During the Interview (Table 4)

The response phrases were designed as shown in Table 4. These included expressions
of empathy such as “I see”, “Right”, “That’s good”, and “Yes, indeed”. To encourage the
participants to elaborate further or reflect on their thoughts, phrases such as “Really?’,
“Please tell me about your current situation in a little more detail”, and “It sounds as though
you don’t see that as a good thing. . .” were used. Encouraging phrases included “Thank
you for sharing this information with me” and phrases to motivate treatment behaviours,
such as “That’s wonderful!” and “You’ve certainly been doing your best”. To encourage
awareness of the healthcare team, phrases such as “I will discuss this with your GP” and
“I will ask your GP in an indirect way” were included.

In total, 22 response phrases were developed. These phrases facilitated the flow of
conversation, encouraged participants to provide more detailed responses, and helped
maintain their engagement throughout the interviews. As the conversations were originally
conducted in Japanese, the original Japanese phrases are presented with their English
equivalents in Supplementary Table S1 for reference.

Table 4. Response phrases by the RoBoHoN during Interviews.

I see. Right.
That’s good. Yes, indeed.
Is that so. It really is.
I see it’s been on your mind as well. Was this question difficult to answer?

Really? It sounds as though you don’t see that as a good
thing. . .

Please tell me about your current situation in a little
more detail. Oh wow, I never would have thought.

Did you ever wish you had more support? Could you tell me why?
Indeed, it’s not just about you. How do you cope in those situations?
Please tell me the specific amount, and other details. Thank you for sharing this information with me.
That is wonderful! You’ve certainly been doing your best.
I will discuss this with your GP. I will ask your GP in an indirect way.

GP, general practitioner.

3.3. Evaluation by the Participants (Table 5)

The average score ranges for the evaluation of the communication robot are as fol-
lows: For “Functionality of RoBoHoN” (seven items), the average scores ranged from 3.45 to
4.61 points. For “Impression of RoBoHoN” (five items), the average scores ranged from
3.16 to 4.42 points. For “Effects of RoBoHoN” (five items), the average scores ranged from
2.81 to 3.90 points, with the item ’I thought it would make attending the clinic more enjoyable’
being the only one scoring below 3 points. Regarding the average scores for the evaluation of
the programme content, the average scores for the five items of “Whether the programme led to
a reflection on diabetes” ranged from 3.52 to 3.90.
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3.4. Distribution of Scores for Treatment Behaviours (Figure 1a,b)

The total score for diet showed that many participants scored 3 (n = 8) or 5 points
(n = 9). A score of 3 points indicated a significant concern with diet; about 25% of the participants
fell into this category. Furthermore, because the score range for diet was distributed from 3 to
8 points, this suggests that the assessment was tailored to each participant’s individual situation.

For exercise, the most common total score was 3 points (n = 11). A score of 3 points
indicated a concern with exercise; approximately 35% of the participants fell into this
category. The score range for exercise was from 3 to 9 points, which also enabled an
assessment tailored to the individual circumstances of each participant.

3.5. Distribution of Scores for Treatment Knowledge (Figure 1c)

The total score for treatment knowledge was as follows: the most common score was
4 points (n = 15), followed by 3 points (n = 9). The minimum score was 3 points, indicating a
lack of knowledge, whereas a score of 4 points suggested that the participant had heard of at
least one of the three topics. Therefore, approximately 70% of the patients lacked sufficient
knowledge. With scores ranging from 3 to 9 points, this suggests that the assessment of
treatment knowledge was also tailored to each participant’s individual situation.

3.6. Distribution of Scores for Diabetes Acceptance (Figure 1d)

The most common total score for acceptance of diabetes was 4 points (n = 15). The
score for diabetes acceptance ranged from 3 to 6 points, indicating that the assessment of
diabetes acceptance was adapted to the individual circumstances of each participant.
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Figure 1. Histograms and cumulative relative frequency graphs depicting the distribution of scores related
to treatment behaviours: (a) diet, (b) exercise, (c) treatment knowledge, and (d) diabetes acceptance.

3.7. Differences in the Score Distribution of Treatment Behaviours

The Kolmogorov–Smirnov test was used to examine differences in score distributions
across treatment behaviours, treatment knowledge, and diabetes acceptance. The analy-
sis revealed a statistically significant difference between diet and treatment knowledge
(p = 0.016) (Table 6).
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Table 6. Kolmogorov–Smirnov tests for the differences in the score distribution of treatment behaviours.

Comparison KS Statistic p-Value

Diet behaviour vs. Exercise behaviour 0.093 0.887

Diet behaviour vs. Treatment knowledge 0.34 0.016

Diet behaviour vs. Diabetes acceptance 0.25 0.116

Exercise behaviour vs. Treatment knowledge 0.25 0.118

Exercise behaviour vs. Diabetes acceptance 0.19 0.240

Treatment knowledge vs. Diabetes acceptance 0.094 0.891

KS Statistic, The Kolmogorov–Smirnov statistic (maximum difference between empirical cumulative
distribution functions).

4. Discussion
4.1. Evaluating the Feasibility of Robot-Assisted Therapeutic Consultations for Diabetes Care

Effective therapeutic consultations for diabetes management require patients to com-
municate their experiences openly with healthcare professionals without causing discom-
fort or hesitation. This study evaluated the feasibility of a robot-assisted consultation
programme by examining three key aspects: the suitability of the selected robot model, the
design and content of the questions and responses, and the programme’s ability to assess
treatment behaviours.

4.2. The Selected Robot

This study highlights the significance of human–robot interaction in healthcare, where
both entities can complement each other’s strengths while enhancing overall engagement.
Patient feedback indicated that they found it easier to discuss sensitive topics with the
robot than with healthcare professionals. Previous research has explored the potential of
tablet-assisted medical guidance [17]. However, given Japan’s rapidly ageing population
and evolving family dynamics, many individuals now have fewer opportunities for human
support and seek alternative means of interaction.

Orem’s self-care theory emphasises that “caring” is a fundamental human need [18].
The fact that the patients described the robot as “cute” and developed a sense of attachment
suggests that interacting with a robot perceived as non-threatening may help reduce patient
anxiety. However, only a small proportion of the participants reported that the robot
enhanced their motivation to visit the clinic, indicating that it was not a primary factor in
encouraging clinic attendance.

Rather than allowing the robot to operate independently, healthcare professionals
actively selected and administered questions and responses. This approach was designed
to foster a collaborative dynamic among patients, healthcare professionals, and robots,
engaging all parties in meaningful therapeutic discussions. While the extent to which a true
sense of camaraderie was achieved remains unclear, this study successfully demonstrated
the feasibility of integrating robots into diabetes care consultations as interactive facilitators
rather than passive tools.

The financial burden associated with robotic implementation is a recognised
concern [19,20]. However, the RoBoHoN used in this study is relatively affordable com-
pared to other humanoid robots. Moreover, its potential for long-term use may help offset
initial costs, ultimately leading to cost savings when compared to labour expenses. Ad-
ditionally, the installed programme allows for intuitive operation, requiring only word
selection and a button press. Given these advantages, RoBoHoN demonstrates the potential
for widespread adoption and sustainable integration into clinical practice.
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4.3. Contents of the Questions and Responses

This programme was designed to facilitate patient-led discussions regarding knowl-
edge, skills, and support systems related to compliance with treatment behaviours. The
robot prompted open-ended discussions, asking, “Do you think your current diet is work-
ing well?” Multiple questions were developed to assess various dimensions of diabetes
care, including knowledge, acceptance, implementation, and support structure. Most
participants did not find the questions difficult to answer, and many reported that they
could reflect on their understanding of diabetes management. These findings suggest
that robot-facilitated dialogue successfully elicited patient narratives, demonstrating its
potential as an interactive tool for diabetes care consultation.

An essential feature of this programme is the incorporation of backchannelling, a com-
munication technique that encourages active conversation engagement. The 22 backchan-
nelling phrases used in this study were carefully selected from among those commonly
employed by experienced healthcare professionals during consultations. Patient evalua-
tions indicated that very few participants found the timing or content of the backchannelling
responses unnatural. In a previous study, a robot was used to confirm knowledge about
diabetes, and a questionnaire was used to evaluate the findings [21]. Similarly, our findings
highlight the positive reception of robotic interactions, particularly in terms of conversa-
tional fluency and engagement. Notably, robot-assisted backchannelling proved effective in
sustaining patient narratives without disruption, even within the more complex framework
of this study, in which patients were asked to discuss their medical treatment history.

These results indicate that the questions and backchannelling strategies developed in
this programme can facilitate meaningful patient discussions from multiple perspectives.
These elements are regarded as useful for identifying issues in patient management and for
developing solutions.

4.4. Assessment of Issues in Treatment Behaviours

In this study, 30–40% of participants exhibited difficulties complying with dietary and
exercise regimens, consistent with previous findings that reported 20–30% non-compliance
rates in these behaviours [22].

Histogram analysis indicated that participants scored lower on treatment knowledge
than on dietary behaviour. Regarding treatment knowledge, most participants demonstrated
limited understanding. This finding is consistent with previous studies, which reported that
nearly half of patients did not routinely inspect their feet [23] and that many had little or no
awareness of the concept of “sick day management” [24]. The observed lack of recall in our
study may be attributed to the participants’ relatively stable blood glucose control, absence of
foot complications, and limited personal experience with acute illness episodes.

In assessing diabetes acceptance, factors such as understanding the cause of disease
onset, perceived burden on daily life, and expectations from others were identified as key
elements that could be explored through therapeutic consultations. The distribution of
scores suggests that, even with RoBoHoN-assisted consultations, it was possible to facilitate
meaningful discussions on these critical aspects of treatment behaviours. Furthermore,
the patient narratives elicited through robotic interviews aligned with trends observed in
previous studies, indicating that robot-assisted consultations can yield insights comparable
to those obtained through clinician-led interactions.

Future research should focus on evaluating long-term changes in patient compliance
and behaviour following robot-assisted consultations, as well as assessing the effectiveness
of this approach in enhancing diabetes management outcomes.
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4.5. Limitations of This Study

This study has several limitations due to its single-centre design and private practice
setting. The study population comprised patients with relatively stable blood glucose
levels and no severe complications. The findings were based on a single-point interview
conducted with a robot. These factors inherently limit the generalisability of the results.
Additionally, as the robot in this study was operated by an experienced diabetes care
specialist, future research should assess whether similar outcomes can be achieved when
operated by healthcare professionals with less experience in diabetes care consultation.

However, these limitations also reflect the reality of diabetes management, where
interventions often target asymptomatic patients to promote behavioural changes. This
study provides valuable insights into a forward-looking approach to diabetes care in which
specialists leverage robotic assistance to enhance therapeutic interventions in real-life
settings. Nevertheless, the potential role of robots in the management of patients with
established complications remains an important issue and warrants further investigation.

Although the sample size of this study was limited, it was statistically sufficient to
draw meaningful conclusions. Unlike large-scale studies where clinically insignificant but
statistically significant differences may emerge, this study evaluated the practical benefits
and applicability of robot-assisted consultations in diabetes care. While acknowledging its
limitations, the findings offer important insights into the feasibility and effectiveness of
this approach in a specific healthcare environment.

5. Conclusions
In this study, we developed a consultation programme for diabetes care using a

communication robot (RoBoHoN) and evaluated its applicability for patients. The re-
sults indicate the feasibility of robot-assisted therapeutic consultations for diabetes care,
potentially progressing to assist human experts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/medicina61020352/s1, Table S1: Response phrases by the RoBoHoN
during interviews and corresponding Japanese words.
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Abstract: Background and Objective: Diabetic peripheral neuropathy (DPN) is a prevalent
complication of type 2 diabetes mellitus (T2DM), with nerve conduction studies (NCSs)
serving as the diagnostic gold standard. Early diagnosis is critical for effective management,
yet many cases are detected late due to the gradual onset of symptoms. This study explores
the relationship between hematological tests and NCS outcomes in T2DM patients to im-
prove the early detection of DPN. Material and Methods: This retrospective study involved
T2DM patients exhibiting neuropathic symptoms, and patients were divided based on NCS
findings into groups with normal and abnormal results to assess the diagnostic value of
various hematological markers, clinical, and demographic data for DPN. Results: Among
400 participants, 57% (n = 228) had abnormal NCS results indicative of DPN. Significant
differences were observed in the abnormal-NCS group, including older age, longer diabetes
duration, higher levels of fasting plasma glucose, HbA1c, and apolipoprotein B, along
with lower eGFR, HDL-C, and Apo A-I levels. Notably, negative correlations were found
between HDL-C, Apo A-I, vitamin B12, and specific NCS measurements, while positive
correlations existed with sural sensory nerve amplitudes. Multivariate analysis highlighted
the importance of age, diabetes duration, hyperglycemia, and specific hematologic markers
in predicting DPN. Conclusions: The findings confirm that NCSs, combined with hemato-
logic testing, can effectively identify DPN in T2DM patients. Consistent with prior research,
prolonged hyperglycemia and nephropathy progression are strongly linked to DPN devel-
opment. Additionally, lower levels of HDL-C, Apo A-I, and vitamin B12 are associated
with the condition, suggesting their potential utility in early diagnostic protocols.

Keywords: diabetic neuropathy; nerve conduction study; hematologic test

1. Introduction
Diabetic peripheral neuropathy (DPN) is one of the most common microvascular

complications of type 2 diabetes mellitus (T2DM), with a prevalence of approximately
50% or more of patients with T2DM [1]. Typical DPN is a symmetrical, length-dependent
sensorimotor polyneuropathy caused by metabolic and vascular changes resulting from
long-term exposure to hyperglycemia and cardiovascular risk covariates [2]. However, com-
pared with the effect of hyperglycemia treatment on DPN in type 1 diabetes mellitus [3,4],
the correlation between DPN and hyperglycemia in patients with T2DM remains unclear.
The UK Prospective Diabetes Study found that ten years of glycemic treatment reduced the
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incidence of overall microvascular complications; however, the reduction in DPN alone
was uncertain [5], and the Action to Control Cardiovascular Risk in Diabetes (ACCORD)
study showed that intensive glycemic control had no significant effect on the incidence of
DPN [6].

The exact pathogenesis is unknown, and experimental studies suggest multifactorial
causes and pathogenic pathways driven by oxidative and inflammatory stress, hyper-
glycemia, and other metabolic factors such as hyperlipidemia and insulin resistance [7,8].
The polyol, glycation, protein kinase C, poly (ADP-ribose) polymerase (PARP), and hex-
osamine pathways, which are known to cause oxidative stress in neurons and microvessels,
are specifically affected by hyperglycemia [9,10]. However, as the previous studies men-
tioned above could not reduce the occurrence of DPN with blood sugar control alone, many
other factors are thought to be involved.

Early diagnosis is vital to prevent the progression of DPN and to manage it properly;
however, in the early stages of T2DM, DPN is an insidious and asymptomatically progress-
ing condition [11,12] and no consensus regarding early diagnosis exists [11]. Therefore,
therapeutic interventions are often postponed. The diagnosis of DPN usually depends on
clinical symptoms and signs of neuropathy, including pain, tingling, and numbness. How-
ever, these methods for diagnosing DPN have disadvantages, such as limited sensitivity
and high variability [13]. Nerve conduction studies (NCSs) have long been known as the
gold standard test for DPN diagnosis and the detection of nerve damage [14]. Although
damage to small sensory nerve fibers is one of the earliest manifestations of DPN [13],
because it only assesses damage to large fibers, the findings are often separate from the
subjective symptoms of DPN. In addition, an NCS requires special equipment and skilled
inspectors and, therefore, has moderate reproducibility.

Previous studies have revealed that abnormalities in NCSs are related to glycemic
control, DM duration, age, male sex, and height [15–18]. However, there is little evidence of
an association between abnormalities in NCSs derived from DPN and blood markers [19,20].
Therefore, this study aimed to investigate the association between hematologic tests and
NCS variables in patients with T2DM.

2. Materials and Methods
2.1. Study Design and Participants

This retrospective study was conducted using the medical records of patients with
T2DM who visited the Department of Endocrinology at Jeju National University Hospital
between March 2011 and June 2019 for evaluation of complications. Among the patients
whose medical records were reviewed, those who were referred for NCS examination
because of suspected neuropathic symptoms were included.

The exclusion criteria were as follows: (1) focal entrapment results such as carpal and
cubital tunnel syndromes, (2) medical conditions (e.g., thyroid disease, malignant neo-
plasm, and vasculitis), and (3) exposure to toxins or medicines that could cause peripheral
neuropathy (e.g., alcohol and neurotoxic chemotherapy).

All patients had NCSs and hematologic tests ordered by the endocrinologists, and
both examinations were performed within a week.

2.2. Electrophysiologic Studies

Eligible patients underwent a standard NCS using a Medelec Synergy electromyo-
graphy machine (Medelec Synergy, Oxford, UK) with surface electrode recording and
stimulation. Electrodes were applied to both legs and the right arm. The temperature
of the NCS examination room was maintained between 22 ◦C and 24 ◦C, and the skin
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temperature was above 32 ◦C and 30 ◦C for the upper and lower limbs, respectively. All
the NCS assessments were performed by a well-trained technician.

The conduction velocity, amplitude (from baseline to peak), and distal latency of
compound muscle action potentials (CMAPs) were obtained in the median, ulnar, peroneal,
and tibial nerves using the orthodromic technique. The CMAPs were measured using
a 3–10,000 Hz filter, 5 ms/division sweep speed, and 5 mV/division sensitivity. The
distal latency and amplitude (from baseline to peak) of the sensory nerve action potentials
(SNAPs) in the median, ulnar, sural, and superficial peroneal nerves were measured
using an antidromic technique. The SNAPs were performed using a 20–2000 Hz filter,
1 ms/division sweep speed, and 20 µV/division sensitivity. The latency of the F-waves in
the median, ulnar, peroneal, and tibial nerves and the Hoffmann reflex (H-reflex) of the
tibial nerve were recorded. The F-wave and H-reflex were measured by a 20–10,000 Hz
filter, 5 ms/division sweep speed, and 500 µV/division sensitivity, and a 30–10,000 Hz
filter, 10 ms/division sweep speed, and 500 µV/division sensitivity, respectively.

DPN diagnosis was determined based on the presence of at least two abnormalities in
the aforementioned NCSs. DPN severity was classified into the following stages: mild (two
or more abnormalities in the H-reflex [21], tibial F-wave [22], or sural SNAP results [23]),
moderate (mild stage with two or more abnormalities on SNAP in the upper extremity
nerves or CMAP in the lower extremity nerves), and severe (two or more abnormalities on
CMAP or F-waves in the upper extremities).

2.3. Hematologic Tests

All blood samples were collected in the morning, following a fast beginning at mid-
night. Plasma glucose was measured by the hexokinase-glucose-6-phosphate method,
total cholesterol (TC) was analyzed by the enzymatic colorimetric method, triglyceride
(TG) was analyzed by the glycerol-3-phosphate (GPO)–peroxidase (POD) chromogenic
method, high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein choles-
terol (LDL-C) were analyzed by the direct enzymatic method, apolipoprotein A1 (Apo A1)
and B (Apo B) were measured by an immunoassay (TIA) using an automatic chemical
analyzer (TBA-FX8, Toshiba, Tokyo, Japan). Vitamin B12 levels were analyzed using a
Chemiluminescent Microparticle Immunoassay (CMIA).

The urine albumin–creatinine ratio (UACR) was measured using an automatic chemi-
cal analyzer (Hitachi 7600-110, High-Tech, Tokyo, Japan).

The following formula was used to determine the glycemic exposure (GE) index using
HbA1c and diabetes duration [24]:

Glycemic exposure (GE) index = (HbA1c)1/2 × (duration of DM in years)1/8

2.4. Statistical Analysis

All variables were analyzed using descriptive statistics. Differences in demographics,
disease-related traits, and laboratory investigations were compared using Student’s t-test.
Pearson correlation coefficients were used to evaluate the relationships between laboratory
studies and the latencies of the H-reflex, tibial F-wave, and amplitude of sural SNAP.
Multivariate analysis of variance (MANOVA) was used to determine the relationship
between DPN severity and laboratory results. Independent factors and the presence of
DPN were determined using multivariate analysis and binary logistic regression. The
optimal cut-point selection of variables was determined by the maximum value of the
Youden index in the ROC curve analysis among the significant variables in MANOVA. All
statistical analyses were performed using IBM SPSS Statistics for Windows version 22.0
(SPSS Inc., Armonk, NY, USA) and MedCalc Version 22.023 (Medcalc software Ltd., Ostend,
Belgium). A p-value of <0.05 was considered statistically significant.
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3. Results
A total of 494 patients were referred for DPN evaluation during the study period.

Among these patients, 94 met the exclusion criteria (Figure 1). The final analysis included
400 patients (173 male and 227 female) with a mean age of 58.7 ± 14.8 and a mean diabetes
duration of 11.5 ± 8.3 years. The NCSs revealed abnormal values in 57% (n = 228) of the
patients, and 125 (25.3%), 123 (25.3%), and 74 (15%) patients were in the mild, moderate,
and severe stages, respectively.
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The demographic and disease-related characteristics and hematological test results
of the patients are presented in Table 1. The mean age, DM duration, HbA1c level, GE
index, fasting plasma glucose (FPG) level, Apo B level, and UACR were higher in the
abnormal-NCS group. HDL-C, Apo A1, estimated glomerular filtration ratio (eGFR), and
vitamin B12 levels were higher in the normal-NCS group.

Table 1. Demographic, disease-related characteristics, and laboratory studies of the subjects (n = 400).

Variables Normal NCS (n = 172) Abnormal NCS (n = 228) p-Value

Age (years) 54.5 ± 14.3 62.1 ± 13.7 <0.001 **
Sex, males/females 81 (47.1)/91 (52.9) 92 (40.4)/136 (59.6) 0.186

BMI 25.1 ± 4.4 25.6 ± 4.7 0.299
DM duration

(years) 8.6 ± 6.6 13.6 ± 9.0 <0.001 **

HbA1c (%) 8.4 ± 2.3 9.2 ± 2.6 <0.001 **
GE Index 4.4 ± 3.4 7.7 ± 5.8 <0.001 **

FPG (mg/dL) 172.9 ± 83.9 198.8 ± 116.4 0.011 *
C-peptide
(nmol/L) 2.18 ± 1.4 2.36 ± 1.8 0.265

TC (mg/dL) 156.4 ± 64.0 164.9 ± 44.7 0.135
TG (mg/dL) 148.1 ± 141.7 158.1 ± 232.2 0.445

HDL-C (mg/dL) 50.4 ± 19.9 44.1 ± 16.6 <0.001 **
Apo A1 (mg/dL) 63.7 ± 70.7 40.2 ± 63.3 0.001 **
LDL-C (mg/dL) 84.3 ± 38.7 88.4 ± 34.3 0.239
Apo B (mg/dL) 31.5 ± 50.5 49.9 ± 57.9 0.001 **

eGFR 95.8 ± 69.7 79.6 ± 30.5 0.009 *
UACR 62.5 ± 171.3 299.0 ± 828.8 <0.001 **

Vitamin B12 752.1 ± 380.7 632.2 ± 358.3 0.003 **
Values represent mean ± standard deviation or number (%) of cases. Abbreviations: NCS, nerve conduc-
tion study; DM, diabetes mellitus; FPG, fasting plasma glucose; HbA1c, glycosylated hemoglobin; GE Index,
glycemic exposure index; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; Apo,
apolipoprotein; LDL-C, low-density lipoprotein cholesterol; eGFR, estimated glomerular filtration rate; UACR,
urine albumin–creatinine ratio; * < 0.05, ** < 0.01.

Table 2 shows the correlation between the demographic, disease-related characteristics,
laboratory results, H-reflex latency, tibial F-wave latency, and sural SNAP amplitude. Older
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age and long-term exposure to hyperglycemia were positively correlated with delayed
H-reflex and tibial F-wave latencies and negatively correlated with sural SNAP amplitude.
HDL-C, Apo A1, and vitamin B12 levels had significant negative correlations with the
latencies of the H-reflex and tibial F-wave and negative correlations with the amplitude of
the sural SNAP.

Table 2. Correlation between latency of NCS and disease-related characteristics in the laboratory stud-
ies.

Variables Coefficients (r)
H-Reflex (Rt/Lt)

Coefficients (r)
Tibial F-Wave (Rt/Lt)

Coefficients (r)
Sural Amp (Rt/Lt)

Age (years) 0.196 **/0.217 ** 0.201 **/0.131 ** −0.397 **/−0.376 **
BMI 0.118/0.147 0.052/0.015 −0.028/0.043

DM duration 0.217 **/0.179 * 0.223 **/0.163 ** −0.299 **/−0.309 **
GE Index 0.221 **/0.177 ** 0.264 **/0.195 ** −0.318 **/−0.319 **

HbA1c (%) 0.093/0.076 0.204 **/0.230 ** −0.105/−0.084
FPG (mg/dL) 0.146/0.157 0.120 */0.146 ** −0.099/−0.058

C-peptide (nlmol/L) 0.064/0.089 −0.002/0.049 −0.065/−0.046
TC (mg/dL) −0.058/−0.021 −0.065/−0.009 0.163 */0.159 *
TG (mg/dL) 0.096/0.118 0.003/0.108 0.055/0.055

HDL-C (mg/dL) −0.152 **/−0.180 ** −0.202 **/−0.183 ** 0.141 */0.160 *
Apo A1 (mg/dL) −0.373 **/−0.195 * −0.231 **/−0.238 ** 0.214 */0.278 **
LDL-C (mg/dL) −0.040/−0.001 0.034/−0.014 0.103/0.106
Apo B (mg/dL) −0.030/−0.121 −0.004/−0.009 −0.033/0.041

eGFR −0.057/0.022 −0.088/−0.027 0.262 **/0.216 *
UACR 0.132/0.195 * 0.173 **/0.205 ** −0.163 */−0.204 *

Vitamin B12 −0.205 **/−0.246 ** −0.113 */−0.125 * 0.261 **/0.168 *
NCS, nerve conduction study; Rt, right; Lt, left; DM, diabetes mellitus; GE Index, glycemic exposure index;
FPG, fasting plasma glucose; HbA1c, glycosylated hemoglobin; TC, total cholesterol; TG, triglyceride; HDL-C,
high-density lipoprotein cholesterol; Apo, apolipoprotein; LDL-C, low-density lipoprotein cholesterol; eGFR,
estimated glomerular filtration rate; UACR, urine albumin–creatinine ratio. * < 0.05, ** < 0.01.

In the multivariate binary logistic regression analysis, older age, higher GE index,
HbA1c, and UACR, and lower Apo A1 and eGFR were significantly associated with DPN
(Table 3).

Table 3. Multivariate analysis using binary logistic regression of laboratory studies and disease
related characteristics for DPN.

Variables
Logistic Regression

Odds Ratio 95% CI p-Value

Age > 62.5 2.582 1.708–3.902 <0.001
GE index > 4.78 3.629 2.386–5.519 <0.001
HbA1c > 7.75 2.195 1.461–3.299 <0.001
ApoA1 < 100 2.003 1.315–3.050 0.001
eGFR < 62.65 7.969 3.457–18.370 <0.001

UACR > 37.465 4.250 2.700–6.691 <0.001
Vitamin B12 < 520 1.684 1.041–2.722 0.034

GE Index, glycemic exposure index; HbA1c, glycosylated hemoglobin; Apo, apolipoprotein; eGFR, estimated
glomerular filtration rate; UACR, urine albumin–creatinine ratio.

In this study, we conducted a subgroup analysis of the correlations based on the
NCS results. In patients with normal NCS results, HbA1c showed a significant positive
correlation with bilateral tibial F-wave latency (r = 0.190/0.248, p < 0.001), HDL-C was
negatively correlated with bilateral tibial F-wave latency (r = −0.284/−0.254, p < 0.001),
and Apo A1 was negatively correlated with bilateral H-reflex latency (r = −0.732/−0.382,
r < 0.001) and tibial F-wave latency (r = −0.229/−0.261, p < 0.001). The eGFR and UACR
were positively correlated with the bilateral amplitude of sural SNAP (r = 0.256/211 and
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0.329/0.291, respectively; all p < 0.001). In the subgroup analysis of abnormal NCS results,
DPN severity was related to the UACR in the MANOVA.

4. Discussion
This study investigated the relationship between hematological tests and NCS results

in patients with clinical DPN. The abnormal-NCS group showed poor glycemic control,
dyslipidemia, and decreased renal function compared to the patients with normal electro-
physiological studies.

The results of this study showed that poor blood sugar control and the period of expo-
sure to hyperglycemia worsened DPN risk and severity. These results are similar to those
of hyperglycemia, which was the main cause of neuropathy in patients with type 2 diabetes
in previous studies [25,26]. Although hyperglycemia is known to be an important etiology
of DPN, glycemic control did not reduce DPN risk in patients with T2DM in large-scale
studies such as the ACCORD trial [6]. However, this delayed its occurrence. Therefore, it is
thought that the occurrence of DPN in T2DM patients is not only caused by hyperglycemia
but also involves various metabolic factors. Previous studies have indeed identified dyslipi-
demia and insulin resistance as relevant hematological findings [20,25]. However, there are
limited studies on other hematological markers. Therefore, it is necessary to determine the
relationship between hematological tests for T2DM and neuropathy. Therefore, prolonged
hyperglycemia is still considered one of the most critical etiological factors of DPN.

The American Academy of Neurology, American Association of Electrodiagnostic
Medicine, and American Academy of Physical and Rehabilitation defined DPN as a sym-
metrical, length-dependent sensorimotor polyneuropathy caused by metabolic causes
such as hyperglycemia and microvessel alteration [14]. In addition, an NCS is the gold
standard for confirming nerve damage, and the NCS for diagnosing DPN is the most
objective and widely used worldwide [2]. In this study, assuming that diabetic neuropa-
thy is length-dependent, we analyzed the H-reflex, F-wave, and sural SNAP test results,
which are thought to be the first abnormal findings in NCS DPN results. The H-reflex is
a monosynaptic reflex arc arising from the Ia afferent activation of muscles to the alpha
motor neurons [27]. Therefore, this is one of the evaluations of the longest nerve pathways
in the NCS. The H-reflex could have a predictive value in early DPN diagnosis [28] and
the F-wave latency of the tibial nerve is one of the most sensitive measures in an NCS
to detect subclinical or overt DPN [22,29]. Sural nerve conduction study amplitude is a
reliable method for diagnosing mild DPN [12].

Based on its reproducibility, reasonable sensitivity, and specificity, NCSs have been
used as an endpoint in clinical trials on human diabetic neuropathy to measure large
myelinated nerve fiber function [30]. Therefore, this study analyzed the correlation between
changes in the H-reflex, tibial F-wave, and sural nerve amplitude, which are the initial
findings of NCS abnormalities in patients with DPN among those with normal NCS test
results. However, this study was based on the NCS results of patients clinically thought to
have DPN, and it cannot be concluded that abnormal findings in the NCS results indicate
that the neuropathy has progressed further. Since the subjects were patients clinically
suspected of having neuropathy, it cannot be said that neuropathy does not exist even if
the NCS results are normal. Because approximately 80–90% of peripheral nerves are small
fibers [12,31], several studies have shown that small sensory nerve fibers are one of the
earliest manifestations of DPN [32–34]. However, when referring to studies showing that
DPN progresses from damage to small fibers to damage to large fibers, abnormal findings
on the NCS can be considered to be slightly more advanced DPN. Although the results of
the NCS are within the normal range of the diagnostic criteria, it would be helpful for early
diagnosis if changes in the NCS could be identified more quickly.
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Dyslipidemia, especially low HDL-C levels, is a noteworthy phenomenon. In this
study, HDL-C and its precursor Apo A1 were statistically correlated with the latency of
the H-reflex, tibial F-wave, and sural nerve amplitude. Additionally, the logistic regres-
sion analysis demonstrated that the likelihood of receiving a DPN diagnosis in the NCS
increased with decreasing Apo A1 levels, a precursor to HDL. Additionally, logistic regres-
sion analysis showed that the probability of DPN diagnosis in the NCS increased with
decreasing Apo A1 levels. However, no statistically significant results were observed for
LDL or its precursor Apo B. Considering that all patients in this study had DPN, HDL may
play a role in preventing exacerbations. A possible explanation is that in diabetes animal
models, HDL-C and Apo A1 improve insulin sensitivity and pancreatic β-cell survival and
function, which in turn improves glycemic control [35].

In addition to treating hyperlipidemia with drugs, a strategy to increase HDL levels
is needed. These results showed no significant differences in the TC, TG, and LDL levels
between the two groups, which is thought to be because most patients were receiving
treatment for hyperlipidemia. Current study showed no discernible changes in TC, TG, or
LDL levels between the two groups, which is assumed to be because most patients were
receiving treatment for hyperlipidemia. Drugs that lower LDL and TG levels, such as
niacins, fibrates, and statins, occasionally increase HDL levels. However, large-scale ran-
domized controlled trials of interventions for HDL-C levels have not responded favorably
to epidemiological evidence of an inverse relationship between HDL-C levels and the risk
of atherosclerotic cardiovascular disease [36]. Therefore, physical activity, weight loss, diet,
and smoking cessation are important factors that increase HDL-C levels.

Significant negative correlations were found between H-reflex latency, tibial F-wave,
kidney function, and vitamin B12. Diabetic nephropathy is a major complication of di-
abetes and is associated with long-term exposure to high blood sugar levels and other
metabolic or hemodynamic problems [37]. In this study, increased microalbumin levels
and decreased renal function, which are early indicators of nephropathy, appeared to be
associated with DPN occurrence. This suggests that neuropathy must be identified in the
early stages. However, the prevalence of nephropathy and neuropathic complications is
not well established. In addition, the relationship between the severity of nephropathy and
neuropathy, as well as that between the degree of nephropathy progression and neuropathy
occurrence, is not well known.

In addition, several studies have shown that the administration of vitamin B12 im-
proves DPN symptoms [38,39], and studies have shown that a decrease in vitamin B12
increases DPN occurrence [40]. Similar to the aforementioned studies, vitamin B12 lev-
els were lower in patients with abnormal NCS results who were thought to have more
advanced neuropathy. In the NCS results, lower vitamin B12 levels increased H-reflex
and F-wave latencies and decreased the sural nerve amplitude. Binary logistic regression
analysis showed that lower vitamin B12 levels were associated with an increased risk of
DPN diagnosis based on NCS.

This study has some limitations. First, there is no established NCS protocol for
diagnosing DPN. Although it was conducted based on the literature, additional research is
needed to determine whether the changes in the H-reflex, F-wave, and Sural nerve, which
were assumed to be initial changes in NCS in this study, can truly represent changes in
the initial DPN. Second, this was a retrospective study, and the participants were clinically
presumed to be patients. Therefore, participants could not be evaluated using screening
or assessment tools. Future studies should use additional quantitative assessment tools.
Finally, this study only included patients with T2DM who had been diagnosed with
diabetes for a relatively long period. Therefore, a prospective study that can confirm these
changes in patients with early-stage diabetes is necessary.
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5. Conclusions
This study demonstrated that NCS can be used to identify hematological indicators

helpful in diagnosing DPN. Patients with T2DM with long-term exposure to hyperglycemia
and progression of nephropathy are thought to be associated with the development of
DPN. It is necessary not only to control hyperglycemia but also to assess metabolic factors
such as HDL-C, Apo A-I, and vitamin b12 to prevent DPN. Glycemic control alone is
insufficient to prevent the progression and worsening of DPN. Additionally, lower levels
of HDL-C, Apo A-I, and vitamin B12 are associated with the condition, suggesting their
potential utility in early diagnostic protocol. Therefore, this study is clinically meaningful in
identifying the risk of developing DPN early through hematological testing and confirming
it through NCS.
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