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2 

στρατολόγηση των ασθενών, την ομαλή εξέλιξη και την αποτελεσματική διεκπεραίωση της 

μελέτης. Για όλα αυτά, τον ευχαριστώ θερμά. 

Ιδιαίτερα, θα ήθελα να ευχαριστήσω θερμά και τον Καθηγητή Παθολογίας κ. Νικόλαο 

Παπάνα, για την εμπιστοσύνη που έδειξε στο πρόσωπό μου, τη φωτεινή καθοδήγησή μου ήδη 

από τα πρώτα μου βήματα, τη διαρκή στήριξη και τις εύστοχες και σημαντικές παρατηρήσεις 

του. Η βαθιά εμπειρία του και η κρίση του σημάδεψαν καθοριστικά τη διαμόρφωση της 

μελέτης αυτής συμβάλλοντας ουσιαστικά στη βελτίωσή της. Για όλα αυτά, του είμαι βαθιά 

ευγνώμων. 

Θα ήθελα επίσης να εκφράσω τις θερμές μου ευχαριστίες στον Καθηγητή Παθολογίας, κ. 

Νικόλαο Τεντολούρη για την πολύ σημαντική συμβολή του στη δημιουργία του πρωτοκόλλου 

της παρούσας διδακτορικής διατριβής. Οι καίριες παρατηρήσεις, η βαθιά γνώση και εμπειρία 

του, καθώς και η καθοδήγησή του αποτέλεσαν σταθερό σημείο αναφοράς σε κάθε στάδιο της 

μελέτης. Για τη στήριξη και την εμπιστοσύνη του, εκφράζω την ειλικρινή μου ευγνωμοσύνη. 

Θερμές ευχαριστίες απευθύνω και στα μέλη της επταμελούς εξεταστικής επιτροπής, τον 

Καθηγητή Παθολογίας κ. Χαράλαμπο Μηλιώνη, τον Επίκουρο Καθηγητή Παθολογίας κ. 

Χρήστο Ρίζο και τον Επίκουρο Καθηγητή Παθολογίας κ. Φώτιο Μπάρκα, για το ενδιαφέρον 

και τη βοήθειά τους, καθώς και τις πολύτιμες γνώσεις τους που μοιράστηκαν μαζί μου για τη 

στατιστική επεξεργασία και συγγραφή των αποτελεσμάτων της παρούσας διδακτορικής 

διατριβής. 

Ιδιαίτερες ευχαριστίες εκφράζω προς τον Καθηγητή Παθολογίας-Ενδοκρινολογίας κ. Χρήστο 

Μαντζώρο, που μου έδωσε την ευκαιρία να πραγματοποιήσω Research Fellowship στο 

ερευνητικό του εργαστήριο στο Beth Israel Deaconess Medical Center, Harvard Medical 

School, Boston, MA, USA. Μέσα από αυτήν την εμπειρία ζωής είχα την ευκαιρία να 

εκπαιδευτώ περαιτέρω στη μεθοδολογία της κλινικής και μεταφραστικής έρευνας. Η 

καθοδήγησή του, η ανθρώπινη παρουσία του, η εμπιστοσύνη και η συνεχής, πολύτιμη 



3 

υποστήριξή του αποτέλεσαν σημαντικό αρωγό στην κριτική προσέγγιση, επεξεργασία και 

ανάλυση των δεδομένων της παρούσας διατριβής. Για όλα αυτά, του είμαι βαθιά ευγνώμων. 

Ευχαριστώ θερμά επίσης την Επίκουρη Καθηγήτρια Παθολογίας κα Ματίλντα Φλωρεντίν για 

τη συμβολή της στη στρατολόγηση ασθενών, τον κ. Ρήγα Καλαϊτζίδη και τον κ. Αριστείδη 

Μπεχλιούλη για την πραγματοποίηση των μετρήσεων της αρτηριακής σκληρίας, τη 

συνεργασία και τη βοήθειά τους, και την κα Ντόντη Ρέα, νοσηλεύτρια του Ιατρείου Μελέτης 

των Διαταραχών του Μεταβολισμού των Λιπιδίων του Πανεπιστημιακού Νοσοκομείου 

Ιωαννίνων για την πολύτιμη βοήθειά της. 

Θα ήθελα να εκφράσω τη βαθύτερη ευγνωμοσύνη μου προς τη μητέρα μου, Αγγελική, τον 

πατέρα μου, Ευάγγελο, το σύζυγό μου, Αθανάσιο και την αδερφή μου, Παναγιώτα, και για τη 

διαρκή στήριξη, την αμέριστη αγάπη και την πίστη τους σε εμένα και στα όνειρά μου. Χωρίς 

τη δική τους παρουσία και την πολύτιμη, ηθική και πρακτική υποστήριξη σε κάθε βήμα μου, 

η ολοκλήρωση της παρούσας διατριβής δεν θα ήταν δυνατή. Αφανείς ήρωες, με ταπεινό κι 

αθόρυβο καθημερινό αγώνα για τη στήριξη της οικογένειας. Το λιγότερο που μπορώ να 

προσφέρω ως αντίδωρο αυτών είναι να αφιερώσω την παρούσα εργασία στη μητέρα μου, τον 

πατέρα μου, το σύζυγό μου, την αδερφή μου, και τον δάσκαλό μου. 

       Γεωργία Αναστασίου 

Ιωάννινα, Μάιος 2026 



4 

CONTENTS 

LIST OF TABLES .......................................................................................................... 8 

LIST OF FIGURES ........................................................................................................ 9 

LIST OF ABBREVIATIONS ...................................................................................... 11 

INTRODUCTION.........................................................................................................18 

1. PREDIABETES .........................................................................................................18 

1.1 Definition and diagnostic criteria ......................................................................18 

1.2 Epidemiology .......................................................................................................23 

1.3 Natural History of IFG and IGT .......................................................................25 

1.4 Pathophysiology of IFG and IGT ......................................................................26 

2. DIABETIC NEUROPATHY ....................................................................................28 

2.1 Definition and classification ...............................................................................28 

2.2 Epidemiology .......................................................................................................30 

2.3 Pathological findings in diabetic DSPN: sensory neurons, dorsal root ganglia   
and distal axon degeneration ...................................................................................31 

2.4 Neurophysiological changes ............................................................................... 37 

2.4.1 Large-fiber dysfunction ............................................................................... 37 

2.4.2 Small-fiber neurophysiology ....................................................................... 38 

2.4.3 Spinal and supraspinal neurophysiological alterations ............................ 39 

2.5 Aetiological factors ............................................................................................. 41 

2.5.1 Hyperglycaemia and diabetes duration ..................................................... 41 

2.5.2 Hypertension ................................................................................................ 41 

2.5.3 Dyslipidaemia ............................................................................................... 42 

2.5.4 Obesity and insulin resistance ..................................................................... 43 

2.5.5 Metabolic syndrome and prediabetes ........................................................ 44 

2.5.6 Smoking ........................................................................................................ 46 

2.5.7 Non-modifiable risk factors: age and height ............................................. 46 

2.6 Clinical presentation of diabetic DSPN ............................................................ 46 



5 

2.7 Diagnostic methods ............................................................................................. 48 

2.8 Therapeutic Approaches .................................................................................... 52 

2.8.1 Symptomatic therapy: treatment of painful DSPN .................................. 54 

2.8.2 Prevention of DSPN progress: management of cardiometabolic risk       
factors ..................................................................................................................... 56 

2.8.3 Disease-modifying treatment-Nutraceuticals ............................................ 59 

3. DSPN IN PREDIABETES ....................................................................................... 65 

3.1 Definition ............................................................................................................. 65 

3.2 Epidemiology ....................................................................................................... 65 

3.3 Pathophysiological Mechanisms ........................................................................ 67 

3.3.1 Hyperglycemia and IR ................................................................................. 67 

3.3.2 Dyslipidemia ................................................................................................. 69 

3.3.3 Obesity .......................................................................................................... 72 

3.3.4 Hypertension and vascular factors ............................................................. 73 

3.3.5 Chronic low-grade inflammation and oxidative stress ............................. 73 

3.3.6 Genetic susceptibility ................................................................................... 74 

3.3.7 Aging and lifestyle factors ........................................................................... 74 

3.4 Vascular theory and endoneurial microcirculation impairments .................. 75 

3.5 Clinical phenotype .............................................................................................. 77 

3.6 Screening and diagnostic tools ........................................................................... 78 

3.6.1 Clinical assessment and symptom questionnaires .................................... 79 

3.6.2 Bedside neurological examination .............................................................. 79 

3.6.3 Nerve conduction studies ............................................................................. 80 

3.6.4 Small-fiber diagnostic methods .................................................................. 81 

3.7 Cardiometabolic and cardiovascular risk factors and predictors .................. 84 

3.8 Prevention ............................................................................................................ 86 

3.9 Therapeutic approaches and pharmacological interventions ......................... 88 

4. ARTERIAL STIFFNESS AND ENDOTHELIAL DYSFUNCTION .................. 89 

4.1 Molecular and metabolic drivers of arterial stiffness and endothelial 
dysfunction ................................................................................................................ 89 

4.2 Pulse Wave Velocity (PWV) ............................................................................... 92 



6 

4.3 Hemodynamic alterations and nerve blood flow ............................................. 94 

4.4 Associations with DSPN in prediabetes and diabetes ...................................... 95 

RESEARCH PROTOCOL AND RESULTS ............................................................. 97 

5. AIM AND STUDY DESIGN .................................................................................... 97 

5.1 Background and Aim .......................................................................................... 97 

5.2 Materials and methods ....................................................................................... 98 

5.2.1 Study design and study population ............................................................ 98 

5.2.2 Clinical and laboratory measurements .................................................... 101 

5.2.3 Arterial stiffness assessment ..................................................................... 101 

5.2.4 DSPN diagnosis .......................................................................................... 103 

5.3 Statistical analysis ............................................................................................. 105 

6. RESULTS .................................................................................................................106 

6.1 Baseline .............................................................................................................. 106 

6.1.1 Baseline demographic and clinical characteristics of study population and 
prevalence of DSPN ............................................................................................ 106 

6.1.2 Neuropathic symptoms and signs according to DSPN prevalence ........ 114 

6.1.3 Laboratory findings ................................................................................... 116 

6.1.4 Associations of DSPN with cardiometabolic risk factors ....................... 118 

6.1.5 Associations of NSS, NDS, and VPT with cardiometabolic risk factors123 

6.1.6 Association of MetS components and DSPN ........................................... 129 

6.1.7 Prevalent DSPN and arterial stiffness ...................................................... 131 

6.2 Follow-up ........................................................................................................... 134 

6.2.1 Clinical characteristics of study population and incidence of DSPN ..........  

at follow up .......................................................................................................... 134 

6.2.2. Changes in neuropathic symptoms and signs from baseline to follow-up       
in participants without DSPN at baseline ......................................................... 139 

6.2.3 Laboratory findings from baseline to follow-up in participants without  
DSPN at baseline ................................................................................................. 144 

6.2.4 Predictors of DSPN onset .......................................................................... 146 

7. DISCUSSION .......................................................................................................... 152 

7.1 DSPN prevalence in prediabetes ..................................................................... 152 



7 

7.2 DSPN incidence in prediabetes ........................................................................ 153 

7.3 Determinants of prevalent DSPN .................................................................... 154 

7.4 Predictors of incident DSPN ............................................................................ 157 

7.5 Study strengths and limitations ....................................................................... 160 

7.6 Clinical implications and future perspectives ................................................ 160 

8. CONCLUSIONS ..................................................................................................... 161 

9. ABSTRACT ............................................................................................................. 162 

10. ΠΕΡΙΛΗΨΗ........................................................................................................... 164

11. GRAPHICAL ABSTRACT ................................................................................. 166 

12. PUBLICATIONS AND SCIENTIFIC ACTIVITY RELATED TO THE………. 

PRESENT THESIS ..................................................................................................... 167 

13. REFERENCES: .................................................................................................... 176 



8 

LIST OF TABLES 

Table 1 Prediabetes diagnostic criteria according to international guidelines ........................ 19 

Table 2 Diagnostic Criteria for IFG and IGT .......................................................................... 21 

Table 3 Classification of diabetic neuropathy ......................................................................... 28 

Table 4 Current pharmacological agents for painful DSPN ................................................... 62 

Table 5 Demographic and clinical characteristics of study participants ............................... 108 

Table 6 Demographic and clinical characteristics of study participants grouped by glycemic 

status ...................................................................................................................................... 110 

Table 7 Hypolipidemic and antihypertensive medications of study participants at baseline 112 

Table 8 Neuropathic symptoms and signs overall and stratified by DSPN presence at baseline

................................................................................................................................................ 115 

Table 9 Laboratory tests of study participants at baseline stratified by DSPN prevalence .. 116 

Table 10 Univariate analysis for the association of DSPN with cardiometabolic risk factors 

and arterial stiffness at baseline ............................................................................................. 118 

Table 11 Univariate analysis for association of NSS, NDS and VPT with cardiometabolic 

risk factors and arterial stiffness at baseline .......................................................................... 123 

Table 12 Demographic and clinical characteristics of study participants grouped by PWV at 

baseline .................................................................................................................................. 132 

Table 13  Baseline and follow-up demographic and clinical characteristics of participants 

according to DSPN status at follow-up (among those without DSPN at baseline) ............... 135 

Table 14  Baseline and follow-up medications of study participants according to DSPN 

group ...................................................................................................................................... 138 

Table 15 Baseline and follow-up neuropathic symptoms and signs according to DSPN group   

during the study...................................................................................................................... 139 



9 

Table 16   Severity categories of NSS, NDS, and VPT at baseline and follow-up according to 

DSPN group ........................................................................................................................... 143 

Table 17 Baseline and follow-up laboratory profile in those without DSPN at baseline ..... 144 

Table 18 Adjusted ORs for incident DPSN per change in clinically significant covariates . 147 

LIST OF FIGURES 

Figure 1 Comparison of the pathophysiology of IFG and IGT ............................................... 22 

Figure 2 Plasma glucose levels during Oral Glucose Tolerance Test (OGTT) in individuals… 

with impaired fasting glucose (IFG), impaired glucose tolerance (IGT), normal glucose…….. 

tolerance (NGT), or a combination of IFG/IGT (CGI) ............................................................ 23 

Figure 3 Fasting and 2hPG, insulin sensitivity, and β-cell function trajectories before the….. 

diagnosis of diabetes ................................................................................................................ 25 

Figure 4 Anatomical basis of diabetic DSPN ......................................................................... 32 

Figure 5 Integrated pathophysiological mechanisms underlying diabetic DSPN................... 34 

Figure 6  Important pathways and microvascular disorder contributing to diabetic DSPN ... 35 

Figure 7 Structural brain alterations in DSPN ........................................................................ 40 

Figure 8 DSPN pathogenesis .................................................................................................. 45 

Figure 9 Patterns of nerve injury in diabetic neuropathy ........................................................ 47 

Figure 10 Assessment of vibration perception using the Rydel-Seiffer tuning fork .............. 49 

Figure 11 Skin nerve fiber changes in diabetic DSPN............................................................ 51 

Figure 12 Corneal confocal microscopy ................................................................................. 52 

Figure 13 Mechanism-Based and Pharmacological Management .......................................... 53 

Figure 14 Hyperglycaemia-induced metabolic and inflammatory pathways involved in……... 

DSPN ....................................................................................................................................... 68 



10 

Figure 15 Hypeglycemia and dyslipidemia in DSPN ............................................................. 71 

Figure 16 Metabolic and microvascular mechanisms contributing to DSPN ......................... 76 

Figure 17 Abnormal sural nerve recording from a patient with distal symmetric 

polyneuropathy (DSPN) showing a decreased sural sensory nerve action potential amplitude 

(normal>6 µV) and slow sural sensory nerve conduction velocity (normal >39 m s-1). .......... 80 

Figure 18 Skin biopsy assessment of IEFND in small-fiber DSPN ....................................... 81 

Figure 19 Diagnostic algorithm of DSPN in prediabetes ....................................................... 83 

Figure 20 Structural organization of the vascular wall and mechanisms contributing to 

arterial stiffness and vascular aging ......................................................................................... 90 

Figure 21 Interaction between macrovascular and microvascular dysfunction in diabetes .... 91 

Figure 22 Visual overview of methods to assess larger artery stiffness ................................. 94 

Figure 23 Study flow diagram of participant selection and follow-up ................................. 100 

Figure 24 Non-invasive assessment of arterial stiffness using PWV ................................... 102 

Figure 25 Neurological examination tools used for assessment of the NDS ........................ 103 

Figure 26 An analog biothesiometer ..................................................................................... 104 

Figure 27 10-g Semmes-Weinstein monofilament ............................................................... 105 

Figure 28 DSPN prevalence in individuals with IFG vs IFG + IGT at baseline .................. 109 

Figure 29 Multivariate associations of DSPN with cardiometabolic risk factors and arterial 

stiffness .................................................................................................................................. 120 

Figure 30 Stratified analyses of the associations between cardiometabolic risk factors, 

arterial stiffness and DSPN across prespecified subgroups at baseline ................................. 121 

Figure 31 Multivariate associations of NSS with cardiometabolic risk factors and arterial 

stiffness at baseline ................................................................................................................ 126 

Figure 32 Multivariate associations of NDS with cardiometabolic risk factors and arterial 

stiffness at baseline ................................................................................................................ 127 



11 

Figure 33 Multivariate associations of VPT with cardiometabolic risk factors and arterial 

stiffness at baseline ................................................................................................................ 128 

Figure 34 The prevalence of DSPN with increasing MetS components ............................... 129 

Figure 35 The prevalence of DSPN with increasing MetS components by glycemic status at 

baseline .................................................................................................................................. 130 

Figure 36 Adjusted ORs for incident DPSN per change in clinically significant covariates 150 

LIST OF ABBREVIATIONS 

1hPG: 1-hour Plasma Glucose 

2hPG: 2-hour Plasma Glucose 

25(OH)D: 25-Hydroxyvitamin D 

ABI: Ankle-Brachial Index 

ACE: Angiotensin-Converting Enzyme 

ACEs: Angiotensin-Converting Enzyme Inhibitors 

ACCORD: Action to Control Cardiovascular Risk in Diabetes 

ADA: American Diabetes Association 

AGE: Advanced Glycation End-products 

Akt: Protein Kinase B 

ANDA: Australian National Diabetes Audit 

A-P: Amitriptyline-Pregabalin

apoA1: Apolipoprotein A1 

apoB: Apolipoprotein B 

AR: Aldose Reductase 

ARBs: Angiotensin II Receptor Blockers 



12 
 

B-blockers: Beta Blockers 

BENDIP: Benfotiamine in Diabetic Polyneuropathy 

BIA: Bioelectrical Impedance Analysis 

BMI: Body-Mass Index 

CCB: Calcium Channel Blocker 

CCBs: Calcium Channel Blockers 

cfPWV: Carotid-Femoral Pulse Wave Velocity 

CGRP: Calcitonin Gene-Related Peptide 

CGM: Continuous Glucose Monitoring 

CI: Confidence Interval 

CMAP: Compound Motor Action Potential 

CNS: Central Nervous System 

COMBO-DN: Combination vs Monotherapy of Duloxetine and Pregabalin in Diabetic 

Neuropathy 

CVD: Cardiovascular Disease 

D-P: Duloxetine-Pregabalin 

DBP: Diastolic Blood Pressure 

DCCT: Diabetes Control and Complications Trial 

DPP: Diabetes Prevention Program 

DPPOS: Diabetes Prevention Program Outcomes Study 

DRG: Dorsal Root Ganglion 

DSPN: Distal Symmetric Sensorimotor Polyneuropathy 

eGFR: Estimated Glomerular Filtration Rate 

EMA: European Medicines Agency 



13 
 

EMG: Electromyography 

eNOS: Endothelial Nitric Oxide Synthase 

ER: Endoplasmic Reticulum 

ESC: European Society of Cardiology 

ESH: European Society of Hypertension 

ET-1: Endothelin-1 

F-6-P: Fructose-6-Phosphate 

FDA: Food and Drug Administration 

FIELD: Fenofibrate Intervention and Event Lowering in Diabetes 

FPG: Fasting Plasma Glucose 

GAP43: Growth-Associated Protein 43 

GLU: Glucose 

GLUT1: Glucose Transporter 1 

GSH: Glutathione 

GV: Glucose Variability 

HbA1c: Hemoglobin A1c 

HDL: High-Density Lipoprotein 

HDL-C: High-Density Lipoprotein Cholesterol 

HIV: Human Immunodeficiency Virus 

HK: Hexokinase 

HOMA-IR: Homeostatic Model Assessment for Insulin Resistance 

HR: Hazard Ratio 

HRV: Heart Rate Variability 

HSP27: Heat Shock Protein 27 

ICAM-1: Intercellular Adhesion Molecule 1 



14 
 

IDF: International Diabetes Federation 

IEC: International Expert Committee 

IENFD: Intraepidermal Nerve Fiber Density 

IFG: Impaired Fasting Glucose 

IGT: Impaired Glucose Tolerance 

IQR: Interquartile Range 

IR: Insulin Resistance 

IU: International Unit 

LDL-C: Low-Density Lipoprotein Cholesterol 

LOOK AHEAD: Action for Health in Diabetes 

Lp(a): Lipoprotein(a) 

MAPK: Mitogen-Activated Protein Kinase 

MCP-1: Monocyte Chemoattractant Protein-1 

MedDiet: Mediterranean Diet 

MetS: Metabolic Syndrome 

miRNA: MicroRNA 

MNSI: Michigan Neuropathy Screening Instrument 

mRNA: Messenger Ribonucleic Acid 

MRAs: Mineralocorticoid Receptor Antagonists 

NADPH: Nicotinamide Adenine Dinucleotide Phosphate 

Na+/K+-ATPase: Sodium–Potassium Adenosine Triphosphatase 

NATHAN 1: Neurological Assessment of Thioctic Acid in Diabetic Neuropathy 1 

NCV: Nerve Conduction Velocity 

NCS: Nerve Conduction Studies 

NDS: Neuropathy Disability Score 



15 
 

NF-κB: Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells 

NGT: Normal Glucose Tolerance 

NIDDM: Non-Insulin-Dependent Diabetes Mellitus 

NO: Nitric Oxide 

NRS: Numerical Rating Scale 

NSS: Neuropathy Symptom Score 

OGTT: Oral Glucose Tolerance Test 

OPTION-DM: Optimal Pathway for Treating Neuropathic Pain in Diabetes Mellitus 

OR: Odds Ratio 

OXPHOS: Oxidative Phosphorylation 

P-A: Pregabalin-Amitriptyline 

PAI-1: Plasminogen Activator Inhibitor-1 

PARP: Poly(ADP-Ribose) Polymerase 

PCSK9i: Proprotein Convertase Subtilisin/Kexin Type 9 Inhibitor 

PI3K: Phosphoinositide 3-Kinase 

PKC: Protein Kinase C 

PNS: Peripheral Nervous System 

PROMINENT: Pemafibrate to Reduce Cardiovascular Outcomes by Reducing Triglycerides 

in Patients with Diabetes 

PROMISE: Prospective Metabolism and Islet Cell Evaluation 

PWV: Pulse Wave Velocity 

RAGE: Receptor for Advanced Glycation End-products 

QST: Quantitative Sensory Testing 

RAGs: Regeneration-Associated Genes 

RCTs: Randomized Controlled Trials 



16 
 

RNA: Ribonucleic Acid 

ROS: Reactive Oxygen Species 

RR: Relative Risk 

SARM1: Sterile Alpha and TIR Motif Containing 1 

SBP: Systolic Blood Pressure 

SNRIs: Serotonin-Norepinephrine Reuptake Inhibitors 

SP: Substance P 

SPNSQ: Subjective Peripheral Neuropathy Screen Questionnaire 

T1D: Type 1 Diabetes 

T2D: Type 2 Diabetes 

TC: Total Cholesterol 

TCA: Tricarboxylic Acid 

TCAs: Tricyclic Antidepressants 

TCMAP: Tibial Compound Motor Action Potential 

TGF-β: Transforming Growth Factor-Beta 

TF: Transcription Factor 

TGs: Triglycerides 

TIND: Treatment-Induced Neuropathy in Diabetes 

TIR: Time in Range 

TMNCV: Tibial Motor Nerve Conduction Velocity 

TriNetX: TriNetX Research Network 

TSH: Thyroid-Stimulating Hormone 

UACR: Urinary Albumin-to-Creatinine Ratio 

UK: United Kingdom 

UKPDS: United Kingdom Prospective Diabetes Study 



17 
 

USA: United States of America 

VACSDM: Veterans Affairs Cooperative Study on Glycemic Control and Complication in 

NIDDM 

VCAM-1: Vascular Cell Adhesion Molecule 1 

VEGF: Vascular Endothelial Growth Factor 

VIF: Variance Inflation Factor 

VPT: Vibration Perception Threshold 

WC: Waist Circumference 

WHO: World Health Organization 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 
 

INTRODUCTION 
 

1. PREDIABETES 
 

1.1 Definition and diagnostic criteria   
 
At present, distinct definitions of prediabetes have been established by professional 

organizations, including the American Diabetes Association (ADA), the World Health 

Organization (WHO), and the International Expert Committee (IEC) [4-6]. WHO refers to the 

term “intermediate hyperglycemia” and not “prediabetes” [6]. The definitions are differentiated 

based on levels of fasting plasma glucose (FPG), 2-hour plasma glucose (2hPG), and 

hemoglobin A1c (HbA1c) (Table 1). There are different degrees of insulin resistance (IR) and 

defects in beta-cell functions in different glycemic states. Notably, there is significant IR and 

an approximate 80% impairment in β-cell function in people with impaired glucose tolerance 

(IGT) [7]. As HbA1c reflects average glycemic exposure over the preceding 2-3 months, 

phenotypes defined by elevated HbA1c typically capture individuals with combined 

abnormalities in both fasting and postprandial glucose regulation. According to ADA 

Standards of Care in Diabetes-2026 [4] and the European Society of Cardiology (ESC) 

Guidelines on Diabetes, Prediabetes, and Cardiovascular Diseases-2023 [8, 

9], prediabetes represents an intermediate metabolic state characterized by glucose levels that 

are higher than normal but below the diagnostic threshold for type 2 diabetes (T2D). Guidelines 

issued by both organizations define prediabetes with the same glycemic parameters: a  FPG 

level of 100-125 mg/dL (5.6-6.9 mmol/L), a 2hPG level of 140-199 mg/dL (7.8-11.0 mmol/L) 

following a 75 g oral glucose tolerance test (OGTT), or HbA1c level of 5.7-6.4% (39-47 

mmol/mol) (Table 1) [4, 8]. 
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Table 1 Prediabetes diagnostic criteria according to international guidelines 

Organization FPG 2hPG HbA1c 

ADA  
100-125 mg/dL 

(5.6-6.9 mmol/L) 

140-199 mg/dL 

(7.8-11.0 mmol/L) 

5.7-6.4% 

(39-47 mmol/mol) 

ESC 
100-125 mg/dL 

(5.6-6.9 mmol/L) 

140-199 mg/dL 

(7.8-11.0 mmol/L) 

5.7-6.4% 

(39-47 mmol/mol) 

WHO  
110-125 mg/dL 

(6.1-6.9 mmol/L) 

140-199 mg/dL 

(7.8-11.0 mmol/L) 
N/A 

IEC 
110-125 mg/dL 

(6.1-6.9 mmol/L) 

140-199 mg/dL 

(7.8-11.0 mmol/L) 

6.0-6.4% 

(42-47 mmol/mol) 

DCCPG 
110-125 mg/dL 

(6.1-6.9 mmol/L) 

140-199 mg/dL 

(7.8-11.0 mmol/L) 

6.06.4% 

(42-47 mmol/mol) 

NICE (UK) 
110-125 mg/dL 

(6.1-6.9 mmol/L) 

140-199 mg/dL 

(7.8-11.0 mmol/L) 

6.0-6.4% 

(42-47 mmol/mol) 

Abbreviations: FPG, Fasting Plasma Glucose; 2hPG, 2-hour plasma glucose following a 75 g 

OGTT; HbA1c, Hemoglobin A1c; ADA, American Diabetes Association; ESC, European 

Society of Cardiology; WHO, World Health Organization; IEC, International Expert 

Committee; DCCPG, Diabetes Canada Clinical Practice Guidelines [4-6, 10] 

 

Within this spectrum, impaired fasting glucose (IFG) and IGT are two distinct categories of 

prediabetes that reflect different underlying pathophysiological mechanisms. IFG is defined as 

a FPG level between 100 and 125 mg/dL (5.6-6.9 mmol/L) after at least 8 fasting hours and is 

primarily associated with hepatic IR and decreased basal insulin secretion (Table 2, Figure 1) 

[4]. In contrast, IGT is defined by a 2hPG level of 140-199 mg/dL (7.8-11.0 mmol/L) following 

a 75 g OGTT (Table 2) and is characterized predominantly by peripheral (skeletal muscle) IR 

and inadequate compensatory insulin secretory response, particularly in the late phase, 
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resulting in sustained post-load hyperglycemia (Figure 1) [4]. In isolated IFG, FPG levels are 

elevated (100-125 mg/dL [5.6-6.9 mmol/L]), but plasma glucose following a 75 g OGTT 

declines to levels near to baseline by 2h (Table 2, Figure 2) [4]. In isolated IGT, FPG levels 

are comparable to normoglycemic, but post 75 g OGTT plasma glucose increases at all time 

points and remains elevated (140-199 mg/dL [7.8-11.0 mmol/L]) at 2h (Table 2, Figure 2) [4]. 

In isolated IFG, FPG levels are elevated (100-125 mg/dL [5.6-6.9 mmol/L]), while the 1-hour 

post-load plasma glucose (1hPG) is typically normal or only modestly elevated, and plasma 

glucose declines toward baseline by 2h [6].  In isolated IGT, FPG levels are comparable to 

normoglycemia, but following a 75 g OGTT, plasma glucose rises markedly at 1h and remains 

elevated (140-199 mg/dL [7.8-11.0 mmol/L]) at 2h. Current ADA diagnostic criteria do not 

incorporate the 1h PG for the classification of prediabetes [11]. In contrast, the IDF recognizes 

the 1h PG as a sensitive marker of early dysglycemia, with a threshold ≥155 mg/dL (8.6 

mmol/L) identifying individuals at high risk for progression to T2D and cardiometabolic 

complications [12]. Physiologically, the 1h PG represents an integrated marker of early-phase 

insulin secretion and peripheral (predominantly skeletal muscle) insulin sensitivity, with 

elevated values reflecting an early defect in β-cell function with impaired insulin-mediated 

glucose disposal [12]. 
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Table 2 Diagnostic Criteria for IFG and IGT 

Glycemic state 
   FPG  

(mg/dL) 

      2hPG  

      (mg/dL, OGTT 75 g) 

Normal glucose  <100 <140 

Isolated IFG 100-125 <140 

Isolated IGT <100 140-199 

IFG 100-125 <200 

IGT     (-)   140-199 

Combined IFG/IGT 100-125 140-199 

Abbreviations: IFG, Impaired Fasting Glucose; IGT, Impaired Glucose Tolerance; FPG, 

Fasting Plasma Glucose; 2h-PG, 2-hour Plasma Glucose; OGTT, Oral Glucose Tolerance Test 
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Figure 1 Comparison of the pathophysiology of IFG and IGT 

Impaired fasting glucose (IFG) is primarily characterized by hepatic insulin resistance with relatively 

preserved skeletal muscle insulin sensitivity, resulting in elevated fasting plasma glucose (FPG) due 

to increased hepatic glucose production, while postprandial glucose levels remain near normal. Early-

phase insulin secretion is reduced, whereas late-phase insulin secretion is generally preserved. In 

contrast, impaired glucose tolerance (IGT) is mainly associated with peripheral (skeletal muscle) 

insulin resistance, leading to impaired glucose disposal and elevated post-load glucose levels despite 

relatively normal FPG levels. Both early- and late-phase insulin secretion are impaired in IGT. 

Adapted from Unnikrishnan R et al [13]. 
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Figure 2 Plasma glucose levels during Oral Glucose Tolerance Test (OGTT) in individuals 

with impaired fasting glucose (IFG), impaired glucose tolerance (IGT), normal glucose 

tolerance (NGT), or a combination of IFG/IGT (CGI)  [14] 

 
 

1.2 Epidemiology 
 
Recent global analyses present updated estimates of impaired glucose regulation and 

projections through 2050 [15]. A large comprehensive systematic review was conducted 

including more than 4800 studies published between 2020 and 2024, data from 215 countries 

and data from the 11th edition of the IDF Diabetes Atlas [15]. The analysis applied WHO 

diagnostic criteria to define impaired glucose regulation, with IGT specified as a 2hPG of 140-

199 mg/dL (7.8-11.1 mmol/L) and IFG as a FPG level of 110-125 mg/dL (6.1-6.9 mmol/L). 

Multivariate logistic regression models were used to estimate global and regional prevalence 

and the age distribution of each respective country. In 2024, an estimated 634.8 million adults 

(12.0%) were living with IGT, while 487.7 million (9.2%) had IFG [15]. By 2050, these are 

projected to rise to 846.5 million (12.9%) and 647.5 million (9.8%), respectively [15]. The 
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greatest relative increases are expected in low- and middle-income regions, highlighting global 

disparities in metabolic health. Regionally, the highest prevalence of IGT was observed in 

Southeast Asia, whereas IFG was most prevalent in North America and the Caribbean; both 

parameters were lowest in Europe. The study shows a remarkable rise in the prevalence of 

prediabetes compared to the estimates in 2021; IGT from 9.1% to 12.0% and IFG from 5.8% 

to 9.2% [15]. Despite increasing data availability, data on IGT or IFG are derived from only 

approximately 40% of countries, suggesting that the real global burden of prediabetes remains 

substantially underestimated [15].  

Recent national evidence highlights a considerable burden of prediabetes in Greece. According 

to findings from the Hellenic National Health Examination Survey (EMENO), the prevalence 

of prediabetes among Greek adults was 12.4% (95% Confidence Interval [CI]: 11.4 -13.6) [16]. 

According to the IDF, the prevalence of T2D among individuals aged 20-79 years in Greece 

was 9.6% in 2021, similar to the European regional average [17]. These findings emphasize 

the growing metabolic burden in Greece and reinforce the need for targeted and effective 

preventive strategies addressing both prediabetes and established T2D.  

In the 2025 Lancet Global Health pooled analysis which included 76,092 adults from 19 

international cohorts (median prospective follow-up: 9.8 years), individuals with prediabetes 

had a 12.5% probability of progression to T2D and a 36.1% probability of reverting to 

normoglycemia [18]. However, probability ratios varied based on baseline FPG levels and 

demographic characteristics. Specifically, in the highest quartile of FPG levels (110-125 mg/dL 

[6.2-6.9 mmol/L]), the probability of progression was 16.1% and reversion 13.4% [18]. 

Progression rates were highest among males, adults aged ≥55 years, and Latinx populations 

[18]. In contrast, individuals from Japan demonstrated the lowest rate ratios [18].  
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1.3 Natural History of IFG and IGT 

IFG and IGT are intermediate states of dysglycemia linked to a markedly increased risk of 

developing T2D (Figure 3). IFG is primarily associated with hepatic IR and defects in early-

phase insulin secretion, while IGT is more linked to peripheral IR and impaired late-phase 

insulin response [19]. Although both IFG and IGT can progress to T2D, the risk of progression 

is substantially higher when they are combined [20]. 

Figure 3 Fasting and 2hPG, insulin sensitivity, and β-cell function trajectories before the diagnosis of 

diabetes 

Longitudinal changes in fasting glucose, 2 hour plasma glucose (2hPG) following oral glucose tolerance test 
(OGTT), insulin sensitivity, and β-cell function during progression toward type 2 diabetes (T2D). Declining 
insulin sensitivity and β-cell dysfunction precede the onset of overt hyperglycemia. Time 0 is diagnosis of 
diabetes. The updated homoeostasis model assessment (HOMA2) was used to calculate insulin sensitivity 
(HOMA2-%S) and β-cell function (HOMA2-%B) trajectories. Adapted from Baranowska-Jurkun A, et al.[3]  
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The prevalence of IFG and IGT varies significantly across different ethnic groups, age 

categories, and between genders [21-29]. Both IGF and IGT increase with age and are higher 

prevalent in females [24, 30, 31]. The natural history of IFG and IGT is heterogeneous, with 

outcomes including progression to T2D, sustained dysglycemia, or reversion to 

normoglycemia. Over 3-5 years of follow-up, approximately 25% of individuals with 

prediabetes progress to T2D, 50% remain with prediabetes, and 25% revert to normoglycemia 

[32-34]. The risk of progression increases with age, obesity, and the presence of metabolic 

syndrome (MetS) [35, 36]. Notably, individuals with combined IFG and IGT have the highest 

incidence of T2D compared to those with isolated IFG or IGT [37]. Moreover, those at 

increased risk of developing T2D typically demonstrate both impaired insulin secretion and 

increased IR  [36, 38].  

Multiple epidemiological studies have demonstrated that both IFG and IGT are associated with 

a 1.1- to 1.4-fold increased risk of cardiovascular disease (CVD) compared to normoglycemia, 

with IGT identified as a slightly stronger predictor [26, 39-44]. However, additional 

cardiovascular risk factors such as hypertension, low high-density lipoprotein cholesterol 

(HDL-C) levels, and elevated triglycerides (TGs) are prevalent in individuals with IFG and/or 

IGT [45-47]. Notably, after adjusting these risk factors, both IFG and IGT have been identified 

as independent predictors of CVD in several studies [26, 39-44, 48].  

1.4 Pathophysiology of IFG and IGT 

Epidemiological and clinical evidence demonstrate that IFG and IGT are characterized by 

distinct pathophysiological mechanisms, which reflect discrete impairments in glucose 

homeostasis [14, 49-54]. In isolated IGT, FPG levels are typically within the normoglycemic 

range [14, 49-54]. However, during a standard OGTT (75 g of anhydrous glucose), post-load 
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plasma glucose levels rise abnormally and remain elevated at 120 min, consistent with the IGT 

diagnostic threshold (140-199 mg/dL; 7.8-11.0 mmol/L) (Figure 2). In isolated IFG, FPG 

levels are elevated (100-125 mg/dL; 5.6–6.9 mmol/L) compared to those with normoglycemia 

and those with isolated IGT. Following a 75 g OGTT, plasma glucose typically declines to 

near-fasting levels by 120 min. These 2 OGTT glycemic curves observed in IFG and IGT 

reflect distinct underlying pathophysiological defects in glucose homeostasis (Figure 2). In 

those with combined IFG and IGT, the plasma glucose curve demonstrates a dual-pattern 

phenotype, characterized by both hepatic and peripheral IR with impairments in both 1st- and 

2nd -phase insulin secretion [14, 49-54].  

Although both isolated IFG and isolated IGT are characterized by IR, differences are observed 

in the primary tissues affected [19, 50, 55, 56]. In isolated IFG, IR is predominantly hepatic, 

while insulin sensitivity in skeletal muscle is generally preserved (Figure 1). Conversely, in 

isolated IGT, hepatic insulin sensitivity is typically normal or mildly reduced, whereas IR is 

more pronounced in skeletal muscle (Figure 1). In individuals with both IFG and IGT, IR is 

observed in both hepatic and skeletal muscle tissues [19, 50, 55, 56].  

The pattern of insulin secretion differs between individuals with IFG and those with IGT. In 

isolated IFG, there is a marked reduction in 1st -phase insulin secretion (0-10 min) following 

intravenous glucose administration, as well as impaired early-phase insulin secretion (within 

the first 30 min) in response to oral glucose [52, 57]. However, the late-phase insulin response 

(60-120 min) during an OGTT is typically preserved in these individuals [52, 57]. In contrast, 

isolated IGT is characterized by impaired early-phase insulin secretion following oral glucose, 

and a more pronounced reduction in late-phase insulin secretion, resulting in sustained 

postprandial hyperglycemia (Figure 1) [52, 57]. 

In isolated IFG, the combination of hepatic IR and reduced insulin secretion leads to excessive 

hepatic gluconeogenesis and thus fasting hyperglycemia. Impaired early-phase insulin 
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secretion along with hepatic IR, contributes to a further rise in plasma glucose during the 1st h 

of the OGTT [50, 57]. However, glucose levels typically return to baseline by 120 min due to 

preserved late-phase insulin secretion and intact skeletal muscle insulin sensitivity in isolated 

IFG state [50, 57]. In contrast, isolated IGT is characterized by deficient late-phase insulin 

secretion combined with both hepatic and peripheral (skeletal muscle) IR, resulting in sustained 

postprandial hyperglycemia following oral glucose administration [50, 57]. 

 

2. DIABETIC NEUROPATHY 

 

2.1 Definition and classification  

 
Diabetic distal symmetric polyneuropathy (DSPN) is a devastating complication of diabetes, 

leading to diabetic foot ulcers, neuropathic pain, decreased quality of life, and increased 

morbidity [58-61]. It is the commonest neuropathy in developed countries and one of the most 

frequent complications of diabetes with a median prevalence of 28-34% in community-based 

studies [62-64]. Classification of diabetic neuropathy is shown in Table 3 [58].  

 

Table 3 Classification of diabetic neuropathy 

  

Subclassification  

  

Diffuse neuropathy 

(DSPN) 

Primarily small-fiber neuropathy 

  Primarily large-fiber neuropathy 

  Mixed small- and large-fiber neuropathy (most common) 
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Autonomic  Cardiovascular 

  Reduced heart rate variability 

  Resting tachycardia 

  Orthostatic hypotension 

  Sudden death (malignant arrhythmia) 

    

  Gastrointestinal 

  Diabetic gastroparesis (gastropathy) 

  Diabetic enteropathy (diarrhea) 

  Colonic hypomotility (constipation) 

    

  Urogenital 

  Diabetic cystopathy (neurogenic bladder) 

  Erectile dysfunction 

  Female sexual dysfunction  

    

  Sudomotor dysfunction 

  Distal hypohydrosis/anhidrosis 

  Gustatory sweating 
 

  

  Hypoglycemia unawareness 

  Abnormal pupillary function 

Mononeuropathy 

 

Isolated cranial or peripheral nerve (e.g., cranial nerve III, ulnar, 

median, femoral, peroneal) 

 Mononeuritis multiplex 
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Radiculopathy/ 

Polyradiculopathy  

Radiculoplexus neuropathy   

  Thoracic radiculopathy 

Other neuropathies 

common in diabetes 

Pressure palsies 

Chronic inflammatory demyelinating polyneuropathy 

Radiculoplexus neuropathy 

 Acute painful small-fiber neuropathies (treatment-induced) 

Abbreviations: DSPN, Diabetic Sensory Peripheral Neuropathy 

 

2.2 Epidemiology  

In a community-based study of 15,692 subjects with diabetes from Northwest England, the 

prevalence of diabetic DSPN, defined by the loss of pinprick, vibration, and temperature 

sensation, was 49%, while the prevalence of painful neuropathic symptoms was 34% [65]. In 

a cross-sectional multi-centre study of 6487 patients with diabetes in the United Kingdom, the 

overall prevalence of diabetic DSPN was 28.5% [66]. Subjects with T2D had a higher overall 

prevalence of DSPN than those with type 1 diabetes (T1D): 32.1% (30.6-33.6%) vs 22.7% 

(21.0-24.4%), respectively (p<0.001), regardless of diabetes duration[66]. In the Action to 

Control Cardiovascular Risk in Diabetes (ACCORD) trial, DSPN was present in 42% of adults 

with T2D at baseline [67].  

According to several studies, approximately 50% to 66% of patients with diabetes will 

eventually develop DSPN [68]. Diabetes duration and glucose control are major predictors of 

diabetic DSPN development and progression [62]. In the UK Prospective Diabetes Study 

(UKPDS) study (including subjects with newly diagnosed T2D), DSPN was defined by a 

vibration perception threshold (VPT)>25 V [69, 70]. DSPN developed in approximately 20% 

of subjects regardless of treatment, resulting in an annual incidence of approximately 2% 
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during the first 12 years [69]. In the Danish Addition study, the incidence of DSPN was 10% 

over the 13-year follow-up in patients with newly diagnosed T2D without DSPN at study entry 

[71].  

 

2.3 Pathological findings in diabetic DSPN: sensory neurons, dorsal root ganglia, and 

distal axon degeneration 

From a neuroscientific perspective, diabetic DSPN is driven by intricate and not well 

understood biological processes that underline the development of a distinct, sensory-

predominant axonal degenerative disorder. Diabetic DSPN is a length-dependent, sensory-

predominant axonopathy and its characteristic “stocking-glove” distribution reflects that the 

most distal sensory terminals that innervate the skin of the toes and fingers [72-74]. Core 

neurophysiological and pathological features include slowed conduction velocity, altered 

sensory behavior, and marked loss of dermal/epidermal cutaneous axons [75-77]. 

1) Distal sensory axon terminal dysfunction as the initiating lesion in DSPN 

A central neuropathophysiological concept is that DSPN begins at distal sensory terminals in 

skin, where axons normally require ongoing structural plasticity to maintain epidermal 

innervation and continuous keratinocyte turnover [78]. In diabetes this adaptive plasticity is 

impaired: sensory axons shift phenotype, retract, and disappear, producing progressive distal 

denervation that clinically manifests as numbness, pain and impaired protective sensation [72, 

77-79]. This distal-first pattern aligns with the “stocking-glove” phenotype and the prominence 

of intraepidermal nerve fiber loss in human and experimental disease (Figure 4) [17-20]. 
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Neuronal cell bodies are located in the anterior horn of the spinal cord (motor neurons), dorsal root 
ganglia (sensory neurons), and autonomic ganglia (autonomic neurons). DSPN may result from axonal 
degeneration and/or demyelination, leading to dysfunction of sensory, motor, and autonomic nerve 
fibers. Structural and functional abnormalities include Schwann cell dysfunction, impaired nerve 
conduction, and progressive distal axonal degeneration. Adapted from Mauermann M et al [80]. 

 

Figure 4 Anatomical basis of diabetic DSPN 
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2) Dorsal root ganglion (DRG) involvement: a stressed but largely surviving neuronal 

population 

The DRG is mechanistically important but relatively less investigated in DSPN. DRGs have 

distinctive vascular and barrier properties, including a barrier less restrictive than blood-brain 

or blood-nerve barriers [81], and specific physiological characteristics that may confer 

susceptibility to diabetic microvascular dysfunction. Despite this vulnerability, chronic 

experimental models demonstrate little or no DRG sensory neuron loss even after prolonged 

diabetes (e.g., preservation in long-duration rat models; modest loss reported in some mouse 

models) [76, 77]. Human post-mortem studies are limited and have reported variable 

degenerative changes and mostly mild loss of neurons in some cases [82-84]. In summary, 

most studies suggest that DSPN is driven primarily by neuronal dysfunction, atrophy and distal 

axon/terminal degeneration rather than great loss of sensory neuron cell bodies (Figure 5). 

3) A paradox of distal axon loss with an inappropriate regenerative transcriptional response 

Following axotomy, sensory neurons typically undergo an “axon reaction” involving 

chromatolysis and the induction of regeneration-associated genes (RAGs) such as tubulin, 

GAP43, and c-Jun in response to retrograde injury signals [85-87]. In DSPN, the distal 

terminals undergo degeneration in an ‘axotomy-like’ fashion, but the typical induction of 

RAGs is reduced or absent; growth-related proteins (tubulin and GAP43, in particular) do not 

increase as expected in experimental diabetes [76]. This mismatch-terminal degeneration 

without the typical accompanying switch to a pro-regenerative phenotype-shows that diabetes 

is characterized by reduced neuronal growth and impaired regenerative capacity. 
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Figure 5 Integrated pathophysiological mechanisms underlying diabetic DSPN 

Sensory neurons transmit sensory information from peripheral nerve terminals to the dorsal 
horn of the spinal cord, while their cell bodies are located in the dorsal root ganglia (DRG). 
Small unmyelinated sensory fibers are grouped in Remak bundles by non-myelinating 
Schwann cells, whereas larger sensory axons are myelinated by Schwann cells that preserve 
axonal structure and function. In diabetic DSPN, pathological changes include Schwann cell 
dysfunction, altered DRG protein expression, demyelination, oxidative stress, mitochondrial 
dysfunction, and progressive distal axonal degeneration. GAP43, growth-associated protein 43; 
HSP, heat shock protein; PARP, poly (ADP-ribose) polymerase. Adapted from Feldman et al 
[88, 89]. 

 

4) Microvascular contribution: DRG ischemic sensitivity and vasoconstrictor injury 

In diabetes, blood flow to the DRG may be reduced in both T1D and T2D experimental models 

suggesting altered perfusion dynamics and/or metabolic demand [90, 91]. A strong mechanistic 

signal comes from endothelin-1 (ET-1): ET-1-induced vasoconstriction leads to transient 
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ischemia in non-diabetic nerves but causes significantly more severe damage in diabetes, 

including endoneurial infarction and axonal degeneration [91-93]. Regarding ganglionic 

vasculature, ET-1 results in more profound and prolonged reductions in DRG perfusion in 

diabetes, accompanied by biomarkers of sensory neuron injury and downstream sensory axon 

degeneration [94]. These findings support microvascular dysregulation as a permissive or 

amplifying factor in sensory neuron stress and distal axonopathy (Figure 6). 

 

Figure 6  Important pathways and microvascular disorder contributing to diabetic DSPN 

DSPN results from oxidative stress, mitochondrial dysfunction, and other metabolic pathways. 
Hyperglycemia, dyslipidemia, insulin resistance, and microvascular disorder are the four main 
factors that lead to Distal Symmetric Polyneuropathy (DSPN). Hyperglycemia and 
dyslipidemia are the most common two factors that can trigger the Protein Kinase C (PKC) 
pathway, polyol pathway, Advanced Glycation End-products (AGE) pathway, hexosamine 
pathway, and Poly(ADP-ribose) Polymerase (PARP) pathway. Insulin pathways, 
microvascular disorders, and other pathways are also activated to bring some harmful nervous 
effects, including inflammation, metabolic disorders, oxidative stress, and mitochondrial 
dysfunction. Adapted from Zhu J, et al [95]. 



36 
 

5) Molecular phenotype: structural/growth downregulation with stress and excitability 

remodeling 

The molecular phenotype described for diabetic sensory neurons includes the downregulation 

of structural and growth-associated genes (e.g., neurofilament subunits, tubulin, neuropeptides 

such as CGRP/SP, neurotrophins receptors, GAP43) and the up-regulation of stress- and injury-

linked pathways (e.g., PARP activation, activated caspase-3, Mitogen-Activated Protein 

Kinase [MAPK] signaling pathway, HSP27) together with changes in ion channel expression 

[96]. Reduced neurofilament mRNA expression and diminished distal neurofilament content 

lead to structural instability of the axon, resulting in distal axonal atrophy [79], but genetic 

evidence (neurofilament knockout mice develop DSPN) argue against neurofilament loss as a 

primary driver, instead suggests that the loss of neurofilaments is not a causative factor but 

rather a marker of the pathological state [76]. Transcriptomic profiling in chronic diabetes also 

implicates abnormalities in RNA processing (GW bodies) and mRNA expression, consistent 

with the notion that post-transcriptional regulation is involved in the global “down-tuning” of 

neuronal maintenance programs [97, 98]. 

A notable mechanistic observation is the involvement of the spliceosome. Upregulation of the 

spliceosome-associated factor CWC22 in diabetic DRG nuclei is linked to suppressed neurite 

growth, while its knockdown increases neurite outgrowth in vitro and improves DSPN 

parameters (such as sensory conduction velocity and thermal sensation) in vivo in chronic 

diabetic mice, supporting the pathogenic role of splicing abnormalities in diabetic neuronal 

damage [99]. In parallel, emerging data suggests that the programmed axon degeneration (e.g., 

SARM1-linked pathways) may play a role in DSPN axonal loss [100-102]. 
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6) Painful DSPN: channelopathy and ectopic excitability as a subtype biology 

A key feature of diabetic DSPN is its phenotypic heterogeneity; notably, not all cases are 

painful, suggesting that excitability changes probably define a mechanistic subtype 

superimposed on distal axon degeneration rather than a general mechanism. There are studies 

showing the hyperexcitability of DRG neurons and axons [103-105].  

2.4 Neurophysiological changes 

Diabetic DSPN has traditionally been regarded as a disorder of the peripheral nervous system 

(PNS), primarily characterized by distal axonal degeneration and impaired nerve conduction 

[88]. However, advances in neurophysiology, neuroimaging, and translational neuroscience 

have fundamentally reshaped this view [106]. Emerging evidence demonstrates that diabetes 

induces widespread neurophysiological alterations that extend beyond peripheral nerves to the 

spinal cord and brain [88, 107]. These changes evolve dynamically over time and play a role 

in symptoms development, disease heterogeneity, and treatment resistance [106]. 

2.4.1 Large-fiber dysfunction 

At the peripheral level, large-fiber involvement is characterized by progressive abnormalities 

in motor and sensory nerve conduction. Accumulated evidence demonstrates reduced 

conduction velocities, prolonged distal latencies, and decreased compound potential 

amplitudes, reflecting axonal degeneration with secondary demyelination rather than primary 

myelin pathology [108, 109]. Large-fiber neurophysiological abnormalities detected by 

conventional nerve conduction studies (NCS) typically represent relatively late manifestations 

in the natural history of diabetic DSPN, as these techniques primarily assess the functional 

integrity of large, myelinated fibers that are affected only after prolonged exposure to 

metabolic, vascular, and oxidative stress [108, 109]. Consequently, substantial peripheral nerve 

injury may already be present before measurable changes in conduction velocity or action 
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potential amplitude become apparent, leading to important diagnostic and conceptual 

limitations. In early diabetic DSPN, particularly among patients presenting with sensory 

symptoms or neuropathic pain, large-fiber conduction parameters may remain within normal 

limits despite significant neural dysfunction, contributing to the under-recognition of early 

disease and the misclassification of symptomatic individuals as having ‘normal’ 

neurophysiology [110, 111]. Furthermore, painful diabetic DSPN is frequently characterized 

by a weak correlation between symptom severity and large-fiber abnormalities, with patients 

experiencing severe burning pain, allodynia, or dysesthesia in the absence of marked 

conduction slowing or amplitude loss [108, 112]. In conclusion, these findings show the 

underdiagnosis of large-fibre nerve dysfunction and highlight the significance for broader 

neurophysiological assessments of small-fiber function and central nervous system (CNS) to 

reflect more accurately the heterogeneous and progressive nature of diabetic DSPN. 

2.4.2 Small-fiber neurophysiology 
 
In contrast to large fibers, small-diameter sensory fibers show an early and excessive 

susceptibility to the metabolic stress of diabetes. Studies using quantitative sensory testing, 

laser-evoked potentials, and intraepidermal nerve fiber density (IENFD) have shown an early 

impairment of thermal and nociceptive pathways, despite normal NCS [110, 111]. 

Emerging evidence demonstrates the intrinsic biological vulnerability of small sensory fibers, 

which are characterized by high metabolic demands, limited or absent myelination, and a strong 

dependence on intact microvascular perfusion. These features show the selective vulnerability 

of small-fibers to the metabolic, ischemic, and oxidative stresses associated with diabetes [113-

115].  
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2.4.3 Spinal and supraspinal neurophysiological alterations 

Beyond the PNS, there is strong evidence of the involvement of the spinal cord and brain in 

diabetic DSPN. Neurophysiological and imaging techniques have shown changes in the 

ascending sensory pathways, such as the dorsal columns and spinothalamic tracts, suggesting 

an abnormality in the transmission and modulation of somatosensory signals [116, 117]. This 

finding does not support the “dying- back” hypothesis but rather a parallel process of injury 

due to diabetes to the peripheral and central parts of the nervous system [116, 117].  

Structural magnetic resonance imaging has consistently shown reductions in grey matter 

volume within regions to be crucial for sensory processing and pain regulation, such as the 

primary and secondary somatosensory cortices, thalamus, anterior cingulate cortex, insula, and 

prefrontal cortex (Figure 7) [116, 117]. White matter abnormalities involving thalamocortical, 

corticospinal, and spinothalamic fibers further indicate impairments of sensorimotor 

integration [116, 117]. Notably, these changes are observed in both painful and painless 

diabetic DSPN, showing a generalized neurodegenerative process [116]. 
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Figure 7 Structural brain alterations in DSPN 

Structural magnetic resonance imaging demonstrates reduced grey matter volume in regions 
involved in sensory processing and pain modulation, including the somatosensory cortex, 
supramarginal gyrus, and cingulate cortex, in individuals with diabetic DSPN compared with 
subjects without neuropathy and healthy controls. Adapted from Selvarajah D, et al [112]. 
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2.5 Aetiological factors 

2.5.1 Hyperglycaemia and diabetes duration 

DSPN accounts for 75% of diabetic neuropathies [118]. The principal role of hyperglycaemia 

in the onset and the progression of DSPN is well established (Figure 8). The Rochester study 

has demonstrated that duration of hyperglycaemia is associated with the severity of DSPN 

[119]. Optimised glycaemic control by intensified insulin in T1D, as in the Diabetes Control 

and Complications trial (DCCT), reduces the incidence of DSPN by 64% and improves nerve 

function, as assessed by NCS (faster sensory and motor conduction velocities and shorter F-

wave latencies) [120]. However, this was not the case in patients with T2D in the UKPDS [69], 

Veterans Affairs Cooperative Study on Glycemic Control and Complication in NIDDM 

(VACSDM)[121], Steno-2 [122] and in the ACCORD [67]. The paramount importance of 

diabetes duration has been shown in other studies as well [62, 120, 123, 124]. 

2.5.2 Hypertension 

In a study of subjects with T1D, hypertension was associated with deficits in NCS and 

decreased vibration perception, as compared with normotension [125]. After adjusting for age, 

gender, diabetes duration, HbA1c, baseline TGs, and body-mass index (BMI), tibial compound 

motor action potential (TCMAP) and tibial motor nerve conduction velocity (TMNCV) 

remained independently associated with systolic blood pressure [125].  

Similarly, in a retrospective trial of 1262 subjects with diabetes, hypertension was associated 

with DSPN prevalence (odds ratio [OR]: 1.829, 95% CI: 1.146-2.920, p=0.011)[126]. The 

Maastricht study, a cross-sectional analysis of 2401 adults (25.3% T2D), demonstrated that 

antihypertensive medication (suggesting prior exposure to elevated arterial blood pressure) was 

related with lower peroneal motor action potential amplitude (CMAP) and nerve conduction 

velocity (NCV) (β = -0.13 [-0.23 - -0.03] and β = -0.16 [-0.25 - -0.0], respectively) [127]. 
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According to experimental studies, streptozotocin-induced diabetic rats with or without 

hypertension developed nerve ischaemia, thermal hyperalgesia, reduced NCV and axonal 

atrophy [62, 120, 123, 124]. However, hypertensive diabetic rodents exhibited thinly 

myelinated fibers with supernumerary Schwann cells, indicative of demyelination and 

remyelination, along with reduced nerve levels of myelin basic protein [128]. In addition, the 

combination of hypertension and hyperglycaemia in rats with T1D is linked with reduced 

number of small unmyelinated sensory nerve fibers in the skin and mild axonal atrophy in 

myelinated tibial and sural nerve fibers in rats with T1D [129]. 

2.5.3 Dyslipidaemia 

In several large observational studies, dyslipidaemia has emerged as a major factor in the 

pathogenesis of DSPN. In the EURODIAB study (n=1407 patients with T1D), elevated total 

cholesterol, Low-Density Lipoprotein cholesterol (LDL-C), TGs, and low HDL-C levels were 

associated with higher VPT values [130]. Of all lipid fractions, elevated TGs had the greatest 

association with DSPN risk (OR: 1.35, 95% CI: 1.15-1.57, p=0.002) over 7.3 years [130]. In a 

meta-analysis of 39 studies in diabetes, higher serum TGs and LDL-C levels were associated 

with increased risk of DSPN (OR: 1.36, 95% CI: 1.20-1.54, p< 0.001 and OR: 1.10, 95% CI: 

1.02‐1.19, p=0.274, respectively) [131]. 

Moreover, decreased baseline serum medium-chain acylcarnitines and increased free fatty 

acids were associated with 10-year incident DSPN development in a human study of serum 

lipidomics (69 patients with T2D) [132]. Conversely, high HDL-C levels were associated with 

decreased risk of DSPN (OR: 0.85, 95% CI: 0.75-0.96, p <0.001) [131]. Similarly, the Utah 

Diabetic Neuropathy study showed a positive association between plasma TGs ≥150 mg/dL 

and the risk of DSPN in patients with T2D (relative risk [RR]: 2.3, 95% CI: 1.1-4.7) [133]. In 

this context, lipid-lowering therapies were shown to reduce DSPN risk in some clinical trials. 

Especially, in the Fenofibrate and Event-Lowering in Diabetes (FIELD) study of 9795 patients 
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with T2D, fenofibrate significantly reduced non-traumatic amputations (hazard ratio [HR]: 

0.62, p=0.011), an indirect index of DSPN[134]. In the Fremantle Diabetes Study, statins were 

associated with a significant 35% reduction of DSPN incidence in T2D [135]. In an exploratory 

analysis of the PROMINENT trial including 10,497 participants with T2D, allocation to 

pemafibrate was associated with a 37% relative reduction in incident lower extremity ischemic 

ulceration and gangrene compared with placebo (HR: 0.63; 95% CI 0.41–0.96; p=0.03) over a 

median follow-up of 3.4 years. No significant reduction in major amputation events was 

observed, likely due to low event rates and limited statistical power; importantly, pemafibrate 

was not associated with an increased risk of amputation, supporting a safety profile [136].  

 

2.5.4 Obesity and insulin resistance 
 
In a population-based study in Germany, obesity was identified as a predisposing factor for 

DSPN (OR: 3.47, 95% CI: 1.72-7.00) in 513 subjects with or without T2D [137]. In a study of 

7442 participants with T2D, obesity was linearly correlated with DSPN development: HR: 

1.29, 95% CI: 1.09-1.53 for men and HR: 1.66, 95% CI: 1.30-2.12 for women when BMI was 

30.0-34.9 kg/m2; HR: 1.52, 95% CI: 1.27-1.83 for men and HR: 1.77, 95% CI: 1.37-2.27 for 

women when BMI was 35.0-39.9 kg/m2; HR: 1.31, 95% CI: 1.04-1.65 for men and HR: 1.51, 

95% CI: 1.15-1.99 for women when was BMI ≥ 40 kg/m2, all p<0.001] [138]. Similarly, 

abdominal obesity as defined by waist circumference (WC) ≥102 cm for men and ≥88 cm for 

women was associated with increased risk of incident DSPN [127, 138].  

In this context, bariatric surgery was associated with improvement in symptoms of sensory, 

motor and autonomic neuropathy in a prospective study of 26 obese subjects with T2D after 

12 months [139]. In a study of adults ≥40 years, obesity with or without T2D was associated 

with increased risk of DSPN (OR: 2.20, 95% CI 1.43-3.39), while greater prevalence was 

observed after excluding individuals with T2D [140]. 
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Notably, in a 6-year follow-up study of Korean patients with T2D, insulin resistance showed a 

positive correlation (r=0.629, p=0.001) with abnormal sural sensory nerve action potential after 

adjustment for age, gender and height, even in patients with mean HbA1c <7% over the past 6 

years [141]. In a cross-sectional analysis of 982 subjects with T2D, homeostatic model 

assessment for insulin resistance (HOMA-IR) was an independent risk factor for DSPN (OR: 

1.20, 95% CI: 1.07-1.34, p <0.001) [124]. 

2.5.5 Metabolic syndrome and prediabetes 
 
DSPN prevalence increased as the number of metabolic syndrome (MetS) components 

increased (p=0.03) independently of glycaemic status in a large cross-sectional study of 2382 

individuals (21% with T2D) over 11 years [142]. In the Prospective Metabolism and Islet Cell 

Evaluation (PROMISE) study, the prevalence of DSPN was not significantly different between 

those with and without metabolic syndrome (33% vs. 37%, respectively, p=0.4), but average 

VPT was higher among participants with vs without MetS (p=0.01) [143]. 

DSPN has been reported in individuals with prediabetes, suggesting that nerve injury may 

begin before the onset of overt diabetes. In the population-based MONICA/KORA Augsburg 

study including 1006 participants, the prevalence of DSPN was 7.4% in individuals with 

normal glucose tolerance (NGT), compared with 11.3% in IFG and 13.0% in IGT [144]. 

Similarly, in the San Luis Valley Diabetes Study in the United States, the prevalence of DSPN 

was 3.9% in individuals with NGT, compared with 11.2% among those with IGT, prior to 

diabetes diagnosis [145]. Together, these epidemiological data indicate that peripheral nerve 

damage may develop during earlier stages of dysglycemia, highlighting the importance of early 

detection and metabolic risk modification (Figure 8). 
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Figure 8 DSPN pathogenesis 

Hyperglycaemia, dyslipidaemia, insulin resistance, obesity, oxidative stress, inflammation, and 
microvascular dysfunction contribute to Schwann cell injury, mitochondrial dysfunction, and 
progressive axonal degeneration in DSPN. Adapted from Feldman et al [88]. 
Abbreviations: AGE, Advanced Glycation End-products; Akt, Protein Kinase B; FFAs, Free 
Fatty Acids; LDL, Low-Density Lipoprotein; LOX1, Lectin-Like Oxidized Low-Density 
Lipoprotein Receptor-1; RAGE, Receptor for Advanced Glycation End-products; ROS, 
Reactive Oxygen Species; TLR4, Toll-Like Receptor 4; UDP-GlcNAc, Uridine Diphosphate 
N-Acetylglucosamine. 
 

2.5.6 Hypoinsulinaemia  

 
In a study of 133 patients with newly diagnosed T2D, low serum insulin concentrations before 

and after the oral administration of glucose were associated with the development of DSPN, 

even after adjustment for FPG values or HbA1c (p=0.03) [146]. 
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2.5.6 Smoking 
 
There is evidence that current or past smoking [127, 130, 142] is a risk factor of DSPN in 

subjects with diabetes. In a large study of 9914 Japanese subjects with T2D, a significant 

correlation between DSPN‐related sensory symptoms/signs and smoking status (OR: 2.04 for 

current and 1.64 for former smoking, p<0.001 and p=0.002, respectively) was found [147]. 

Likewise, in a cross-sectional study of 473 subjects with T2D, smoking was significantly 

associated with the risk of DSPN (OR: 1.64, 95% CI: 1.03-2.62, p=0.037) [148]. In a large 

observational, cross-sectional study of the Australian National Diabetes Audit (ANDA) data, 

current or past smokers with diabetes had greater risk of DSPN compared to never smokers 

(OR: 1.54, 95% CI: 1.36-1.74 and OR: 1.38, 95% CI: 1.26-1.51, respectively, all p<0.0001) 

[149]. 

2.5.7 Non-modifiable risk factors: age and height 
 
Age is a well-recognised, non-modifiable risk factor of DSPN [127, 130]. According to a cross-

sectional study, age is significantly correlated with DSPN (per 5 years increase) (OR: 1.12, 

95% CI: 1.04-1.21, p=0.003) in subjects with T2D [124]. Multivariable logistic regression 

analysis in a study of 2382 participants with or without diabetes showed that age was 

significantly associated with abnormal 10-g (heavy) monofilament (OR: 1.14, 95% CI: 1.08-

1.20, p<0.05) and 1.4 (light) monofilament (OR: 1.08, 95% CI: 1.05-1) [142]. Emerging data 

show that height is positively associated with risk of DSPN in subjects with or without diabetes 

(OR: 1.39, 95% CI: 1.24-1.54, p <0.05) [130, 142].   

 

2.6 Clinical presentation of diabetic DSPN  

Diabetic DSPN is characterized by a length-dependent neuropathic pattern, with symmetric 

distal (toe) involvement and proximal stocking-like distribution [80, 109, 150, 151]. As disease 
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progresses, the upper limbs may become affected, typically with distal onset at the fingertips 

and proximal extension in a glove-like pattern (Figure 9a) [80, 108, 109, 150, 152].  

 

Figure 9 Patterns of nerve injury in diabetic neuropathy 

Different neuropathic patterns may occur in individuals with diabetes, including distal 
symmetrical polyneuropathy (DSPN), small-fiber-predominant neuropathy, 
radiculoplexopathy, mononeuropathy, autonomic neuropathy, and treatment-induced 
neuropathy. DSPN is the most common phenotype and typically presents with a length-
dependent stocking-glove distribution. Adapted from Peltier, Goultman, and Callaghan and 
Feldman et al [88, 153]. 

In rare cases, neuropathic involvement of the trunk or cranial regions has been reported [80, 

150]. Both small and large nerve fibers may be involved; although some studies suggest early 

small-fiber dysfunction [154]. Isolated small-fiber neuropathy -characterized by impairment of 

pain and thermal sensation with relative preservation of motor function and large-fiber 

modalities- is uncommon [155]. Early motor manifestations include reduced ankle reflexes and 

distal muscle wasting, particularly in the hands and feet, predisposing to deformities such as 

claw toes and pes cavus [156]. These anatomical and functional alterations are associated with 

an increased risk of complications, including foot ulceration and Charcot neuroarthropathy 

[156]. 
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Painless DSPN represents the most common clinical phenotype of diabetic neuropathy and is 

characterized by an insidious onset, progressive length-dependent sensory loss, and an absence 

of prominent neuropathic pain [58, 156]. Many patients remain asymptomatic, underscoring 

the importance of routine foot screening, as ulceration may be the first clinical manifestation. 

Sensory symptoms are commonly classified as positive (tingling, burning, pain) or negative 

(numbness, reduced sensation)[154]. They usually follow a length-dependent stocking-glove 

distribution, though pain may affect the upper limbs while sensory loss predominates in the 

lower limbs [151, 152]. With disease progression, impairment of motor function becomes 

evident, affecting tasks such as gripping, typing, or opening containers [156]. Autonomic 

nervous system involvement further contributes to morbidity, with reduced sweating leading 

to dry, fissured skin and an increased susceptibility to infection [115]. Consequently, 

comprehensive foot assessment is essential and should include evaluation of skin integrity, 

vascular health, and footwear, as poorly fitting shoes and abnormal pressure distribution are 

common precipitants of trauma and subsequent ulceration [61, 115]. 

Painful DSPN is characterized by neuropathic pain that may be severe and disabling [108, 154]. 

Patients commonly describe hyperalgesia or allodynia, although objective findings such as 

reproducible brush-evoked allodynia are uncommon [115, 157]. Pain may arise at any stage of 

nerve injury and shows marked interindividual variability [154]. Some patients experience 

severe pain despite profound sensory loss, the so-called “painful-painless leg” [154]. Burning 

pain and electric shock-like sensations predominate, frequently worsening at night and 

disrupting sleep [156, 158]. Despite its clinical burden, the natural history of painful DSPN 

remains poorly defined.  

2.7 Diagnostic methods 
 
Diagnosis of DSPN is mainly clinical after exclusion of other causes. Screening is 

recommended at the time of diagnosis of T2D and 5 years after the diagnosis of T1D on an 
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annual basis [58]. A combination of typical symptoms and symmetrical distal sensory loss or 

typical signs without symptoms in a person with diabetes is highly suggestive of DSPN [58]. 

The ADA proposes that patient evaluation should include a careful general medical and 

neurological history, foot inspection and a basic neurological examination of sensory function 

(10g Semmes-Weinstein monofilament for light touch, Tiptherm rod for temperature, 

calibrated Rydel Seiffer tuning fork for vibration [Figure 10], pin-prick for pain), as well as 

motor function and tendon reflexes (ankle and  knee) [58]. 

 

 

 

Figure 10 Assessment of vibration perception using the Rydel-Seiffer tuning fork 

The Rydel-Seiffer tuning fork is a semiquantitative tool to assess vibration sensation. The tuning fork 

is placed on the great toe (a) and the two arms of the tuning fork are pinched and released. The triangles 

formed by the movement allow definition of the number when the sensation is no longer perceived (b) 

 
Two tests assess DSPN and help quantify the risk of future foot ulceration: the 10-g Semmes 

Weinstein Monofilament, which evaluates protective sensation on the plantar aspect of the foot, 

and the biothesiometer [159, 160]. The latter is a medical device assessing sensation by 
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measuring the VPT on the foot: values >25 V are suggestive of increased risk for foot ulcer 

and amputation [159, 160]. 

Neuropathic symptoms are classified into positive (burning, shooting or pain, paraesthesias, 

dysaesthesias) and negative (numbness). Symptoms are distal, symmetrical, and often 

associated with nocturnal exacerbations [58].   

The abovementioned neuropathic deficits may be assessed by established standardised clinical 

tools. These include the Michigan Neuropathy Screening Instrument (MNSI), the Neuropathy 

Symptom Score (NSS) and the Neuropathy Disability Score (NDS) [161, 162]. Quantitative 

sensory testing and NCS are used in expertized centres. Especially the latter are useful for 

differential diagnosis of DSPN, for cases with atypical symptoms and for use in research [58].   

There are also newer diagnostic tools to enable earlier DSPN detection. These include the NC 

Stat DPNCheck (a hand-held device measuring sural sensory conduction velocity and 

amplitude), the SUDOSCAN (a non-invasive, test of sudomotor function of the feet and hands) 

and the Neuropad (a diagnostic tool assessing sudomotor function by an indicator pad on the 

plantar surface of the foot) [163-165]. 

More precise methods include skin biopsy with IENFD quantification (Figure 11) and corneal 

confocal microscopy (measuring corneal nerve fiber characteristics) (Figure 12) [155]. These 

yield good specificity and sensitivity, positive and negative predictive value, and are very 

useful for research purposes [166] .  
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(A) Intraepidermal nerve fibers (arrows) in a healthy individual. (B) Distal 
symmetric polyneuropathy (DSPN) patient with severe fiber loss. (C) High 
magnification of intraepidermal nerve fibers in a healthy individual (note 
absence of axonal swellings). (D) High magnification of intraepidermal nerve 
fibers in a DSPN patient (presence of axonal swellings, arrows). Adapted from 
Jensen et al [117] 
 
 
 
 
 
 

Figure 11 Skin nerve fiber changes in diabetic DSPN 
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            Figure 12 Corneal confocal microscopy  

Corneal confocal microscopy (CCM) from a normal subject demonstrates 
normal nerve fiber length and density (a). CCM from a patient with diabetic 
DSPN demonstrates reduced nerve fiber length and density as well as 
proliferation of Langerhan’s Cells (arrowheads) (b). Adapted from Davalos L et 
al [167].  

 
 
 

2.8 Therapeutic Approaches 
 
Management of patients with DSPN 

No pathogenesis-oriented therapy has yet been approved by the U.S. Food and Drug 

Administration (FDA) or the European Medicine Association (EMA). Currently, treatment 

primarily aims at symptom relief and interventions are classified into: A) symptomatic 

therapy, B) prevention of DSPN progression, and C) early detection and treatment of foot 

complications [168]. Therefore, proactive prevention and early intervention are crucial to 

mitigate the impact of this condition (Figure 13). 
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Glycemic control and lifestyle modification remain central to the prevention and management of distal 
symmetric polyneuropathy (DSPN). Mechanism-based therapies target oxidative stress, metabolic 
dysfunction, and microvascular impairment, whereas symptomatic treatment of painful DSPN includes 
gabapentinoids, serotonin-norepinephrine reuptake inhibitors (SNRIs), sodium channel blockers, and 
tricyclic antidepressants. Adapted from Feldman et al [106] 

 
 

 

 

 

 

 

 

Figure 13 Mechanism-Based and Pharmacological Management 

DSPN 
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2.8.1 Symptomatic therapy: treatment of painful DSPN 
 
The aim of symptomatic treatment is to reduce pain in the lower limbs and thus improve the 

quality of life [58]. Current treatments for painful DSPN are symptomatic and do not alter the 

disease progress [169]. According to the 2026 ADA Guidelines and the 2022 American 

Academy of Neurology Guidelines, first-line drugs for painful DSPN include α2δ ligands 

(gabapentin and pregabalin), serotonin-norepinephrine reuptake inhibitors (SNRIs), tricyclic 

antidepressants (TCAs), and sodium channel blockers (Level A) [170-172]. Recently, Optimal 

Pathway For Treating Neuropathic Pain In Diabetes Mellitus Trial (OPTION-DM), a head-to-

head trial showed bioequivalence for pregabalin, duloxetine and amitriptyline in pain 

resolution in DSPN (n=130 patients) (average mean reduction in pain as assessed by pain 

numerical rating scale (NRS) was 2.6 [98.3% CI: 2.2-3.0] over 6 weeks) [173]. Remarkably, 

OPTION-DM showed better pain control with combination therapy vs monotherapy. 

Recommended pharmacological treatment is presented in Table 4 [58]. 

 
2.8.1.1 Anticonvulsants (α2δ ligands) 

Pregabalin is U.S FDA approved and is regarded as the first-line drug [58, 174]. The efficacy 

and superiority of pregabalin in management of painful DSPN compared with placebo has been 

demonstrated in several clinical trials [58, 174, 175].  

 
2.8.1.2 Tricyclic antidepressants 

Amitriptyline is the most commonly administered agent from this drug class [174]. However, 

caution is required in cases of ischaemic heart disease or glaucoma. Remarkably, 1 in 3 patients 

cannot endure the minimal dose of amitriptyline due to adverse events [176]. 
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2.8.1.3 Serotonin-noradrenaline reuptake inhibitors 

Of SNRIs, duloxetine is FDA approved and the most commonly used agent for painful DSPN 

[58, 170]. Various randomised controlled trials have verified its effectiveness and head-to-head 

trials have demonstrated comparable efficacy to other agents, such as pregabalin and 

gabapentin [174]. 

 
2.8.1.4. Opioids 

Tramadol is shown to have some efficacy in the management of painful DSPN, especially in 

combination with acetaminophen [177]. However, according to recent ADA clinical 

compendia, given modest efficacy in pain alleviation and the high risk of addiction, overdose 

and subsequent sedation, this drug class should not be administered in the treatment of painful 

DSPN [173, 178].  

 

2.8.1.5 Combination therapy 

Synergistic properties of 2 or 3 agents probably result in pain management at lower dosages 

and minimization of adverse effects. American Academy of Neurology recommendations 

(2022) suggest that when patients have partial amelioration with initial drug class, healthcare 

practitioners should initiate a medication sourced from alternative class or combination therapy 

with a medication derived from a distinct effective class (Level B) [172]. The COMBO-DN 

trial indicated that combination of duloxetine (60 mg/d) and pregabalin (300 mg/d) is possibly 

no more likely than either high-dose duloxetine (120 mg/d) or high-dose pregabalin (600 mg/d) 

to reduce pain (standardised mean difference -0.10; 95% CI: -0.33 to 0.13) [179]. However, 

the superiority of combination therapy over monotherapy for pain management in DSPN has 

been demonstrated in a recent, large, and long-term, head-to-head trial [173]. In OPTION-DM 



56 
 

crossover trial, 140 patients with DSPN and NRS ≥ 4 were randomly assigned to complete 6 

sequences of these 3 different treatment pathways: amitriptyline with pregabalin added after 6 

weeks in case of suboptimal respond NRS >3 at week 6 in monotherapy with amitriptyline (A-

P), pregabalin with amitriptyline added in case of suboptimal response in monotherapy with 

pregabalin (P-A), or duloxetine with pregabalin added in case of suboptimal response in 

monotherapy with duloxetine (D-P) [173]. NRS score was significantly reduced from a 

baseline mean 6.6 to 3.3 at week 16 in all 3 pathways (p<0.0001) (no significant difference 

between them) [173]. Greater average pain reduction was demonstrated with combination 

treatment vs monotherapy [173]. 

 

2.8.2 Prevention of DSPN progress: management of cardiometabolic risk factors 

2.8.2.1 Glycaemic control 

Optimised glycaemic control seems to be more efficient in reducing the risk of DSPN 

development in T1D than in T2D. The DCCT study clearly showed that tight glycaemic control 

reduce the incidence of DSPN in patients with T1D [180]. However, residual risk of DSPN 

persisted after intensive glycaemic control in DCCT. Furthermore, good glycaemic control 

after pancreatic transplantation in T1D was shown to inhibit DSPN progression and reverse 

neuropathic deficits [181, 182]. In contrast to T1D, a large body of evidence support that 

enhanced glycaemic control in T2D mitigates the risk of DSPN development modestly (5-9% 

relative risk reduction) [67, 150]. Large studies such as ACCORD and UKPDS showed that 

intensive glycaemic control did not inhibit DSPN progress [67, 69]. However, in a recent study 

with neurophysiological parameters, tight glucose control significantly reduced the prevalence 

of DSPN and NDS, enhanced the outcomes of all neurophysiological tests (i.e. median nerve 

conduction velocity, conduction velocity and amplitude of ulnar and sural nerves, vibration 

and warm perception thresholds) in patients with T2D and those with IGT [183]. 
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A recent meta-analysis of 10 observational studies in subjects with diabetes (n = 72,565) 

showed that patients with high glucose variability (GV) had greater risk of incident DSPN (risk 

ratio: 1.51, 95% CI: 1.23 to 1.85) compared with those with low GV (mean follow-up: 7.1 

years) [184]. Similarly, GV, evaluated by mean amplitude of glycaemic excursions, was 

significantly correlated with DSPN prevalence (OR: 2.05, 95% CI: 1.36-3.09, p=0.001) in 90 

subjects with T2D [185]. In addition to GV indices, continuous glucose monitoring (CGM) 

metrics such as time in range (TIR) has been inversely associated with DSPN presence (β = -

0.106, p=0.033) in 261 subjects with T2D [186]. Highest TIR tertile (TIR≥77%) was associated 

with lower risk of slowing conduction velocity (OR: 0.26, 95% CI: 0.18-0.40, p<0.01), lower 

risk of amplitude reduction (OR: 0.60, 95% CI: 0.41-0.88, p=0.01) and greater rate of reduced 

latency (OR: 1.71, 95% CI: 1.16-2.53, p=0.01) [187]. Similarly, DSPN prevalence was 

inversely related with TIR in a cross-sectional study of 105 patients with T2D [188]. 

Despite the beneficial effect of glucose control in DSPN prevalence, treatment-induced 

neuropathy in diabetes (TIND) (also referred to as ‘insulin neuritis’) may rarely develop after 

rapid amelioration of glycaemic control in the setting of prolonged hyperglycemia. In a 

retrospective study of 954 patients with diabetes, 10.9% developed TIND occurring within 2-

6 weeks of improvement in glucose control, and the absolute risk of TIND development was 

positively related with the magnitude and rate of HBA1c decrease over 3 months [189]. The 

exact prevalence of TIND is unknown. Previous to that study, only some cases have been 

described [169]. 

 
2.8.2.2 Lifestyle and weight management  

Supervised exercise in people with DSPN significantly reduced pain and neuropathic 

symptoms and increased intra-epidermal nerve fibre branching [190]. Interestingly, in the 

LOOK AHEAD study, long-term intensive lifestyle intervention for weight loss in 

overweight/obese patients with T2D resulted in a significant decrease in questionnaire-based 
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DSPN, which was related with the weight loss [191]. Moreover, bariatric surgery results in 

improvements in small nerve fibers in obese people with T2D [139]. However, the Diabetes 

Prevention Program Outcomes Study (DPPOS) showed no significant change in DSPN 

prevalence after long-term healthy lifestyle intervention in prediabetic patients [192]. 

 

2.8.2.3 Dyslipidaemia and hypertension 

Statins may potentially prevent DSPN development in patients with T2D through dual 

mechanisms: lipid-lowering functions and pleiotropic effects (endothelial activation, anti-

inflammatory and antioxidative effects) [193, 194]. In a large population-based cohort study of 

37, 894 Taiwanese patients with T2D and dyslipidaemia, statin therapy was associated with 

reduced new-onset DSPN (HR: 0.85, 95% CI: 0.82-0.89) and new-onset diabetic foot ulcers 

(HR: 0.73, 95% CI: 0.68-0.78) [195]. Similarly, in a study of 259,625 individuals with T2D 

(48% non-statin users, 23% statin-naïve, 29% statin-prevalent users) the incidence rate of 

DSPN events per 1,000 person-years was similar in new users (4.0, 95% CI: 3.8-4.2), prevalent 

users (3.8, 95% CI: 3.6-3.9) and nonusers (3.8, 95% CI: 3.7-4.0) [196]. As already mentioned, 

in the FIELD study, fenofibrate decreased the incidence of non-traumatic lower-limb 

amputations, especially in patients without evidence of large-vessel disease at baseline [134]. 

Similarly, as previously reported, an exploratory analysis of the PROMINENT trial showed 

that pemafibrate was associated with a 37% relative reduction in incident lower extremity 

ischemic ulceration and gangrene; however, pemafibrate was not associated with an increased 

risk of amputation, supporting a neutral safety profile [136]. 

Data show that statins may increase the risk of DSPN. Many observational, case control studies 

reassure the absence of association between statins and DSPN development [197, 198]. A 

TriNetX-based retrospective analysis including 3,237,051 individuals with T2D and 

hypercholesterolemia (972,929 statin users) reported a higher incidence of DSPN among statin 
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users (5.6% vs 3.7%; RR 1.50, 95% CI 1.48-1.52) [199]. A systematic review including 66 

studies evaluating the association between statins and peripheral neuropathy in both diabetic 

and non-diabetic settings reported that statins may exert neuroprotective effects in DSPN, 

whereas prolonged exposure has been minimally associated with idiopathic neuropathy, 

primarily in non-diabetic populations [194]. 

 
Hypertension treatment has shown beneficial effects on DSPN. Α study demonstrated that 

combined calcium channel blocker (CCB) and angiotensin-converting-enzyme (ACE) inhibitor 

or ACE inhibitor treatment alone were associated with reduced risk of incident DSPN 

compared with placebo in hypertensive patients with T2D [200]. 

 

2.8.3 Disease-modifying treatment-Nutraceuticals  

2.8.3.1 A-lipoic acid 

A-lipoic acid has been suggested as potential therapy for DSPN due to the antioxidant effects 

[162, 201]. Studies showed that intravenous α-lipoic acid ameliorated neuropathic symptoms 

and signs after 3 weeks, and oral treatment for 5 weeks improved pain, numbness, and 

paraesthesia [162, 202]. Multiple meta-analyses confirmed that a-lipoic acid administration is 

beneficial and efficient in alleviating of neuropathic symptoms and pain [203]. In the 

NATHAN 1 trial (Neurological Assessment of Thioctic Acid in Diabetic Neuropathy), which 

encompassed 460 patients with diabetes and mild to moderate, largely asymptomatic DSPN, 

4-year treatment with a-lipoic acid (600 mg/ daily) resulted in improvement of neuropathic 

symptoms, inhibition of neuropathic signs aggravation and was well-tolerated [203, 204]. 

Interestingly, in a study of 72 patients with painful DSPN, treatment with a-lipoic acid (600 

mg/ daily) for 40 days reduced neuropathic symptoms as assessed by NSS (mean NSS score 

decreased from 7.9 at baseline to 5.3 at day 40, p <0.001) and Subjective Peripheral Neuropathy 
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Screen Questionnaire (SPNSQ) (mean SPNSQ score decreased from 8.8 at baseline to 4.4 at 

day 40, p <0.001) and improved quality of life [93]. A-lipoic acid is approved and suggested 

by guidelines in many countries with primary indication symptomatic DSPN, except for United 

States and Canada. [205]. 

 
2.8.3.2 Benfotiamine 

Benfotiamine, a lipid-soluble synthetic S-acyl prodrug of thiamine that inhibits the major 

metabolic pathways of hyperglycemia (such as Advanced Glycation End-products [AGE] 

formation, the Protein Kinase C [PKC] pathway, Nuclear Factor kappa-light-chain-enhancer 

of activated B cells [NF‐κB] activation and the hexosamine pathway), is approved and 

recommended by regional guidelines as treatment of DSPN, but not in the United States or 

Canada [176, 205]. The BENDIP (Benfotiamine in Diabetic Polyneuropathy) study 

demonstrated that benfotiamine in a dose of 300 mg twice daily reduced neuropathic pain and 

symptoms after 6 weeks of therapy (n= 165 patients with DSPN) [206]. B-complex vitamins 

of B1 (thiamine), B6 (pyridoxine), and B12 (cobalamin) play a crucial role for nerve health 

and function [206].  

 
2.8.3.3 Actovegin  

Actovegin, a deproteinised hemoderivative of calf blood, is currently used to treat DSPN in 

Russia and Eastern Europe [207]. In a multi-centre trial, 567 subjects with DSPN were 

randomly assigned to receive either 20 intravenous actovegin administrations (2000 mg/day) 

followed by 3 daily actovegin tablets (1800 mg/day) or a placebo over a 140-day period [207]. 

Actovegin reduced neuropathic pain and vibration perception threshold, with a safety profile 

comparable to placebo [208]. Similarly, in a study of 567 patients with DSPN actovegin 

reduced neuropathic symptoms and/or deficits after 6 months of treatment [209]. 
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2.8.3.4 Metanx 

Metanx is a medical food including including L-methylfolate (a form of vitamin B9), 

methylcobalamin (a form of vitamin B12), and pyridoxal 5'-phosphate (a form of vitamin B6). 

In a multi-centre, randomised clinical trial of 214 subjects with DSPN, Metanx significantly 

reduced neuropathic pain at week 16 (p<0.05 vs placebo) and week 24 (p<0.05 vs placebo), 

while had no impact on VPT [210]. Real-world data confirm the efficacy of metanx in 

alleviation of neuropathic pain [211].  

 

2.8.3.5 Vitamins (vitamin B12, vitamin D and vitamin E) 

Vitamin B12  

In a 12-month randomised controlled trial, oral vitamin B12 supplementation at a daily dosage 

of 1000 µg in patients with DSPN and low vitamin B12 levels (<400 pmol/L) on metformin 

improved neurophysiological parameters, pain scores, sudomotor function, quality of life but 

not MNSI score [212]. Interestingly, in a smaller pilot study, vitamin B12 supplementation 

reduced pain and improved electrochemical skin conductance in the foot [213].  

Vitamin D 

Accumulating evidence suggests a correlation between low vitamin D levels and DSPN [214]. 

In subjects with DSPN (many of whom were vitamin D deficient), 24 weeks of high-dose 

vitamin D (40,000 IU/week) improved neuropathic symptoms compared with lower dose 

vitamin D (5,000 IU/week) [215]. Interestingly, there is an ongoing multicentre, randomized, 

double-blinded, placebo-controlled trial which aims to investigate the efficacy and safety of 

intramuscular injection of high-dose vitamin D in patients with DSPN and vitamin D 

insufficiency [216].  
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Vitamin E 

Vitamin E did not ameliorate neuropathic symptoms after 1 year of treatment in patients with 

DSPN [217] in one study, although 3 randomised control trials showed beneficial effects of 

vitamin E in lancinating neuropathic pain in patients with DSPN [218]. 

 

Table 4 Current pharmacological agents for painful DSPN 

Pharmacotherapy FDA 

Approval 

for 

DSPN 

EMA 

Approval 

for DSPN 

Up-titration and 

daily dosage 

Adverse 

effects 

Anticonvulsants 

Pregabalin Yes Yes 

 

Initial: 50 mg/ day 

Titration up to 100 

mg/day per week 

A total daily dose 

of 300 mg is the 

maximum dose 

approved by the 

FDA for diabetes-

associated 

neuropathic pain 

(some patients 

may require up to 

600 mg/day for 

pain relief) 

Somnolence, 

vertigo, 

peripheral 

edema, water 

retention, 

visual 

disturbances 
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It can be given 

twice, or, on 

occasion, three 

times daily 

Tricyclic antidepressants 

Amitriptyline No No Initial dose: 25 

mg/day 

Increase if needed 

to a maximum of 

150 mg/ day 

It can be given 

once daily, usually 

early evening 

Xerostomia, 

water 

retention, 

increased 

appetite, 

weight gain, 

constipation, 

vertigo 

Serotonin-noradrenaline reuptake inhibitors 

Duloxetine Yes Yes Initial dose: 60 

mg/day (in single 

daily dose or 

divided q12h) 

Target dose: 60 

mg/day, not to 

exceed 60 mg/day 

Nausea, 

somnolence, 

xerostomia, 

vertigo, 

decreased 

appetite 

Opioids 

Tramadol No No Initial dose: 25 

mg/ day 

Vertigo, 

nausea, 

somnolence, 
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Titrate in 25 mg as 

separate doses 

every 3 days to 

100 mg/ day (25 

mg 4 times per 

day) 

After titration, 50-

100 mg q4-6h for 

pain relief 

Not to exceed 400 

mg/day 

constipation, 

headache, 

central 

nervous 

system 

stimulation 

Pathogenesis-oriented treatment 

α-Lipoic acid No No 600-1800 mg 

orally or 600 

mg/day for 3 

weeks, excluding 

weekends 

Nausea, 

vomiting, 

abdominal 

discomfort, 

diarrhea 

Abbreviations: FDA; Food and Drug Administration, EMA; European Medicines Agency 

 

Limitations and room for improvement 

Currently, our insights into DSPN are limited by the various definitions, variable diagnostic 

criteria, study designs, and assessment tools across studies [218]. Moreover, little is known on 

the cost-effectiveness of novel diagnostic tools, as well as their use in large scale [219].  

There are also limitations regarding treatment. Currently, there is no generally established 

disease modifying therapy for DSPN. Except for NATHAN 1, therapeutic trials, generally, had 
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short follow-up [109]. Hence, comprehensive evaluation of long-term outcomes, efficacy and 

safety are constrained. In addition, while diabetes management is characterised by digital 

technology solutions, DSPN is yet to undergo a more substantial shift toward digital 

methodologies, which will improve the quality of patients’ life [220]. Currently, comparing to 

our understanding of other diabetic complications such as retinopathy and nephropathy, the 

application of genomic technologies to DSPN and especially neuropathic pain is in its early 

stages [221]. A further limitation is inherent in the subjective nature of neuropathic pain. The 

latter is hard to be phenotyped, and therefore large cohorts that phenotype DSPN and 

neuropathic pain have not been fully developed [222]. However, these issues are now 

increasingly being addressed in large cohorts in UK-Biobank [222]. Such cohorts, along with 

advancements in sequencing technology and the creation of human cell models, hold promise 

for improved insights into genomics concerning DSPN, neuropathic pain and potential 

response to analgesics.  

 

3. DSPN IN PREDIABETES 

 

3.1 Definition 

DSPN in prediabetes is initially a small-fiber, peripheral neuropathy in individuals with IFG 

and/or IGT, in the absence of established diabetes [89, 223, 224]. This disorder primarily 

affects the sensor nerve fibers in a symmetrical distal distribution and represents an early 

manifestation of DSPN prior to the onset of overt diabetes.   

3.2 Epidemiology 
 
DSPN has been increasingly recognized in individuals with prediabetes, including those with 

IFG and/or IGT, suggesting that peripheral nerve dysfunction develop during early 
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dysglycemic states [225-227]. Due to a variety of study populations and methods of assessing 

DSPN, there is marked heterogeneity in the prevalence and incidence estimates. Most studies 

report a higher prevalence of DSPN in prediabetes compared with the general population, 

predominantly characterized by small-fiber involvement. In a recent systematic review of 29 

studies (9351 participants) prevalence varied substantially, ranging from 2% (95% CI: 0-4%) 

in a study conducted in the USA in women to 77% (95% CI: 54-100%) in a Brazilian study 

[226]. Most studies reported DSPN prevalence estimates of ≥10%, primarily based on small 

nerve fiber tests [226]. Among hospital-based cross-sectional studies, 10 of 12 (83%) reported 

prevalence estimates ≥20% [226]. Notably, the 3 studies reporting the highest prevalence used 

plantar thermography, quantitative sensory testing (QST), and NCS respectively, reflecting the 

impact of diagnostic sensitivity on reported rates [226]. Meta-analysis of epidemiological data 

is not feasible due to substantial clinical and statistical heterogeneity across studies 

investigating prevalence estimates, driven by variability in DSPN assessment techniques, study 

design, sampling strategies and population characteristics.  Further stratification by geographic 

region or prediabetes subtype is also not feasible due to inconsistent methodology. For 

example, when DSPN was defined as “possible” by the Toronto criteria [228], in which the 

prevalence reached 17.4% in the NGT population, but when more stringent definitions 

(“probable” or “confirmed”) were applied, the prevalence decreased to 4.2% for the combined 

categories, highlighting the strong influence of diagnostic criteria on reported prevalence 

estimates [229]. Another potential source of bias is the inconsistent definition of prediabetes 

across studies, including different diagnostic thresholds (e.g., ADA vs WHO criteria) and the 

lack of differentiation between IFG and IGT, despite their distinct pathophysiological profiles 

[230]. Despite these discrepancies, a recent systematic review reported that the prevalence of 

DSPN among population-based studies ranged from 4.2% to 11.3% in IFG, 1.5% to 26.0% in 

IFG/IGT, 7.7% to 29.0% in those without prediabetes, and 7.7% to 49.0% in known diabetes 
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[227]. Only the KORA F4 study reported separate prevalence estimates for isolated IGT and 

combined IFG+IGT, 14.8% and 23.9%, respectively [231]. 

Several hospital-based studies have reported an increased prevalence of DSPN in 

prediabetes [226]. A cross-sectional analysis was conducted at the 3-year follow-up in a cohort 

of 458 subjects of the PROMISE study, of whom 336 had NGT, 100 had IGT, and 22 had 

diabetes at baseline [143]. Prevalence rates according to the MNSI >2 criteria for DSPN were 

29% in NGT, 49% in prediabetes, and 50% in newly diagnosed diabetes, showing a significant 

increasing trend (p <0.001) [143]. 

3.3 Pathophysiological Mechanisms   

3.3.1 Hyperglycemia and IR 

Human studies demonstrate that even modest elevations in glucose are sufficient to disrupt 

peripheral nerve homeostasis, particularly in the context of IR. In subjects with IGT, modest 

but chronic hyperglycemia is sufficient to activate metabolic and vascular pathways that 

contribute to the development of DSPN [223, 232].  

At the cellular level, dysglycemia promotes metabolic stress within peripheral nerves through 

increased flux of glucose into alternative metabolic pathways, including the polyol pathway, 

hexosamine biosynthetic pathway, and PKC activation [88]. Although these pathways have 

been well-described in diabetes, experimental evidence indicates that partial activation occurs 

under prediabetic glycemic conditions, leading to early mitochondrial dysfunction, increased 

production of reactive oxygen species (ROS) and impaired axonal transport within peripheral 

nerves [88, 222] (Figure 14). Importantly, these metabolic abnormalities appear to 

preferentially affect small unmyelinated and thinly myelinated fibers, consistent with the  

predominantly small-fiber phenotype observed in prediabetic DSPN in humans. 
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Figure 14 Hyperglycaemia-induced metabolic and inflammatory pathways involved in DSPN 

 

 

 

 

 

 

 

 

 

 

Under physiological conditions, glucose (GLU) enters axons through insulin-independent glucose 
transporter 1 (GLUT1) and undergoes glycolysis via hexokinase (HK) to form fructose-6-phosphate 
(F-6-P), followed by mitochondrial tricarboxylic acid (TCA) cycling and oxidative phosphorylation 
(OXPHOS) to generate cellular energy while maintaining normal mitochondrial integrity. In chronic 
hyperglycaemia, excessive intracellular glucose increases mitochondrial reactive oxygen species 
(ROS) production, resulting in oxidative stress and mitochondrial dysfunction. Surplus glucose is 
diverted into several pathogenic pathways, including the polyol pathway mediated by aldose reductase 
(AR), the hexosamine pathway, the advanced glycation end products (AGEs) pathway, and the protein 
kinase C (PKC) pathway. Activation of these pathways disrupts osmotic balance, impairs sodium–
potassium adenosine triphosphatase (Na+/K+-ATPase) activity, depletes antioxidant defenses such as 
glutathione (GSH), alters transcription factor (TF) regulation, and promotes inflammatory signaling 
through nuclear factor-kappa B (NF-κB), transforming growth factor-beta (TGF-β), and plasminogen 
activator inhibitor-1 (PAI-1). Additionally, AGEs interact with the receptor for advanced glycation 
end products (RAGE), amplifying inflammation and vascular dysfunction. Collectively, these 
mechanisms contribute to axonal dysfunction, microvascular injury, inflammation, and progressive 
peripheral nerve damage characteristic of distal symmetrical polyneuropathy (DSPN). Adapted from 
Eid, et al [233]. 
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Rodent models provide critical mechanistic insight into the effects of early dysglycemia on 

peripheral nerves. In diet-induced obesity and IGT models, animals develop peripheral nerve 

dysfunction in the absence of overt diabetes [234, 235]. Such experimental models of 

prediabetes demonstrate early reductions in IENFD, impaired thermal and mechanical 

nociception, and alterations in nerve conduction properties, supporting a direct pathogenic role 

of mild dysglycemia combined with IR [234, 235].  

In humans, IR appears to be a central determinant of dysglycemia-related nerve injury in 

prediabetes. Clinical studies in individuals with IGT demonstrate that IR is strongly associated 

with early DSPN, even in the absence of sustained hyperglycemia, suggesting that impaired 

insulin signaling contributes directly to nerve dysfunction [224]. Peripheral nerves express 

insulin receptors, and insulin signaling plays a critical role in neuronal survival, axonal 

maintenance, and mitochondrial function. Consequently, disruption of insulin signaling in 

insulin-resistant states may impair neuronal metabolism and increase the susceptibility of 

peripheral nerves to injury [106, 236]. Experimental animal models provide supportive 

mechanistic evidence for these observations [88, 236]. Rodent studies have shown that 

impaired insulin signaling is associated with reduced neurotrophic support, increased oxidative 

stress, and higher vulnerability of sensory neurons to metabolic insults [237]. These findings 

are consistent with the human phenotype observed in prediabetes, characterized by early, 

predominantly small-fiber DSPN [133, 227]. Taken together, clinical and experimental 

evidence suggests that dysglycemia in prediabetes initiates a cascade of metabolic, oxidative, 

and vascular pathways that contribute to peripheral nerve injury.  

3.3.2 Dyslipidemia 

In humans, dyslipidemia has emerged as a metabolic determinant of DSPN in prediabetes, 

independent of glycemic status, suggesting that lipid abnormalities may contribute directly to 

nerve injury [224]. Evidence indicates that dyslipidemia amplifies metabolic stress in 
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peripheral nerves through lipid accumulation, mitochondrial dysfunction, and oxidative stress, 

impairing axonal integrity and Schwann cell function [236]. Moreover, dyslipidemia 

commonly accompanies IR, creating a metabolic environment that may exacerbate peripheral 

nerve injury beyond the effects of dysglycemia alone (Figure 15) [88, 224].  

Experimental animal models provide supportive mechanistic evidence, demonstrating that lipid 

excess can induce peripheral nerve dysfunction through oxidative stress and impaired 

mitochondrial bioenergetics, even in the absence of marked hyperglycemia [236, 238]. 

However, direct evidence in humans with prediabetes remains scarce. 
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Chronic hyperglycemia and dyslipidemia are key metabolic drivers in the pathogenesis and 
progression of distal symmetrical polyneuropathy (DSPN). Persistent hyperglycemia induces 
excessive intracellular glucose accumulation, resulting in activation of the polyol, protein 
kinase C, hexosamine, and advanced glycation end product (AGE) pathways. These 
mechanisms increase oxidative stress, mitochondrial dysfunction, inflammation, and 
microvascular impairment, ultimately leading to neuronal and Schwann cell injury. In parallel, 
dyslipidaemia, characterized by elevated triglycerides, free fatty acids, and oxidised low-
density lipoprotein (LDL) cholesterol, contributes to lipotoxicity, endothelial dysfunction, and 

Figure 15 Hypeglycemia and dyslipidemia in DSPN 
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enhanced inflammatory signalling. The combined effects of glucotoxicity and lipotoxicity 
disrupt neuronal energy metabolism, impair neurovascular function, reduce neurotrophic 
support, and promote axonal degeneration and demyelination. Together, these metabolic and 
vascular abnormalities contribute to progressive nerve fiber damage and impaired nerve 
conduction. Adapted from Callaghan B et al [150]. 
 

3.3.3 Obesity  

In humans, obesity is a significant risk factor for DSPN in prediabetes, primarily through its 

strong association with IR, dyslipidemia, and chronic metabolic stress rather than 

hyperglycemia alone (Figure 16) [150, 224]. Clinical studies provide evidence linking 

adiposity to early neuropathic abnormalities in prediabetes. Obesity promotes a systemic pro-

inflammatory and IR state that disrupts peripheral nerve metabolism, impairs mitochondrial 

function, and compromises axonal integrity, thereby increasing the susceptibility of peripheral 

nerves to neuropathic injury [88, 236]. Moreover, increased adiposity promotes oxidative stress 

and microvascular dysfunction, further exacerbating metabolic and vascular injury to 

peripheral nerves in prediabetes [224, 236]. 

Experimental animal models provide additional mechanistic insight, showing that diet-induced 

obesity alone can lead to peripheral nerve dysfunction and loss of small nerve fibers even in 

the absence of overt diabetes, largely through inflammatory mechanisms rather than 

hyperglycaemia [238]. However, similar to findings related to dyslipidemia, these 

experimental observations mainly support the biological plausibility of obesity-mediated 

DSPN in prediabetes, rather than definitive evidence of causality between obesity and DSPN 

[239]. 
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3.3.4 Hypertension and vascular factors 

Vascular dysfunction is an important contributor to DSPN in prediabetes, as peripheral nerves 

have high metabolic and oxygen requirements and are therefore particularly vulnerable to 

microvascular injury [150, 225]. Clinical studies in individuals with IGT have shown early 

endothelial dysfunction and reduced nerve blood flow even before the development of overt 

diabetes, indicating that vascular abnormalities may occur prior to sustained hyperglycemia 

[232]. Hypertension, which frequently coexists with IR and prediabetes, can further impair 

microvascular integrity by worsening endothelial dysfunction and disrupting autoregulatory 

mechanisms in the vasa nervorum, thereby increasing the susceptibility of peripheral nerves to 

ischemic injury [224]. Evidence also suggests that vascular dysfunction and metabolic 

disorders interact in a complex manner, and thus hemodynamic abnormalities amplify the 

degenerative effects of dysglycemia, dyslipidemia, and IR on peripheral nerves [227]. 

3.3.5 Chronic low-grade inflammation and oxidative stress 

Low-grade chronic inflammation is increasingly acknowledged as a pathophysiological 

contributor to DSPN in prediabetes, reflecting the inflammatory process associated with insulin 

resistance, IGT, and the MetS rather than hyperglycemia per se [224]. Individuals with IGT 

have elevated inflammatory markers and endothelial activation, which correlate with early 

nerve dysfunction and microvascular abnormalities prior to overt diabetes [225, 232]. 

Oxidative stress represents a downstream mechanism linking metabolic inflammation to 

peripheral nerve injury in prediabetes. Evidence indicates that IR and low-grade inflammation 

promote the overproduction of ROS, leading to mitochondrial dysfunction, impaired axonal 

transport, and reduced neuronal integrity even in the absence of sustained hyperglycemia [225]. 

Evidence further suggests that oxidative stress can be detected early in prediabetes and 

preferentially affects small sensory fibers, which may contribute to the predominance of small-

fiber neuropathy observed in prediabetes [227, 236]. 
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3.3.6 Genetic susceptibility 

Genetic susceptibility may contribute to the interindividual variability observed in the 

development of DSPN across the dysglycemic spectrum. Although cardiometabolic factors 

such as IR, dyslipidemia, and obesity play a central role in DSPN pathogenesis, genetic 

variation may influence neuronal vulnerability to metabolic and oxidative stress [106, 150]. 

Certain polymorphisms are associated with an increased risk of DSPN, particularly in genes 

involved in oxidative stress, polyol pathway activity, inflammation, and vascular regulation. 

Variants in the aldose reductase gene (AKR1B1) have been associated with increased 

susceptibility to DSPN in diabetes [240, 241]. Similarly, polymorphisms in genes related to 

vascular and inflammatory signaling, including ACE and Vascular Endothelial Growth Factor 

(VEGF), have been implicated in microvascular dysfunction and increased DSPN risk in 

diabetes [242, 243]. However, genetic studies have been conducted in cohorts with overt 

diabetes, and targeted genetic studies examining susceptibility to DSPN specifically in 

prediabetes are lacking, highlighting the need for research in this early stage of dysglycemia. 

3.3.7 Aging and lifestyle factors  

Aging is a well-recognized modifier of peripheral nerve vulnerability and increases the risk of 

DSPN in prediabetes [224]. Advancing age is associated with reduced regenerative capacity of 

peripheral nerves, progressive microvascular dysfunction, and increased oxidative stress. 

Several studies indicate that older individuals with IGT are more likely to manifest DSPN than 

younger individuals with comparable metabolic profiles, suggesting an age-dependent 

susceptibility to nerve injury [225]. 

Lifestyle factors further modulate DSPN risk in prediabetes. Physical inactivity exacerbates 

IR, dyslipidaemia, and endothelial dysfunction, thereby amplifying metabolic and vascular 

stress on peripheral nerves [224]. Smoking has been associated with impaired microvascular 

perfusion, oxidative stress, and endothelial dysfunction  [149, 227].  
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3.4 Vascular theory and endoneurial microcirculation impairments  

Peripheral nerves are supplied by the vasa nervorum, a specialized microvascular network 

responsible for oxygen and nutrient delivery required for axonal metabolism and neuronal 

integrity. The vascular theory of DSPN proposes that chronic impaired endoneural blood flow 

and microvascular dysfunction are central to the development and progression of peripheral 

nerve damage. Hyperglycemia and dyslipidemia trigger endothelial damage, basement 

membrane thickening, and pericyte degeneration in nerve microvasculature, reducing 

perfusion and causing hypoxia-ischemia in vasa nervorum [244, 245]. This leads to oxidative 

stress, inflammation, and nerve fiber degeneration, with capillary temporal heterogeneity 

further disrupting oxygen delivery patterns (Figure 16) [244, 245]. 
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Figure 16 Metabolic and microvascular mechanisms contributing to DSPN 

 

 

 

 

 

 

 

 

 

DSPN develops through the combined effects of hyperglycaemia, dyslipidaemia, and impaired 
insulin signaling, which activate multiple metabolic and inflammatory pathways, including the 
polyol, hexosamine, protein kinase C (PKC), and advanced glycation end-product (AGE)/receptor 
for advanced glycation end-products (RAGE) pathways. In type 1 diabetes mellitus (T1D), insulin 
deficiency, and in type 2 diabetes mellitus (T2D), insulin resistance with impaired 
phosphatidylinositol-3-kinase/protein kinase B (PI3K-AKT) signaling, contribute to neuronal, 
Schwann-cell, and microvascular injury. These mechanisms promote oxidative stress, 
mitochondrial dysfunction, endoplasmic reticulum (ER) stress, DNA damage, inflammation, 
impaired neurotrophic support, and microvascular dysfunction, ultimately leading to axonal 
degeneration and peripheral nerve damage. Adapted from Yang Y, et al [151]. 
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Experimental data further indicate that dysglycemia and IR promote endothelial dysfunction 

and reduced nitric oxide (NO) bioavailability, which may impair vasodilation of the vasa 

nervorum and reduce endoneurial blood flow [115]. Reduced nerve perfusion may expose 

peripheral nerves to chronic low-grade ischemia and hypoxia, disrupting axonal transport and 

mitochondrial energy metabolism [95]. 

Structural alterations of the microvasculature may exacerbate these functional changes. 

Histopathological studies have demonstrated capillary basement membrane thickening, 

endothelial cell damage, and increased vascular permeability in DSPN, changes that increase 

diffusion distances for oxygen and nutrients within the endoneurial space [246]. Although most 

histological data derive from diabetes, these mechanisms are thought to begin during the 

prediabetic stage of dysglycemia, when metabolic and vascular abnormalities are already 

present [225, 227]. Overall, accumulating evidence suggests that microvascular dysfunction 

contributes to early nerve injury along the dysglycemic continuum [225, 227]. Human sural 

nerve biopsies reveal narrowed lumens and swollen endothelium in DSPN, while animal 

models confirm reduced nerve oxygen tension precedes functional loss [95]. 

3.5 Clinical phenotype 

DSPN in prediabetes is a peripheral neuropathy in individuals with IFG and/or IGT, in the 

absence of established diabetes. This disorder primarily affects the distal lower limbs in a 

symmetrical distribution. Motor function is typically preserved in early disease [88, 89].  

Neuropathic manifestations in prediabetes are classically divided into positive (gain-of-

function) and negative (loss-of-function) sensory phenomena. Positive symptoms reflect 

peripheral nerve hyperexcitability and include burning pain, electric shock-like or stabbing 

sensations, painful cold, and tingling, typically in a length-dependent “stocking” distribution 

[58, 227, 247]. Negative symptoms indicate fiber loss and include numbness, reduced 

sensation, impaired proprioception, and sensory ataxia, often described by patients as “walking 
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on thick socks” or “cotton” [58, 227, 247]. Paresthesias and dysesthesias may occur 

spontaneously or be stimulus-evoked [58, 227, 247]. A characteristic feature of prediabetic 

DSPN is the predominant involvement of small nerve fibers, which mediate pain and 

temperature sensation [95, 217]. Patients commonly report burning pain, dysesthesia, and 

impaired thermal perception [225].  

On clinical examination, pinprick and temperature sensation are often reduced, while large-

fiber modalities such as vibration perception and proprioception may initially remain preserved 

[225, 248]. Consistent with this pattern, conventional electrophysiological testing is often 

normal or only mildly abnormal in early prediabetic DSPN, as these methods primarily assess 

large, myelinated fibers [111, 224]. 

3.6 Screening and diagnostic tools 

Early detection of DSPN in individuals with prediabetes is challenging because neuropathic 

changes at this stage are often subtle and predominantly involve small nerve fibers, which are 

not well detected by conventional electrophysiological tests [224, 225]. As a result, screening 

strategies typically rely on a combination of clinical assessment, symptom-based 

questionnaires, neurological examination, and specialized diagnostic testing [58, 228]. 

Diagnosis of prediabetic DSPN follows the guidelines used for diabetic DSPN as discussed 

above [58, 249]. A detailed clinical history together with a focused neurological examination 

remains the cornerstone of diagnosis. This evaluation typically includes assessment of 

neuropathic symptoms, bedside neurological tests, and careful foot inspection [58, 249]. 

In clinical routine, prediabetic DSPN is primarily a diagnosis of exclusion. Alternative causes 

of DSPN must be systematically considered, including chronic alcohol use, nutritional 

deficiencies (e.g., vitamins B6, B12, and E, thiamine, folate, copper, phosphate), thyroid 

dysfunction, autoimmune disorders such as systemic lupus erythematosus and rheumatoid 

arthritis, hematologic malignancies (notably multiple myeloma), infectious etiologies 



79 
 

including Human Immunodeficiency Virus (HIV) and Lyme disease, exposure to 

chemotherapeutic agents, and other neurotoxins [58]. 

3.6.1 Clinical assessment and symptom questionnaires 

Initial screening commonly involves assessment of neuropathic symptoms using validated 

clinical tools such as the NSS or the MNSI, which evaluate symptoms including burning pain, 

paresthesia, numbness, and dysesthesia [58, 228]. Symptom-based instruments may be 

particularly useful in prediabetes because neuropathic pain and sensory symptoms frequently 

precede objective neurological deficits [224]. 

3.6.2 Bedside neurological examination 

Large-fiber dysfunction is assessed by reduced vibration perception using a 128-Hz tuning 

fork, impaired pressure detection with the 1g or 10g monofilament, diminished light touch with 

wisp of cotton, and loss of ankle and patellar deep tendon reflexes [58, 247]. Small-fiber 

involvement is evaluated through pinprick and temperature discrimination testing, while 

sensory gain phenomena such as allodynia (pain triggered by normally non-painful stimuli such 

as the contact of socks, shoes, or bedclothes) and hyperalgesia (exaggerated response to painful 

stimuli) may be elicited clinically [58, 247]. Motor involvement, although typically mild in 

early disease, may manifest as weakness of ankle dorsiflexion or great toe extension. Balance 

and fall risk assessment (Romberg test, normal gait, and tandem gait) and comprehensive foot 

inspection for deformities, ulcers, fungal infection, muscle wasting, hair distribution or loss, 

and the presence or absence of pulses are components of examination for ulcer prevention [58, 

247]. According to the ADA Standards of Care-2026, clinical screening for DSPN should 

include assessment of pinprick and temperature sensation to evaluate small-fiber dysfunction, 

as well as examination of lower-extremity reflexes, particularly the Achilles reflex, and 

vibration perception using a 128-Hz tuning fork to assess large-fiber function [249]. 
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3.6.3 Nerve conduction studies 

NCS and electromyography (EMG) remain the gold standard for confirming large-fiber DSPN. 

They provide objective, reproducible, and minimally variable measures of neuropathic severity 

and progression over time (Figure 17) [250-253]. However, their diagnostic sensitivity in 

prediabetes is limited because early neuropathic changes predominantly involve small fibers 

[224]. Consequently, many individuals with symptomatic prediabetic DSPN may demonstrate 

normal or only mildly abnormal nerve conduction findings [225]. These tests are also labor-

intensive, costly, and difficult to integrate into clinical routine [112, 247]. 

Figure 17 Abnormal sural nerve recording from a patient with distal symmetric 
polyneuropathy (DSPN) showing a decreased sural sensory nerve action potential 
amplitude (normal>6 µV) and slow sural sensory nerve conduction velocity (normal 
>39 m s-1). Adapted from Feldman et al [88] 
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3.6.4 Small-fiber diagnostic methods 

Small-fiber dysfunction is a characteristic feature of DSPN in prediabetes. QST evaluates 

thermal and pain perception thresholds and can detect early small-fiber abnormalities in 

individuals with IGT [224]. Skin biopsy, through quantification of IENFD, is the gold standard 

to identify early, small-fiber DSPN in prediabetes (Figure 18) [58, 225, 254]. However, its 

invasive nature limits the utility for longitudinal monitoring or evaluation of therapeutic 

efficacy in daily clinical practice. 

 

 

 

 

 

 

 

  

 

(A) Intraepidermal nerve fibers (arrows) and branched fibers (arrowhead) 
in a skin biopsy sample from a patient with small-fiber DSPN. Adapted 
from Feldman et al [88] 
(B) Reduced and morphologically abnormal intraepidermal nerve fibers 
with altered branching and swelling (arrowhead), consistent with small-
fiber distal symmetric polyneuropathy (DSPN) 

 

Figure 18 Skin biopsy assessment of IEFND in small-fiber DSPN 
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Confirmatory testing are not routinely required for the diagnosis of typical DSPN when clinical 

criteria are fulfilled, as emphasized by ADA [249]. In patients with a characteristic length-

dependent pattern and no atypical features, additional investigations rarely change 

management. However, further evaluation becomes appropriate when clinical features are 

atypical-such as asymmetry, rapid progression, predominant motor involvement, early upper-

limb involvement, or diagnostic uncertainty-where alternative etiologies must be excluded  

[255-257]. In such cases, detailed neurological work-up may include large-fiber assessment 

with electrodiagnostic studies (NCS and EMG) and small-fiber assessment via measurement 

of IENFD from skin biopsy. These tests provide objective confirmation and phenotyping of 

neuropathy but are primarily reserved for atypical presentations or research settings rather than 

routine clinical diagnosis [152, 258, 259]. Currently, there is no single gold standard test for 

objective assessment and early identification of DSPN in prediabetes in routine clinical practice 

[250, 260].  A narrative consensus suggests that DSPN should be considered in a patient with 

prediabetes who manifests neuropathic symptoms (involve both sides symmetrically) and/or 

signs of neuropathy in the presence of DSPN risk factors (i.e., advancing age, obesity, 

hypertension, dyslipidemia, poor glycemic control) [58]. The proposed “screening and 

diagnostic” algorithm is provided in Figure 19 [261]. 
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Figure 19 Diagnostic algorithm of DSPN in prediabetes  

Schematic diagnostic algorithm for the evaluation of DSPN in individuals with prediabetes presenting with 
neuropathic symptoms and/or signs. The approach integrates clinical history, neurological examination, 
laboratory evaluation to exclude alternative etiologies, and confirmatory testing when clinically indicated. 
Bedside sensory testing includes assessment of large-fiber function (vibration perception with a 128-Hz tuning 
fork and 10-g monofilament) and small-fiber function (pin-prick and temperature perception). In typical 
symmetric presentations with compatible clinical findings, DSPN can be diagnosed clinically, whereas 
electrophysiological or structural testing may be used in atypical or uncertain cases. Abbreviations: DSPN, 
distal symmetric polyneuropathy; TSH, thyroid-stimulating hormone. Adapted from Atmaca A, et al [261]. 
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3.7 Cardiometabolic and cardiovascular risk factors and predictors 

Several cardiometabolic and cardiovascular risk factors, including central adiposity and IR 

states, dyslipidemia, hypertension, and smoking, as well as non-modifiable factors such as age 

and height have been associated with prevalent DSPN in individuals with prediabetes. 

However, most available evidence is demonstrated from cross-sectional human studies, and 

prospective data investigating independent predictors of DSPN in prediabetes remain scarce. 

Obesity and central adiposity 

Obesity, and particularly central adiposity, have been identified as risk factors for DSPN in 

prediabetes. In the MONICA/KORA Augsburg Surveys (n=393, age 25-74 years), the 

prevalence of DSPN varied from 7.4% in NGT to 11.3% in IFG and 13.0% in IGT. Waist 

circumference (OR 1.03, 95% CI 1.00-1.05) remained independently associated with DSPN in 

the overall cohort including those with prediabetes (p<0.05) [144]. Similarly, in the PROMISE 

cohort (n=467), participants with DSPN had a greater mean waist circumference than those 

without (101.0 vs 98.2 cm, p=0.04)  [143]. These results highlight that central obesity is 

associated with increased risk of DSPN even in prediabetes.   

Data from the KORA F4/FF4 study (mean follow-up 6.5 years, 127 incident DSPN cases) 

showed that the OR (95% CI) of DSPN were 3.06 (1.57; 5.97) for overweight, 3.47 (1.72; 7.00) 

for obesity (reference: normal BMI), while every 5 cm increase in waist circumference raised 

the risk of DSPN by 22% (OR 1.22, 95% CI 1.07-1.38) [137].  Mediation analysis in the same 

cohort demonstrated that inflammatory markers explained partially this relationship, with 

proinflammatory cytokines previously identified as predictors of incident DSPN, suggesting a 

biological pathway from visceral adiposity through low-grade inflammation to nerve damage 

[137, 262].  
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Dyslipidemia  

Lipid disorders have also been identified as a potential risk factor for DSPN along with the 

dysglycemic continuum but to date findings in prediabetes are inconsistent [263]. Prospective 

series of individuals with idiopathic DSPN confirm the high prevalence of dyslipidemia in this 

population [264, 265]. An analysis of data from 2 randomized controlled trials (RCTs) showed 

that elevated TGs have been associated with loss in sural nerve myelin fiber density in diabetes 

(R=-0.110, p=0.02) [266]. Similarly, hypertriglyceridemia and obesity were independent risk 

factors for early DSPN (risk ratios 2.3, 95% CI: 1.1-4.7 and 2.1, 95% CI: 1.1-4.3, respectively) 

in diabetes [133]. In the MONICA/KORA study, TGs were associated with DSPN in 

prediabetes in univariate analysis (OR 1.61, 95% CI: 1.09–2.38)[144]. Notably, in a cross-

sectional study (n=2383 of whom 30% with prediabetes), TGs and HDL-C levels were 

inversely associated with abnormal light monofilament testing (OR 0.93, 95% CI 0.88-0.99 

and OR 0.92, 95% CI 0.86-0.98, respectively) but not significantly linked with DSPN [142].  

The different anatomical locations of motor and sensory neuron cell bodies may contribute to 

the susceptibility of sensory neurons to lipotoxicity [89]. Unlike motor neurons, DRG sensory 

neurons are exposed to circulating metabolites, including fatty acids in IR states, making them 

vulnerable to metabolic stressors and axonal injury in prediabetes [89]. Unmyelinated C nerve 

fibers are also particularly sensitive to metabolites, such as fatty acids, because of the absence 

of a myelin sheath [89]. 

Age, height and smoking 

Age and height are well-established, non-modifiable determinants of DSPN risk across the 

spectrum from prediabetes to overt diabetes. In the MONICA/KORA Augsburg surveys, age 

remained an independent risk factor, with each additional year of age increasing neuropathic 

pain risk by 8% (OR 1.08, 95% CI 1.02-1.14, p=0.0085) [144]. Age-related neuronal 
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degeneration, mitochondrial dysfunction, and impaired nerve regeneration may further 

exacerbate susceptibility to peripheral nerve damage [88, 115]. Similarly, previous population-

based studies identifying height and smoking as risk factors for DSPN [267]. The association 

between height and DSPN risk is commonly attributed to the “length-dependent” nature of 

DSPN, whereby longer axons are more vulnerable to metabolic, oxidative, and microvascular 

injury [88, 115].  

A recent meta-analysis of cross-sectional and case-control (n=228,699 participants with 

diabetes) showed that smoking is associated with increased risk of DSPN in diabetes (OR: 1.29, 

95% CI: 1.17-1.41) and OR: 1.48, 95% CI: 1.23-1.72) [268]. In the Maastricht study, current 

smoking (OR 2.13, 95% CI 1.38, 3.29) was significantly associated with increased neuropathic 

pain, while the same covariate along with increased age (beta= 0.08 [0.04, 0.13], p<0.05) were 

correlated with higher VPT [127]. Smoking may contribute through endothelial dysfunction, 

oxidative stress, and impaired microvascular perfusion, which may aggravate nerve ischemia 

and metabolic injury [88, 115]. 

3.8 Prevention  
 
Lifestyle modification is considered the cornerstone of management for individuals with 

prediabetes. Several small uncontrolled studies showed that lifestyle intervention was related 

to an increase in IENFD in heterogeneous groups with prediabetes or 

MetS with or without diabetes [269, 270]. It has been suggested that exercise may improve 

cutaneous nerve regenerative capacity, neuropathic pain, and functional performance measures 

of gait in diabetes, but studies are limited especially in prediabetes [270, 271]. The  DPP which 

included 2776 participants with prediabetes (88% of the total cohort) showed that intensive 

lifestyle intervention reduced diabetes incidence by 27% (p<0.0001), and metformin reduced 

it by 18% (p=0.001) compared with placebo over a 15-year follow-up [272]. Although overall 

microvascular outcomes (DSPN, nephropathy, and retinopathy) did not significantly differ 



87 
 

between treatment groups, individuals with prediabetes who did not progress to diabetes had 

a lower prevalence of DSPN than those who developed diabetes [272]. Notably, among women 

(n=1887), lifestyle intervention was associated with a lower prevalence of microvascular 

complications (8.7%) compared with placebo (11%, p=0.03) and metformin (11.2%, p=0.02) 

[272]. Likewise, in a prospective study of 32 individuals with IGT, there was a 0.3 ± 1.1-

fiber/mm improvement in distal IENFD and a 1.4 ± 2.3-fiber/mm improvement in proximal 

IENFD (p <0.004) after 1 year of diet and physical activity [269]. The change in proximal 

IENFD linked with decreased neuropathic pain (p<0.05) and a change in sural sensory 

amplitude (p<0.03) [269].  However, improvements in small-fiber nerve function were not 

sustained after 3 years, suggesting that the effects of lifestyle intervention on DSPN may 

be temporary without continued metabolic control. In contrast, in the Da Qing study, lifestyle 

intervention for 6 years in participants with IGT at baseline did not result in a reduction in 

DSPN incidence after 20 years [273]. However, in both studies DSPN assessment was 

relatively limited, relying only on the 10 g Semmes-Weinstein monofilament as the single 

diagnostic measure.  

Bariatric surgery results in substantial and sustained weight loss and has been associated with 

significant metabolic benefits, including remission of T2D. A recent meta-analysis 

including 32,756 individuals with obesity and T2D reported a markedly lower incidence of 

DSPN following bariatric surgery compared with nonsurgical treatment (OR 0.27, 95% CI 

0.22-0.34) [274]. In addition, 2 small uncontrolled studies demonstrated improvements 

in small-fiber pathology assessed by CCM after 12 months in obese individuals with or without 

diabetes who underwent bariatric surgery [275, 276]. However, larger studies specifically 

involving individuals with prediabetes are needed to confirm these findings. Potential benefits 

of bariatric surgery should also be balanced against possible complications, including subacute 

axonal neuropathy related to micronutrient deficiencies, particularly thiamine deficiency, as 
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well as orthostatic hypotension due to autonomic dysfunction [227, 277]. These findings 

suggest a potential role for lifestyle intervention in preventing DSPN along the dysglycemic 

continuum, although robust evidence in prediabetes is still lacking. 

3.9 Therapeutic approaches and pharmacological interventions 

Evidence on the treatment of DSPN in individuals with prediabetes remains limited. A pilot 

study demonstrated a 36% reduction in neuropathic pain after one month of single-blind 

treatment with pregabalin in individuals with prediabetes and painful DSPN [278]. To date, no 

drugs have been approved by the FDA specifically for the treatment of DSPN in prediabetes, 

and most treatment approaches are based on data derived from studies in diabetes. In the 

absence of randomized clinical trials in prediabetes, pharmacological management remains off-

label and generally follows therapeutic strategies established for painful diabetic DSPN, as 

discussed above. First-line pharmacological options therefore include centrally acting agents 

such as SNRIs and TCAs, as well as anticonvulsants including pregabalin or gabapentin [247]. 

Topical therapies, particularly the capsaicin 8% patch, may also be considered for localized 

neuropathic pain [247]. 

In addition to symptomatic pain management, pathogenetic approaches targeting metabolic and 

oxidative stress pathways have been proposed. As discussed above, agents such as α-lipoic acid 

and benfotiamine may be considered because of their antioxidant properties and potential to 

modulate glucose-related metabolic pathways implicated in nerve injury [247]. However, the 

evidence on their efficacy in prediabetic DSPN remains scarce. 
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4. ARTERIAL STIFFNESS AND ENDOTHELIAL 

DYSFUNCTION 

4.1 Molecular and metabolic drivers of arterial stiffness and endothelial dysfunction  

Arterial stiffness is characterized by structural and functional changes of the arterial wall due 

to endothelial dysfunction and remodeling of the tunica media [279-281]. The gradual loss of 

elasticity of the large central arteries, particularly the aorta, is recognized as an early hallmark 

of vascular aging [282]. At the molecular and structural level, arterial stiffening is driven by 

oxidative stress, persistent low-grade inflammation, medial calcification, fragmentation and 

crosslinking of elastin fibers, and progressive collagen accumulation within the extracellular 

matrix. Together, these changes result in increased arterial stiffness [281]. Endothelial 

dysfunction further amplifies this process due to impaired endothelium-dependent vasodilation 

through reduced NO bioavailability and increased chemokine production and vascular 

inflammatory signaling (Figure 20) [283]. These alterations progressively increase arterial 

wall rigidity and create a vicious cycle that reduces organ perfusion and promotes end-organ 

damage. Cardiovascular risk factors, including hypertension, diabetes, central obesity and IR-

states, smoking and dyslipidemia accelerate arterial stiffening and are associated with chronic 

low-grade systemic inflammation, which in turn promotes endothelial dysfunction and 

progressive vascular remodeling characterized by extracellular matrix alterations and fibrosis 

[284, 285]. Specifically, chronic low-grade inflammation in these metabolic disorders 

contributes to arterial stiffening by promoting endothelial dysfunction through increased ROS 

generation and reduced endothelial NO synthase (eNOS) activity, leading to diminished NO 

bioavailability [286]. Reduced NO availability upregulates adhesion molecules such as 

Vascular Cell Adhesion Molecule 1 (VCAM-1) and Intercellular Adhesion Molecule 1 (ICAM-

1) and facilitates leukocyte adhesion and transmigration into the vascular wall [286]. In 

parallel, activation of the renin-angiotensin-aldosterone system further amplifies oxidative 
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Figure 20 Structural organization of the vascular wall and mechanisms contributing to arterial stiffness and 
vascular aging 

(a) Cross-sectional anatomy of the vascular wall demonstrating the tunica intima, tunica media, tunica 
adventitia (externa), and surrounding perivascular adipose tissue (PVAT). (b) Structural and functional 
characteristics of elastic arteries, muscular arteries, and arterioles. (c) Age-related vascular alterations 
contributing to vascular aging and increased arterial stiffness, including endothelial dysfunction, elastin 
fragmentation, collagen accumulation, inflammation, and vascular calcification. (d) Overview of the 
principal molecular and cellular mechanisms involved in arterial stiffening across the different layers of the 
arterial wall. Adapted from Herzog M, et al [2]. 
 

stress through mineralocorticoid receptor-dependent nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase signaling [287]. Mineralocorticoid receptor activation increases 

endothelial sodium channel activity, promoting intracellular sodium accumulation and 

consequently endothelial dysfunction [287]. In addition, perivascular adipose tissue undergoes 

a phenotypic shift from a monocyte chemoattractant protein-1 (MCP-1), which further 

amplifies vascular inflammation and arterial stiffening [286]. In IR-states such as prediabetes, 

vascular dysfunction develops early and affects both the macro- and microcirculation through 

disruption of insulin-mediated endothelial signaling (Figure 21) [287]. 
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Under physiological conditions, insulin stimulates eNOS via the Phosphoinositide 3-Kinase 

(PI3K-Akt) pathway, increasing NO production and promoting vasodilation [288]. In IR- and 

hyperglycemic states, this pathway becomes selectively impaired, and the MAPK signaling 

pathway remains preserved or relatively overactive. This imbalance reduces NO bioavailability 

while increasing ET-1 generation, vascular smooth muscle proliferation, and vasoconstrictive 

Figure 21 Interaction between macrovascular and microvascular dysfunction in diabetes  

Schematic illustration of the bidirectional relationship between large artery stiffness and microvascular 
complications in diabetes. Chronic hyperglycemia induces widespread vascular injury through multiple 
mechanisms, including endothelial dysfunction, oxidative stress, chronic low-grade inflammation, and 
accelerated atherosclerosis. Both the macro- and microcirculation are simultaneously exposed to these metabolic 
disturbances, contributing to progressive vascular dysfunction. Increased large artery stiffness enhances central 
blood pressure, pulse pressure, and pulsatile flow transmission into small resistance vessels, thereby promoting 
microvascular injury affecting the retina, peripheral nerves, kidneys, and dermal capillaries. In parallel, 
structural and functional abnormalities within the microcirculation increase total peripheral resistance and mean 
arterial pressure, further exacerbating large artery stiffening. This interaction establishes a vicious cycle linking 
macrovascular dysfunction with microvascular damage in diabetes. Adapted from Partalidou et al [288]. 
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signaling, thereby promoting endothelial dysfunction, impaired microvascular reactivity (e.g. 

reduced flow-mediated dilation, capillary rarefaction) and dysregulated vascular tone [288-

291].  

Persistent hyperglycemia further exacerbates arterial stiffness and endothelial dysfunction 

through non-enzymatic glycation of proteins and the accumulation of AGEs [292]. 

Specifically, within the arterial wall, structural proteins such as collagen are particularly 

susceptible to glucose-induced cross-linking, which increases extracellular matrix rigidity and 

reduces arterial elasticity, directly contributing to arterial stiffening [292]. AGEs also activate 

inflammatory signaling pathways by stimulating macrophage release of pro-inflammatory 

cytokines, increasing ET-1 production, and reducing NO availability, thereby aggravating 

endothelial dysfunction [292, 293]. Hyperglycemia simultaneously enhances ROS production 

through increased glycolytic flux and mitochondrial oxidative phosphorylation, leading to 

excess superoxide generation and amplification of oxidative stress within the vascular wall 

[292, 293].  

4.2 Pulse Wave Velocity (PWV)  

Arterial stiffness has emerged as an indicator of vascular aging and cardiovascular risk. 

Increased arterial stiffness is considered as target organ damage and has emerged as an 

important marker of cardiovascular risk, morbidity and mortality in individuals with 

cardiometabolic disorders [294]. The assessment using PWV has increasing importance in both 

research and clinical practice.  

PWV has progressively been established as a robust prognostic indicator of cardiovascular 

outcomes [295-297]. Among available techniques, carotid-femoral PWV (cfPWV) is 

considered the gold-standard method for assessing arterial stiffness as demonstrated in 

population-based studies [298]. In 2007, the European Society of Hypertension (ESH) 

guidelines first recommended the measurement of arterial stiffness [298]. Recently, the 2023 
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ESH and the 2024 ESC hypertension guidelines recommend PWV measurement for 

cardiovascular risk stratification in individuals with hypertension [294, 299]. Regional 

differences in arterial compliance create a physiological stiffness gradient along the aorta, and 

current expert consensus recommends a threshold of 10 m/s for increased arterial stiffness 

[300]. 

There are several invasive and noninvasive methods for measuring arterial stiffness. Structural 

changes primarily involve the aorta and are quantified by aortic PWV. In the invasive reference 

method, a pigtail catheter records pressure waves in the ascending aorta and at the bifurcation; 

the measured distance and transit time between sites are used to calculate PWV [1]. Cf PWV 

is a reliable noninvasive surrogate of invasive aortic PWV (Figure 22) [1, 301, 302]. It is 

calculated by dividing the distance between the carotid and femoral measurement sites by the 

pulse transit time [1, 301, 302]. The blood pressure at the time of measurement must always be 

considered.  
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CfPWV is already elevated in individuals with prediabetes compared with those with 

normoglycemia, indicating the presence of early subclinical aortic stiffening before overt 

diabetes develops [290]. A recent systematic review and meta-analysis including 37 studies 

demonstrated significantly higher cfPWV values in prediabetes, with mean differences of 

approximately 0.5-1.0 m/s vs those with normoglycemia and a progressive increase across the 

continuum from prediabetes to overt diabetes [290]. Several studies have proposed cfPWV 

thresholds of approximately 6.9 to 8.3 m/s to identify increased arterial stiffness in individuals 

with prediabetes, with higher values associated with obesity, dyslipidemia and IFG [303].  

4.3 Hemodynamic alterations and nerve blood flow 

Arterial stiffness generates important alterations in central hemodynamics beyond large arteries 

and directly affects microcirculation. Progressive stiffening of the aorta reduces its Windkessel 

function, leading to increased PWV, elevated pulse pressure, and increased transmission of 

Figure 22 Visual overview of methods to assess larger artery stiffness 

Pulse wave velocity (PWV) assessment techniques are categorized into invasive methods 
and noninvasice approaches. Adapted from Segers P et al  [1] 
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pulsatile energy into peripheral microvascular beds [304, 305]. Under physiological conditions, 

the elastic properties of the aorta buffer systolic pressure waves and protects distal 

microvascular networks from excessive pulsatile stress. Under conditions of increased arterial 

stiffness, this protective mechanism is impaired, and consequently greater pulsatile pressure 

and flow energy is transmitted into microcirculation [304, 305]. This abnormal transmission of 

increased pulsatile energy into microcirculation triggers structural remodeling of small vessels, 

increases total peripheral resistance and contributes to impaired tissue perfusion [304, 305]. 

The consequent rise in total peripheral resistance further elevates systemic blood pressure, 

which in turn accelerates pressure-dependent arterial stiffening, creating a self-reinforcing 

vicious cycle of vascular dysfunction [304, 305]. 

Growing evidence indicates a bidirectional interplay between macrovascular and 

microvascular dysfunction. Elevated PWV has been associated with the development of 

microvascular complications in diabetes, suggesting that large-artery stiffening and 

microvascular injury may share common glucotoxic and inflammatory pathophysiological 

mechanisms [289, 291, 303]. These mechanisms include endothelial dysfunction, oxidative 

stress, and chronic low-grade inflammation, which are already present during the prediabetic 

stage and contribute to impaired vascular reactivity across the arterial tree [291].  

4.4 Associations with DSPN in prediabetes and diabetes 

Accumulating evidence suggests that arterial stiffness is associated with microvascular 

complications of diabetes, including DSPN [291, 303]. Cross-sectional studies evaluating the 

relationship between arterial stiffness and DSPN have shown heterogeneous findings [306-

310]. In a cohort of 447 individuals with T2D without peripheral arterial disease, of whom 53% 

had DSPN and 66% hypertension, cfPWV values above the 90th percentile of age- and blood 

pressure-adjusted reference ranges were significantly associated with DSPN only among 

normotensive individuals [307]. Similarly, a study in individuals with T1D have demonstrated 
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significantly higher cfPWV values in those with DSPN compared with those without (8.6 ± 1.5 

m/s vs 7.9 ± 1.3 m/s, p<0.01) [311]. In a study including patients with well-controlled T2D, 

DSPN was significantly associated with ankle-brachial PWV (OR 1.002, 95% CI 1.001-1.003, 

p=0.002) [308]. In patients with T2D, higher ankle-brachial PWV values were associated with 

increased risk of prevalent DSPN (OR 12.8, 95% CI 1.1-149.8, p=0.042 for PWV 15.5-19.0 

m/s and OR 15.2, 95% CI 1.0-221.3, p=0.047 for PWV>1900 cm/s) compared with 

PWV≤1550 cm/s [309]. Other studies in patients with T2D have reported that ankle-brachial 

PWV is associated with several microvascular complications, including DSPN, cardiac 

autonomic dysfunction, albuminuria, and diabetic retinopathy, while heart-carotid PWV was 

not significantly correlated with these complications [309]. However, brachial-ankle PWV is a 

composite measure of aortic stiffness and peripheral arterial stiffness of the lower limbs and 

provides information mostly about muscular arteries, unlike cfPWV that provides information 

mostly about elastic arteries [309]. Moreover, this measurement predominantly reflects the 

stiffness of muscular arteries, in contrast to carotid-femoral PWV, which primarily reflects the 

stiffness of central elastic arteries.  

Prospective data provides stronger evidence supporting a relationship between arterial stiffness 

and DSPN in diabetes. In a longitudinal cohort of 473 individuals with T2D, increased aortic 

stiffness (cfPWV>10 m/s) independently predicted the development or progression of DSPN 

(incidence rate ratio 2.04, 95% CI 1.28-3.23; p= 0.002) during a median follow-up of 6.2 years 

[306]. However, evidence on the association between arterial stiffness and DSPN in individuals 

with prediabetes remains scarce. Therefore, whether the macro-microvascular interplay 

observed in overt diabetes is already present at the prediabetic stage remains unclear, 

highlighting an important gap in the current literature. Prospective studies evaluating arterial 

stiffness and DSPN development and progression in prediabetes are therefore needed to clarify 

the temporal relationship and effect of vascular stiffening in early neural injury. 
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RESEARCH PROTOCOL AND RESULTS 

 
5. AIM AND STUDY DESIGN 

 

5.1 Background and Aim  

 
As discussed above in detail, the global burden of prediabetes is rapidly increasing, with an 

estimated 635 million people affected by IGT and 488 million by IFG worldwide in 2024 as 

per the IDF [17]. Beyond its role as a precursor of T2D, prediabetes is associated with 

microvascular and macrovascular complications, including nephropathy, neuropathy, 

retinopathy, and cardiovascular disease [312]. DSPN is the most common form of diabetic 

neuropathy and the leading cause of peripheral nerve dysfunction in clinical practice [80]. In 

established diabetes, DSPN is associated with substantial clinical burden, including 

neuropathic pain, impaired mobility, reduced quality of life, and increased morbidity [313]. 

Notably, neuropathic changes may begin in the prediabetic stage, with several studies 

suggesting that individuals with prediabetes are at high risk of developing DSPN [143, 227]. 

However, reported prevalence estimates vary widely in prediabetes, from 2% in U.S. women 

to 77% in a Brazilian study, reflecting heterogeneity in diagnostic approaches and study 

populations [226]. Consequently, the true burden and natural history of DSPN in prediabetes 

remain insufficiently defined. 

Prediabetes is characterized by a clustering of cardiometabolic abnormalities, including IR, 

central adiposity, and dyslipidemia. Emerging evidence suggests that these factors-rather than 

hyperglycemia per se-may contribute more to early nerve injury, supporting a cardiometabolic 

model of DSPN pathogenesis [314, 315]. Nevertheless, prospective data examining the 

relationship between these risk factors and the development of DSPN in prediabetes are limited 
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The present study was designed to address these gaps using both a cross-sectional and a 

prospective design. Specifically, we aimed to (i) determine the prevalence of DSPN in 

individuals with prediabetes at baseline; (ii) assess the incidence of DSPN over a 24-month 

follow-up; (iii) evaluate the association between baseline cardiometabolic risk factors, 

including measures of obesity and adiposity, insulin resistance, lipid profile, smoking, arterial 

stiffness as well as nonmodifiable factors (age, sex and height) with prevalent DSPN; (iv) 

examine the association between baseline cardiometabolic and cardiovascular risk factors 

along with the nonmodifiable parameters with the development of DSPN during a 24-month 

follow-up; and (v) examine the association between longitudinal changes in these 

cardiometabolic and cardiovascular risk factors over follow-up with the development of DSPN. 

5.2 Materials and methods 

5.2.1 Study design and study population 
 
Consecutive adults with prediabetes who attended the Outpatient Lipid and Obesity Clinic of 

the University Hospital of Ioannina in Greece from 2019 to 2023 were recruited and followed 

in a prospective observational study. The study was conducted in accordance with the 

Declaration of Helsinki, and the protocol was approved by the Ethics Committee of the 

University hospital of Ioannina (Ethical Approval Code 30/29-11-2018, approved on 29 

November 2018). Participants gave their signed informed consent. 

Prediabetes was defined as the presence of IFG, defined as FPG 100-125 mg/dL (5.6-6.9 

mmol/L); IGT, defined as 2h PG 140-199 mg/dL (7.8-11.0 mmol/L) during a 75-g OGTT 

and/or HbA1c 5.7-6.4% (39-47 mmol/mol) in accordance with 2019 ADA Guidelines [316]. 

MetS was diagnosed when at least 3 of the following criteria were present: waist circumference 

≥ 102 cm in men or ≥ 88 cm in women, TGs levels ≥ 150 mg/dL, HDL-C levels < 40 mg/dL 

in men or < 50 mg/dL in women, FPG ≥ 100 mg/dL, and blood pressure ≥ 130/85 mm Hg, 
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based on the American Heart Association/National Heart, Lung, and Blood Institute Scientific 

guidelines [317].  

Participants with secondary causes of neuropathy were excluded. Specifically, individuals were 

not eligible if they had any of the following: A history of malignancy and/or chemotherapy, 

use of neurotoxic drugs, excessive alcohol consumption (>2 units/day for men, >1 unit/day for 

women), vitamin B12 deficiency, hypothyroidism, estimated glomerular filtration rate (eGFR) 

<30 mL/min/1.73 m², systemic vasculitis, paraproteinemia, amyloidosis, HIV infection, 

hepatitis B virus infection, Lyme disease, chronic inflammatory demyelinating 

polyneuropathy, or a history of hereditary motor, sensory, or autonomic neuropathy. The 

participant selection process is illustrated in the study flow diagram (Figure 23). 
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Figure 23 Study flow diagram of participant selection and follow-up 
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5.2.2 Clinical and laboratory measurements  
 
Data was collected at enrollment (baseline) and at 24-month follow-up visit. A comprehensive 

assessment of the clinical and laboratory profile was conducted, including sex, age, BMI, blood 

pressure measurement (MICROLIFE Watch BP Office device, ABI, Switzerland) and body 

composition [measured by bioelectrical impedance analysis (BIA) (Tanita MC-780MA, 

Japan)]. Laboratory assessments were performed after an overnight fast (≥8 hours) and 

included: FPG,  serum 25(OH) vitamin D, creatinine, total cholesterol, HDL-C, TGs, LDL-C, 

apolipoprotein A1 (apoA1), apolipoprotein B (apoB), and lipoprotein(a) [Lp(a)] as well as 

urinary albumin-to-creatinine ratio (UACR). A standard oral glucose tolerance test (2-hour 

plasma glucose following a 75-g OGTT) was performed at enrollment. HOMA-IR was 

calculated based on FPG and fasting insulin as follows: [Fasting insulin (µU/mL) × FPG 

(mg/dL)]/ 405 [318]. 

5.2.3 Arterial stiffness assessment 

Both at enrollment and at 24-month follow-up visit, arterial stiffness was evaluated by PWV 

as measured by the Sphygmocor system (Version 7.01, At Cor Medical, Sydney, Australia) 

(Figure 24). PWV ≥10 m/s was considered abnormal [319]. Ankle-brachial index (ABI) was 

evaluated by the MICROLIFE Watch BP Office device (ABI, Switzerland) and adherence to 

the Mediterranean diet was assessed by the Med Diet Score [320, 321].  
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a, b The SphygmoCor system, which acquires peripheral arterial waveforms using 
applanation tonometry (b) 
c, d The SphygmoCor system, which records peripheral vascular waveforms through cuff-
based volumetric displacement technology (d). Adapted from [322] 
 

 

 
 
 
 
 

Figure 24 Non-invasive assessment of arterial stiffness using PWV 
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5.2.4 DSPN diagnosis 
 
All participants underwent examination for DSPN at enrollment and follow-up visits. 

Neuropathic symptoms were assessed using the NSS [66, 323]. Neuropathic signs were 

quantified by the NDS (Figure 25) [66]. The severity of NSS was graded as mild (scores: 3-

4), moderate (scores: 5-6), and severe (scores: 7-9) [66, 324]. Severity of NDS was graded as 

mild (scores: 3-5), moderate (scores: 6-8), and severe (scores: 9-10) [123].  

 

 

 

 

VPT was measured by a biothesiometer (Bio-medical Instrument Co, Newbury, Ohio, USA) 

(Figure 26). Age-specific abnormal VPT was defined as values above the upper reference limit 

for each age category (20-45 years: >16.6 V; 45-60 years: >19.4 V; 60-77 years: >24.3 V) and 

Figure 25 Neurological examination tools used for assessment of the NDS 

The figure illustrates the standardized bedside neurological examination tools used for the evaluation 
of large- and small-fiber peripheral nerve function as part of the Neuropathy Disability Score (NDS). 
Achilles tendon reflexes were evaluated using a reflex hammer. Vibration perception, reflecting large-
fiber function, was assessed with a 128-Hz tuning fork applied to the distal hallux. Thermal 
discrimination (warm/cold sensation), indicative of small-fiber integrity, was examined using the Tip-
Therm device, while pin-prick sensation was assessed using a sterile neurological pin/needle 
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for participants aged >77 years, the threshold for the oldest age category was applied due to 

lack of reference data [325].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DSPN was diagnosed based on the following criteria: NSS ≥5 + NDS ≥3 or NDS ≥6 or age-

specific, abnormal VTP + NSS ≥3 + NDS ≥3 [66, 326, 327]. Large myelinated Aβ fibers, which 

mediate protective and pressure sensation, were examined with the 10-g Semmes-Weinstein 

monofilament (Figure 27) [328]. 

 

Figure 26 An analog biothesiometer 
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5.3 Statistical analysis 
 
Statistical analysis was performed with SPSS Version 28.0 (IBM Corp., Armonk, NY). Graphs 

were generated with GraphPad Prism for Windows (Version 9.3.1). The data are presented as 

the mean ± standard deviation (SD) and median [interquartile range (IQR)] for data with normal 

distribution and non-normal distribution, respectively. For normally distributed continuous 

variables, between-group differences were assessed using the independent samples t-test. For 

continuous variables that were not normally distributed, Mann-Whitney U test was applied. 

For categorical values, frequency counts and percentages were applied. A chi-square test was 

performed for the interactions between the categorical values.  

For prevalent DSPN at baseline, associations with cardiometabolic and cardiovascular 

variables were assessed using univariate and multivariable binary logistic regression models 

(cross-sectional analysis of the prospective observational cohort).  

For incident DSPN, participants with DSPN at baseline were excluded. Predictors of incident 

DSPN were evaluated using univariate and multivariable binary logistic regression analyses. 

Changes in continuous variables were calculated as the difference between follow-up and 

Figure 27 10-g Semmes-Weinstein monofilament 

Large myelinated Aβ fibers, which mediate protective and 
pressure sensation, were assessed using the 10-g Semmes-
Weinstein monofilament. 
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baseline values (Δ). Multivariate analyses was adjusted for baseline variables and their 24-

month changes with p<0.10 in univariate analyses, as well as clinical important confounders: 

age, sex, smoking, waist circumference, total body fat mass (kg) and ΔTotal body fat mass 

(kg), HOMA-IR and ΔHOMA-IR, LDL-C and ΔLDL-C, TGs, PWV, VPT, and statin +/- 

ezetimibe initiation during follow-up (the backward conditional method was used). Results are 

presented as ORs with 95% CIs.  

Longitudinal analyses were performed to assess the association between changes in 

cardiometabolic and cardiovascular risk factors over follow-up and the development of incident 

DSPN. 

Significance was set at 0.05 for all analyses. It was estimated using G*power (version 3.1)  that 

a sample size of 150 subjects would yield 90% power to detect significant associations at an α-

level lower than 0.05 [329]. We initially included 160 subjects to allow for a dropout rate of 

~6% (Figure 23). 

 

6. RESULTS 

6.1 Baseline 

6.1.1 Baseline demographic and clinical characteristics of study population and 

prevalence of DSPN 

The study population consisted of 160 Caucasian adults with prediabetes (mean age 62 years, 

median BMI 28.9 kg/m2). Of them, 68.8% had IFG, 31.2% both IFG and IGT, 60.6% were 

male and 45.0% current/previous smokers (Table 5).  

Overall, 27 subjects (16.9%) were diagnosed with DSPN at baseline. Table 5 summarizes 

demographic and clinical characteristics based on presence of DSPN. Individuals with DSPN 

were older (67 vs 61 years, p=0.017) and had a higher prevalence of current/previous smoking 
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(55.5 vs 42.9%) (p=0.028), higher BMI (30.3 vs 28.2 kg/m2, p=0.011) and increased waist 

circumference (98.0 vs 89.0 cm, p=0.002) compared with no DSPN. Also, a higher percentage 

of participants with DSPN had hypertension (77.8 vs 33.0%, p<0.001) and MetS (51.9 vs 

34.6%, p=0.033) vs those without (Table 5).  

Demographic and clinical characteristics grouped by glycemic status (IFG vs IFG+IGT) are 

presented in Table 6. Ιndividuals with IFG+IGT had significantly higher prevalence of DSPN 

compared to those with IFG (24.0 vs 13.6%, p=0.031) (Figure 28). Participants with IFG+IGT 

were significantly older than those with IFG (68 vs 59 years, p<0.001) and had higher waist 

circumference (94.5 vs 90.0 cm, p<0.001), total body fat percentage (31.1 vs 28.6%, p<0.001) 

and total body fat mass (26.8 vs 23.7 kg) (p<0.001). PWV was higher in the IFG+IGT group 

vs IFG (9.4 vs 8.1 m/s, p<0.001) with or without DSPN. No significant differences in 

hypolipidemic and antihypertensive therapies were observed between the 2 groups (Table 7). 
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Table 5 Demographic and clinical characteristics of study participants 

 Overall Without DSPN With DSPN 

 N=160 N=133 N=27 

Age, years 62 ± 13 61 ± 14 67 ± 8* 

Male gender, N (%) 97 (60.6) 81 (60.9) 16 (59.3) 

Never smoking, N (%)  88 (55.0) 76 (57.1) 12 (44.4)* 

Previous smoking, N (%) 45 (28.1) 33 (24.8) 12 (44.4)* 

Current smoking, N (%) 27 (16.9) 24 (18.1) 3 (11.1)* 

Height, cm 167 (160-173) 166 (159-173) 170 (162-174) 

Weight, kg 80.5 ± 19.3 79.0 ± 19.8 88.0 ± 14.0* 

BMI, kg/m2 28.9 (26.3-31.9) 28.2 (26.1-31.9) 30.3 (27.9-34.2)* 

Waist circumference, cm 90.0 (82.0-99.0) 89.0 (81.0-98.0) 98.0 (92.0-105.0)* 

Waist to height ratio 0.54 (0.54-0.62) 0.53 (0.49-0.60) 0.59 (0.56-0.65) 

Total body fat mass, % 30.8 ± 7.8 29.5 ± 7.9 32.4 ± 7.4 

Total body fat mass, Kg 25.6 ± 9.6 24.8 ± 9.5 28.9 ± 9.5 

Lean body mass, %  69.9 ± 7.8 70.5 ± 7.0 67.6 ± 7.4 

Lean body mass, Kg 54.7 ± 9.6 53.8 ± 14.6  58.4 ± 13.4 

Glycemic status  

IFG only, N (%) 

IFG + IGT, N (%) 

 

110 (68.8) 

50 (31.2) 

 

95 (71.4) 

38 (28.6) 

 

15 (55.6)* 

12 (44.4)* 

Hypertension, N (%) 65 (40.6) 44 (33.0) 21 (77.8)* 

Dyslipidemia, N (%) 111 (69.4) 91 (68.4) 20 (74.1) 

MetS, N (%) 60 (37.5) 46 (34.6) 14 (51.9)* 

Stroke, N (%) 11 (6.9) 9 (6.8) 2 (7.4) 

Family history of T2D,  

N (%) 
46 (28.8) 37 (27.8) 9 (33.3) 

Mini mental score 28 (26-29) 28 (26-29) 28 (27-29) 

MedDiet score 28 (26-32) 28 (25-32) 28 (27-30) 

ABI-Right lower 

extremity 

 

1.2 (1.0-1.3) 

 

1.2 (1.0-1.3) 

 

1.2 (0.9-1.3) 

 

ABI-Left lower extremity 1.2 (1.0-1.3) 1.2 (1.0-1.3) 1.2 (0.8-1.3) 
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Abbreviations: DSPN; distal symmetrical polyneuropathy, BMI; body mass index, MetS; 

metabolic syndrome, T2D; type 2 diabetes, MedDiet; mediterranean diet, ABI; ankle-brachial 

index, PWV; pulse wave velocity  

Parametric variables are expressed as mean ± SD, non-parametric variables as median (IQR), 

and categorical variables as number (percentage). *p<0.05 vs participants without DSPN 

  

 

 

 

 

 

 

 

 

 

 

 

 
 

Abbreviations: DSPN; distal symmetrical polyneuropathy, IFG; 
impaired fasting glucose, IGT; impaired glucose tolerance.   
Data are presented as percentages with group sizes indicated below each 
bar.

PWV (carotid-femoral), 

m/s 
8.2 (7.4-9.5) 8.0 (7.3-9.0) 8.8 (7.5-10.7)* 

PWV carotid-femoral ≥ 

10 m/s, N (%) 
23 (14.4) 15 (11.3) 8 (29.6)* 

D
SP

N
 p

re
va

le
nc

e,
 %

 

Figure 28 DSPN prevalence in individuals with IFG vs IFG + IGT at baseline 
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Table 6 Demographic and clinical characteristics of study participants grouped by glycemic 
status 

 
Overall 

(N=160) 

Without DSPN 

(N=133) 

With DSPN 

(N=27) 
 

IFG 

(N=110) 

IFG+IGT 

(N=50) 

IFG 

(N=95) 

IFG+IGT 

(N=38) 

IFG 

(N=15) 

IFG+IGT 

(N=12) 

Age, years     59 ± 13 68 ±10* 58 ± 14 67 ± 10^ 65 ± 8 70 ± 9# 

Male gender, 

N (%) 

69 

(62.7) 

28 

(56.0) 

61 

(64.2) 

21 

(55.3) 

8 

(53.3) 

7 

(58.3) 

Never smoking,  

N (%) 

55 

(50.0) 

33 

(66.0) 

47 

(49.5) 

29 

(76.3) 

8 

(53.3) 

4 

(33.3) 

Current/ previous 

smoking, N (%) 

55 

(50.0) 

17 

(34.0) 

48 

(50.6) 

9 

(23.7) 

7 

(46.6) 

8 

(66.6) 

Height, cm 
167 

(160-174) 

166 

(159-173) 

167 

(160-174) 

166 

(157-173) 

171 

(162-177) 

168 

(161-173) 

Weight, kg 80.6 ± 19.4 82.4 ± 15.5 29.1 ± 4.6 80.8 ± 15.9 88.6 ± 15.3 87.2 ± 13.7 

BMI, kg/m2 29.1 ± 4.7 30.7 ± 4.4 29.1 ± 4.6 29.3±5.1 30.3 ± 4.3 31.2 ± 4.7 

Waist 

circumference, cm 

90.0 

(82.0-97.0) 

94.5 

(85.0-104)* 

89.0 

(80.0-96.0) 

90.0 

(82.0-100.0) 

96.0 

(92.0-112.0) 

101.5 

(98.0-104.5) 

Waist to height 

ratio 

0.53 

(0.59-0.60) 

0.59 

(0.56-0.65) 

0.53 

(0.49-0.54) 

0.54 

(0.48-0.64) 

0.59 

(0.56-0.63) 

0.59 

(0.56-0.66) 

Total body fat 

mass, % 
28.6 ± 8.5 31.1 ± 7.9* 28.1 ± 8.7 30.5 ± 7.5 31.9 ± 6.2 33.2 ± 9.4 

Total body fat 

mass, Kg 
23.7± 9.3 26.8 ± 10.5* 22.9 ± 9.2 26.0 ± 10.4 28.4 ± 9.1 29.7 ± 10 

Lean body mass, 

%  
70.1 ± 8.0 69.6 ± 7.7 70.5 ± 8.3 70.4 ± 7.0 68.1 ± 6.3 67.0 ± 9.4 

Lean body mass, 

Kg 
55.9 ± 14.5 52.4 ± 14.2 55.0 ±14.8 51.3 ± 14.1 59.3 ± 13.1 56.6 ± 14.8 

Hypertension, N 

(%) 
44 (40.0) 21 (42.0) 31 (32.6) 13 (34.2) 13 (86.7) 8 (66.7) 
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Dyslipidemia, N 

(%) 
80 (72.7) 31 (62.0) 70 (73.7) 21 (55.3) 10 (66.7) 10 (83.3) 

MetS, N (%) 40 (36.4) 20 (40.0) 31 (32.6) 15 (39.5) 9 (60.0) 5 (41.7) 

Stroke, N (%) 6 (5.5) 5 (10.0) 5 (5.3) 4 (10.5) 1 (6.7) 1 (8.3) 

Family history of 

T2D, N (%) 
36 (32.7) 10 (20.0) 30 (31.6) 7 (18.4) 6 (40.0) 3 (25.0) 

Mini mental score 28 

(27-30) 

27 

(25-29)* 

28 

(27-30) 

27 

(25-29) 

28 

(27-30) 

28 

(25-29) 

MedDiet score 
29 (26-32) 28 (25-30) 29 (27-33) 28 (25-31) 

27 

(26-31) 

29 

(27-30) 

ABI-Right lower 

extremity 

1.2 

(1.1-1.4) 

1.1 

(1.0-1.3) 

1.2 

(1.0-1.3) 

1.1 

(1.1- 1.3) 

1.3 

(0.8-1.4) 

1.2 

(1.0-1.2) 

ABI-Left lower 

extremity 

1.1 

(1.1-1.3) 

1.2 

(1.1-1.3) 

1.2 

(1.0-1.3) 

1.2 

(1.1-1.3) 

1.2 

(0.8-1.3) 

1.2 

(1.0-1.3) 

PWV (carotid-

femoral), m/s 

8.1 

(7.3-9.6) 

9.4 

(8.2-10.6)* 

7.8 

(7.2-8.7) 

8.9 

(7.9-9.8)^ 

8.5 

(7.3-9.5) 

9.6 

(8.4-12.2)# 

PWV carotid-

femoral ≥ 10 m/s, 

N (%) 

14 (12.7) 9 (18.0) 11 (11.6) 4 (10.5) 3 (20.0) 5 (41.7) 

Abbreviations: DSPN; distal symmetrical polyneuropathy, BMI; body mass index, MetS; 
metabolic syndrome, T2D; type 2 diabetes, MedDiet; mediterranean diet, ABI; ankle-brachial 
index, PWV; pulse wave velocity   *p<0.05 vs. participants with IFG only, ^p<0.05 vs. 
participants without DSPN and with IFG only, #p<0.05 vs. participants with DSPN and with IFG 
only  
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        Table 7 Hypolipidemic and antihypertensive medications of study participants at baseline 

 Overall Without 
DSPN 

With DSPN 

 N=160 N=133 N=27 

Hypolipidemic treatment 

No treatment, N (%) 44 (27.5) 41 (30.8) 3 (11.11) 

Statins, N (%) 50 (31.3) 40 (30.0) 10 (37.0) 

Statins + ezetimibe, N (%) 60 (37.5) 50 (37.6) 10 (37.0) 

Ezetimibe, N (%) 0 (0.0) 0 (0.0) 0 (0.0) 

PCSK9i, N (%) 0 (0.0) 0 (0.0) 0 (0.0) 

Statins + ezetimibe + 

PCSK9i, N (%) 
1 (0.6) 1 (0.8) 0 (0.0) 

Fenofibrate, N (%) 1 (0.6) 1 (0.8) 0 (0.0) 

Statins + ezetimibe + 

fenofibrate, N (%) 
3 (1.9) 2 (1.5) 1 (3.7) 

Statins + fenofibrate, N (%) 1 (0.6) 1 (0.8) 0 (0.0) 

Statins 

Rosuvastatin, N (%) 72 (45.0) 59 (44.4) 13 (48.1) 

Atorvastatin, N (%) 27 (16.9) 23 (17.3) 4 (14.8) 

Simvastatin, N (%) 10 (6.3) 7 (1.8) 3 (11.1) 

Pravastatin, N (%) 2 (1.3) 2 (1.5) 0 (0.0) 

Fluvastatin, N (%) 1 (0.6) 1 (0.8) 0 (0.0) 

Pitavastatin, N (%) 3 (1.9) 2 (1.5) 1 (3.7) 

Antihypertensive treatment 

No treatment, N (%) 79 (49.4) 70 (52.6) 9 (33.3) 
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ACEs, N (%) 1 (0.6) 1 (0.8) 0 (0.0) 

ARBs, N (%) 7 (4.4) 5 (3.8) 2 (7.4) 

CCBs, N (%) 11 (6.9) 10 (7.5) 1 (3.7) 

B-blockers, N (%) 11(6.9) 9 (6.8) 2 (7.4) 

Thiazide diuretics, N (%) 2 (1.3) 2 (1.5) 0 (0.0) 

MRAs, N (%) 2 (1.3) 1 (0.8) 1 (3.7) 

ACEs + CCBs, N (%) 1 (0.6) 1 (0.8) 0 (0.0) 

ARBs + CCBs, N (%) 18 (11.3) 14 (10.5) 4 (14.8) 

ACEs + b-blockers, N (%) 3 (1.9) 3 (2.6) 0 (0.0) 

ARBs + b-blockers, N (%)  1 (0.6) 1 (0.8) 0 (0.0) 

ARBs + thiazide diuretics, N 

(%) 
9 (5.6) 6 (1.2) 3 (11.1) 

Thiazide diuretics + b- 

blockers, N (%) 
2 (1.3) 2 (1.5) 0 (0.0) 

ARBs + CCBs + thiazide 

diuretics, N (%) 
5 (3.1) 3 (2.6) 2 (7.4) 

ACEs + CCBs + thiazide 

diuretics, N (%) 
2 (1.3) 0 (0.0) 2 (7.4) 

ACEs + CCBs + b-blockers, 

N (%) 
3 (1.9) 2 (1.5) 1 (3.7) 

ACEs + CCBs + thiazides + 

b-blockers, N (%) 
1 (0.6) 1 (0.8) 0 (0.0) 

ARBs + b-blockers + 

thiazide diuretics, N (%) 
2 (1.3) 2 (1.5) 0 (0.0) 

Abbreviations: PCSK9i; proprotein convertase subtilisin/kexin type 9 inhibitor, ACEs; 
angiotensin-converting enzyme inhibitors, ARBs; angiotensin ii receptor blockers, CCBs; 
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calcium channel blockers, B-blockers; beta blockers, MRAs; mineralocorticoid receptor 
antagonists 
 

6.1.2 Neuropathic symptoms and signs according to DSPN prevalence 

Neuropathic symptoms and signs in all participants stratified by DSPN are presented in Table 

8. Muscle cramps (77.8 vs 35.3%, p=0.020) were the most common symptom, followed by 

fatigue (44.4 vs 22.6%, p=0.042), numbness (37.0 vs 13.5%, p=0.014) and burning sensation 

(33.3 vs 15.3%, p=0.033) in participants with DSPN vs without, respectively. Regarding 

neuropathic signs, subjects with DSPN vs without had decreased Achilles reflexes (66.7 vs 

17.3%, p=0.031), abnormal pain perception with pinprick (40.7 vs 9.8%, p=0.035) and 

abnormal thermal discrimination using the Tip-Therm (74.0 vs 30.0%, p=0.022).  Furthermore, 

10-g monofilament insensitivity was significantly more common in DSPN vs no DSPN 

individuals (22.2 vs 1.5%, p=0.043). 
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Table 8 Neuropathic symptoms and signs overall and stratified by DSPN presence at baseline 

 Overall Without DSPN With DSPN 

 N=160 N=133 N=27 

NSS 4 (0-6) 4 (0-6) 6 (5-8)* 

Burning, N (%) 30 (18.8) 21 (15.8) 9 (33.3)* 

Numbness, N (%) 28 (17.5) 18 (13.5) 10 (37.0)* 

Paresthesia, N (%) 16 (10.0) 11 (8.3) 5 (18.5) 

Fatigue, N (%) 42 (26.3) 30 (22.6) 12 (44.4)* 

Cramps, N (%) 68 (42.5) 47 (35.3) 21 (77.8)* 

Pain, N (%) 19 (11.9) 14 (15.5) 5 (18.5) 

NDS 2 (0-3) 1 (0-2) 4 (3-6)* 

Achilles tendon reflexes 

Right lower extremity 

Decreased, N (%)  

Absent, N (%) 

29 (18.1) 

2 (1.3) 

17 (12.8) 

1 (0.8) 

12 (44.5)* 

1 (3.7) 

Left lower extremity 

Decreased, N (%) 

Absent, N (%) 

41 (26.3) 

0 

23 (17.3) 

0 

18 (66.7)* 

0 

Both lower extremities     

Decreased, N (%) 

Absent, N (%) 

26 (16.3) 

0 

14 (10.5) 

0 

12 (44.4) * 

0 

Abnormal vibration perception as examined with tuning fork 128 Hz 

Right lower extremity, N (%) 18 (11.3) 5 (3.8) 13 (48.1)* 

Left lower extremity, N (%) 20 (12.5) 5 (3.8) 15 (55.6)* 

Both lower extremities, N (%) 15 (9.4) 4 (3.0) 11 (40.7)* 

Abnormal pain perception as examined with pinprick 

Right lower extremity, N (%) 23 (14.4) 13 (9.8) 10 (37.0)* 

Left lower extremity, N (%) 24 (15.0) 13 (9.8) 11 (40.7)* 

Both lower extremities, N (%) 21 (13.1) 11 (8.2) 10 (37.0)* 

Abnormal temperature discrimination as examined with thermal probe 

Right lower extremity,  

N (%) 

 

52 (32.5) 

 

35 (26.3) 

 

17 (63.0)* 



116 
 

 

Left lower extremity, N (%) 60 (37.5) 40 (30.0) 20 (74.0)* 

Both lower extremities, N (%) 50 (31.3) 38 (28.6) 12 (44.4)* 

Absent 10-g monofilament sensation at least at one site 

Right lower extremity, N (%) 8 (5.0) 2 (1.5) 6 (22.2)* 

Left lower extremity, N (%) 8 (5.0) 2 (1.5) 6 (22.2)* 

Both lower extremities, N (%) 7 (4.4) 2 (1.5) 5 (18.5) 

Abnormal VPT age-

adjusted, N (%)  

 

28 (17.5) 

 

16 (12.0) 

 

12 (44.4) * 

VPT, V 20 (13-25) 20 (12-22) 25 (20-30)* 

Abbreviations: DSPN; distal symmetrical polyneuropathy, NSS; neuropathy symptom    
score, NDS; neuropathy disability score, VPT; vibration perception threshold *p<0.05 vs 
participants without DSPN 

 

6.1.3 Laboratory findings 

Laboratory tests were similar between the 2 subgroups, except for 2hPG after 75-g oral glucose 

administration (139 ± 40 vs 121 ± 39 mg/dL, p=0.043) and HOMA-IR (2.8 [2.0-4.1] vs 2.5 

[1.5-3.5], p=0.042), which were significantly higher in the DSPN vs no DSPN group (Table 

9).  

 

Table 9 Laboratory tests of study participants at baseline stratified by DSPN prevalence 

 Overall Without DSPN With DSPN 

 N=160 N=133 N=27 

FPG, mg/dL 105 (100-111) 105 (100-112) 106 (102-113) 

2-h plasma glucose after 75-g 

oral glucose administration, 

mg/dL 

124 ± 41 121 ± 39 139 ± 40* 

Insulin, μIU/ mL 10.2 (6.8-13.3) 10.2 (6.4-13.0) 10.9 (7.6-14.7) 

HOMA-IR 2.6 (1.7-3.7) 2.5 (1.5-3.5) 2.8 (2.0-4.1)* 
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HbA1c, % 5.9 (5.6-6.2) 5.9 (5.6-6.2) 5.9 (5.4-6.1) 

TC, mg/dL 164 (141-193) 164 (143-199) 168 (141-193) 

LDL-C, mg/dL 98 (70-118) 89 (71-118) 88 (67-125) 

TGs, mg/dL 100 (74-137) 98 (75-142) 105 (73-137) 

HDL-C, mg/dL 50 (45-58) 50 (44-59) 53 (45-56) 

ApoB, mg/dL 72 (60-88) 74 (61-91) 65 (55-84) 

Lp(a), mg/dL 10.9 (3.7-29.1) 11.6 (4.1-32.1) 8.5 (2.6-18.3) 

eGFR, mL/min/1.73 m2 81 ± 14 81 ± 14 82 ± 10 

UACR, mg/g 9.0 (5.2-20.0) 8.9 (5.3-15.5) 13.6 (6.3-40.0) 

UACR > 30 mg/g,  

N (%) 
25 (15.6) 18 (13.5) 7 (25.9) 

25 (OH) Vitamin D levels  

< 20 ng/mL (%) 

< 10 ng/mL (%) 

20.2 ± 10.2 

53 (33.1) 

23 (14.4) 

20.9 ± 10.5 

40 (30.0) 

16 (12.0) 

17.3 ± 8.1 

11 (40.7) 

6 (22.2) 

Abbreviations: DSPN; distal symmetrical polyneuropathy, FPG; fasting plasma glucose, IFG; 
impaired fasting glucose, IGT; impaired glucose tolerance, HOMA-IR; homeostasis model 
assessment of insulin resistance, HbA1c; hemoglobin A1c, TC; total cholesterol, LDL-C; low-
density lipoprotein cholesterol, TGs; triglycerides, HDL-C; high-density lipoprotein 
cholesterol, ApoB; apolipoprotein B, Lp(a); lipoprotein(a), eGFR; estimated glomerular 
filtration rate, UACR; urine albumin to creatinine ratio 
Parametric variables are expressed as mean ± SD, non-parametric variables as median (IQR), 
and categorical variables as number (percentage). *p<0.05 vs. participants without DSPN 
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6.1.4 Associations of DSPN with cardiometabolic risk factors  
 
Univariate associations of prevalent DSPN with cardiometabolic risk factors and arterial 

stiffness are shown in Table 10.  

Multivariate analyses were adjusted for covariates with p<0.10 in univariate analyses, along 

with clinical important confounders: age, smoking, height, waist circumference, hypertension, 

2h PG level after 75-g glucose administration, HOMA- IR, HbA1c, LDL-C, TGs, and PWV. 

In multivariate analysis, age (odds ratio [OR] per 1 year increase: 1.093, 95% confidence 

interval [CI]: 1.005-1.188, p=0.041), smoking (OR current/previous vs never-smoking: 1.347, 

95% CI: 1.116-1.891, p=0.042), height (OR per 1 cm increase: 1.083, 95% CI: 1.004-1.168, 

p=0.039), waist circumference (OR per 1 cm increase: 1.123, 95% CI: 1.049-1.202, p<0.001), 

and HOMA-IR (OR per 0.1 increase: 1.304, 95% CI: 1.133-1.739, p=0.023) were 

independently associated with prevalent DSPN (Figure 29). 

Stratified analyses of the associations of DSPN according to age (≤ vs > 62 years [mean age]), 

gender (female vs male), smoking status (current/former vs never), hypertension (yes vs no), 

and LDL-C (≤ vs > 98 mg/dL [median LDL-C levels]) are presented in Figure 30. No 

significant interaction was found for any of these associations.  

 

Table 10 Univariate analysis for the association of DSPN with cardiometabolic risk factors 

and arterial stiffness at baseline 

 Univariate (unadjusted)  

 OR (95% CI) P -value 

Age, for every 1-year increase 1.058 (1.010-1.108) 0.017 

Gender, Female vs male 1.012 (0.414-2.476) 0.978 

Smoking, Current/previous vs never 1.026 (0.431-2.446) 0.311 

Height, for every 1 cm increase 1.026 (0.986-1.068) 0.208 

BMI, for every 1 kg/m2 increase 1.074 (0.986-1.169) 0.094 
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Waist circumference, for every 1 cm 

increase 
1.050 (1.018-1.083) 0.002 

Total body fat mass, for every 1% increase 1.050 (0.986-1.118) 0.132 

Total body fat mass, for every 1 kg increase 1.043 (0.994-1.095) 0.085 

Lean body mass, for every 1% increase 0.953 (0.894-1.015) 0.132 

Lean body mass, for every 1 kg increase 1.025 (0.984-1.068) 0.237 

Hypertension 5.833 (1.861-18.287) 0.002 

Systolic blood pressure,  

for every 1 mmHg increase 
1.018 (0.989-1.048) 0.223 

2-hour plasma glucose level after 75-g 

glucose administration, for every 1 mg/dL 

increase 

1.012 (1.001-1.023) 0.040 

HOMA-IR, for every 0.1-unit increase 1.244 (1.005-1.539) 0.045 

HbA1c, for every 0.1% increase 1.049 (0.971-1.134) 0.225 

LDL-C, for every 1 mg/dL increase 1.003 (0.991-1.015) 0.645 

TGs, for every 1 mg/dL increase 0.998 (0.992-1.005) 0.615 

HDL-C, for every 1 mg/dL increase 1.003 (0.969-1.038) 0.877 

PWV (carotid-femoral), for every 1 m/s 

increase 
2.163 (1.172-4.183) <0.001 

Abbreviations: DSPN; distal symmetrical polyneuropathy, BMI; body mass index, HOMA-
IR; homeostatic model assessment of insulin resistance, HbA1c; hemoglobin A1C, LDL-C; 
low-density lipoprotein cholesterol, TGs; triglycerides, HDL-C; high-density lipoprotein 
cholesterol, PWV; pulse wave velocity, VIF; variance inflation factor  
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Forest plot presenting OR (odds ratio) and 95% confidence intervals (CIs) from a multivariate 

binary logistic regression model assessing the associations of DSPN with cardiometabolic and 

cardiovascular risk factors. Each point represents the OR and error bars the 95% CIs.   

Multivariate analyses were adjusted for covariates with p<0.10 in univariate analyses, along 

with clinical important confounders: age, smoking, height, waist circumference, hypertension, 

2 hour plasma glucose after 75 g glucose administration, HOMA- IR, HbA1c, LDL-C, TGs, 

and PWV. BMI was excluded from the multivariate analysis due to high collinearity with waist 

circumference (VIF 23.5 and 21.3, respectively). Abbreviations: DSPN; distal symmetrical 

polyneuropathy, BMI; body mass index, HOMA-IR; homeostatic model assessment of insulin 

resistance PWV; pulse wave velocity, VIF: variance inflation factor 

Figure 29 Multivariate associations of DSPN with cardiometabolic risk factors and arterial stiffness 



121 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30 Stratified analyses of the associations between cardiometabolic risk factors, arterial 
stiffness and DSPN across prespecified subgroups at baseline 
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Stratified analyses of the associations of DSPN according to age (≤ vs > 62 years [mean age]), 
gender (female vs male), smoking status (current/former vs never), hypertension (yes vs no), 
and LDL-C (≤ vs > 98 mg/dL [median LDL-C levels]) Abbreviations: DSPN, distal 
symmetric polyneuropathy; LDL-C, low-density lipoprotein cholesterol; PWV, pulse wave 
velocity; HOMA-IR, homeostasis model assessment of insulin resistance, VIF; variance 
inflation factor 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30 (continued) 
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6.1.5 Associations of NSS, NDS, and VPT with cardiometabolic risk factors 
 
Univariate associations of NSS, NDS, VPT with cardiometabolic risk factors are presented in 

Table 11. In multivariate analysis, NSS was independently associated with higher waist 

circumference (beta: 0.096, 95% CI: 0.015-0.207, p=0.004) (Figure 31). NDS was 

independently correlated with age (beta: 0.043, 95% CI: 0.015-0.072, p=0.003), waist 

circumference (beta: 0.027, 95% CI: 0.007-0.046, p=0.008) and total body fat mass (beta: 

0.056, 95% CI: 0.014-0.099, p=0.011) (Figure 32). Furthermore, VPT was independently 

associated with age (beta: 0.355, 95% CI: 0.164-0.546, p<0.001), total body fat mass (beta: 

0.354, 95% CI: 0.131-0.577, p=0.002) hypertension (beta: 6.885, 95% CI: 2.570-10.800, 

p=0.002) and HOMA-IR (beta: 1.192, 95% CI: 0.253-2.131, p=0.014) (Figure 33).  

 

Table 11 Univariate analysis for association of NSS, NDS and VPT with cardiometabolic risk factors 

and arterial stiffness at baseline 

 Univariate Univariate Univariate 

 NSS NDS VPT 

 
Beta  

(95% CI) 

P -

value 

Beta  

(95% CI) 

P -

value 

Beta  

(95% CI) 

P -

value 

Age, for every 1-

year increase 

0.067 

(0.028-0.105) 
<0.001 

0.290 

(0.007-0.050) 
0.009 

0.379 

(0.292-0.466) 
<0.001 

Gender, Female 

vs male 

1.100 

(-0.015-2.216) 
0.053 

-0.233 

(-0.839-0.372) 
0.448 

-1.766 

(-4.682-1.149) 
0.233 

Smoking, 

Current/previous 

vs never 

 

0.008 

(-0.033-0.107) 
0.096 

0.058 

(-0. 061-0.178) 
0.284 

0.054 

(-1.866-1.974) 
0.956 

Height, for every 

1 cm increase 

0.001 

(-0.018-0.020) 
0.884 

0.006 

(-0.004-0.017) 
0.249 

-0.028 

(-0.079-0.022) 
0.269 

BMI, for every 1 

kg/m2 increase 

0.151 (0.044-

0.528) 
0.006 

0.044 

(-0.016-0.104) 
0.153 

0.185 

(-0.106-0.477) 
0.211 
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Waist 

circumference, 

for every 1 cm 

increase 

0.051 

(0.019-0.084) 
0.002 

0.028 (0.010-

0.046) 
0.003 

0.097 (0.008-

0.185) 
0.032 

Total body fat 

mass, for every 

1% increase 

0.083 

(-0.025-0.191) 
0.131 

0.038          

(-0.020-0.096) 
0.196 

0.334  

(0.057-0.611) 
0.019 

Total body fat 

mass, for every 1 

kg increase 

0.063 

(-0.039-0.165) 
0.224 

0.059  

(0.006-0.112) 
0.029 

0.330  

(0.080-0.579) 
0.011 

Lean body mass, 

for every 1% 

increase 

-0.068 

(-0.146-0.010) 
0.089 

-0.030 

(0.073-0.013) 
0.170 

-0.155 

(-0.379-0.069) 
0.174 

Lean body mass, 

for every 1 kg 

increase 

0.004 

(-0.046-0.054) 
0.867 

0.013 

(-0.13-0.039) 
0.329 

0.040 

(-0.091-0.172) 
0.545 

SBP, for every 1 

mmHg increase 

0.026 

(-0.001-0.053) 
0.110 

0.013 

(-0.002-0.027) 
0.121 

0.167  

(0.100-0.234) 
<0.001 

Hypertension 
1.811 

(0.689-2.934) 
0.002 

0.939  

(0.0316-1.563) 
0.003 

6.577 

(3.508 -9.646) 
<0.001 

2-hour plasma 

glucose level 

after 75-g 

glucose 

administration, 

for every 1 mg/dL 

increase 

0.020 

(0.006-0.033) 
0.004 

0.007  

(0.000-0.015) 
0.550 

0.064  

(0.026-0.095) 
<0.001 

HOMA-IR, for 

every 0.1 increase 
0.274 

(-0.022-0.570) 
0.069 

0.132 

(0.031-0.294) 
0.112 

0.943 (0.184-

1.702) 
0.015 

HbA1c, for every 

0.1% increase 

0.061 

(-0.064-0.186) 
0.338 

0.046 

(-0.023-2.057) 
0.189 

0.069 

(-0.254-0.392) 
0.674 
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LDL-C, for every 

1 mg/dL increase 

-0.009 

(-0.025-0.007) 
0.290 

0.000 

(-0.009-0.008) 
0.937 

-0.058 

(-0.099-  

0.148) 

0.005 

TGs, for every 1 

mg/dL increase 

-0.004 

(-0.011-0.003) 
0.281 

0.000 

(-0.004-0.004) 
0.932 

0.124 

(0.036-0.211) 
0.039 

HDL-C, for every 

1 mg/dL increase  

0.012 

(-0.032-0.056) 
0.600 

0.005 

(-0.019-0.029) 
0.685 

-0.016 

(-0.130-0.098) 
0.782 

PWV, for every 1 

m/s increase 

0.256  

(0.011-0.561) 
0.042 

0.193  

(0.042-0.345) 
0.013 

0.193  

(0.042-0.345) 
0.013 

Abbreviations: DSPN; distal symmetrical polyneuropathy, BMI; body mass index, HOMA-IR; 

homeostatic model assessment of insulin resistance, HbA1c; hemoglobin A1C, LDL-C; low-density 

lipoprotein cholesterol, TGs; triglycerides, HDL-C; high-density lipoprotein cholesterol, PWV; pulse 

wave velocity 
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-2 0 2 4 6

PWV 

HOMA-IR

2-hour plasma glucose

Hypertension

Lean body mass 

Waist circumference

Current/ previous smoking

Gender, female vs male

Age

β  (95% CI)

NSS

after 75-g glucose administration

0.008 (-0.150-0.155) 0.348 2.548

1.889 (-0.985-4.762) 0.192 2.799

0.086 (-1.296-1.432) 0.920 1.541

0.096 (0.015-0.207) 0.004 3.236

0.066 (-0.158-0.289) 0.789 4.291

0.792 (-0.282- 2.865) 0.446 1.387

beta  (95% CI)            p-value     VIF

0.005 (-0.022-0.039) 0.717 1.298

0.004 (-0.915-0.468) 0.519 1.332

0.250 (-0.0281-0.728) 0.082 2.070

 
Figure 31 Multivariate associations of NSS with cardiometabolic risk factors and arterial stiffness at baseline 

Forest plot presenting beta coefficients (β) and 95% confidence intervals (CIs) from a multivariate linear regression 
model assessing the associations of NSS with cardiometabolic and cardiovascular risk factors. Each point represents 
the β coefficient and error bars the 95% CIs. The multivariate analyses were adjusted for all covariates that showed 
a p-value < 0.1 in the univariate analysis. The multivariate analyses were adjusted for age, gender, smoking status, 
waist circumference, lean body mass percentage, hypertension, 2-h plasma glucose level after 75-g glucose 
administration, HOMA-IR and PWV. BMI was excluded from the multivariate analysis due to high collinearity with 
waist circumference (VIF 29.4 and 26.6, respectively).  
Abbreviations: NSS; neuropathy symptom score, BMI; body mass index, HOMA-IR; homeostatic model 
assessment of insulin resistance, PWV; pulse wave velocity, VIF; variance inflation factor 
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-1 0 1 2 3

PWV 

Hypertension

Total body fat mass

Waist circumference

Age

β  (95% CI)

NDS

0.043 (0.015-0.072) 0.003 3.701

0.027 (0.007-0.046) 0.008 5.632

0.056 (0.014-0.099) 0.011 5.792

0.850 (-0.437-2.137) 0.183 1.027

0.120 (-0.108-1.054) 0.103 3.657

beta  (95% CI)            p-value     VIF

 
Figure 32 Multivariate associations of NDS with cardiometabolic risk factors and arterial stiffness at baseline 

 
Forest plot presenting beta coefficients (β) and 95% confidence intervals (CIs) from a multivariate linear regression 
model assessing the associations of NDS with cardiometabolic and cardiovascular risk factors. Each point represents 
the β coefficient and error bars the 95% CIs. The multivariate analyses were adjusted for all covariates that showed 
a p-value < 0.1 in the univariate analysis. The multivariate analysis was adjusted for age, waist circumference, total 
body fat mass, hypertension and PWV. 
 Abbreviations: NDS; neuropathy disability score, PWV; pulse wave velocity 
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-0.5 0.0 0.5 1.0 1.5 2.0 2.5

PWV 

LDL-C

TGs

HOMA-IR

2-hour plasma glucose 

Total body fat mass

Waist circumference

Age

β  (95% CI)

VPT

after 75-g glucose administration

0.355 (0.164-0.546) <0.001 5.667

0.031 (-0.075-0.138) 0.561 8.041

6.885 (2.570-10.800) 0.002 5.178

0.247 (-0.134-0.580) 0.186 1.468

1.192 (0.253-2.131) 0.014 1.614

beta  (95% CI)            p-value     VIF

0.033 (-0.026-0.091) 0.273 1.643

-0.035 (-0.067-0.004) 0.129 1.622

1.010 (0.123-1.897) 0.026 5.178

 
Figure 33 Multivariate associations of VPT with cardiometabolic risk factors and arterial stiffness at baseline 

Forest plot presenting beta coefficients (β) and 95% confidence intervals (CIs) from a multivariate linear regression 
model assessing the associations of VPT with cardiometabolic and cardiovascular risk factors. Each point represents 
the β coefficient and error bars the 95% CIs. The multivariate analyses were adjusted for all covariates that showed 
a p-value < 0.1 in the univariate analysis. The multivariate analysis was adjusted for age, waist circumference, total 
body fat mass, hypertension, 2-h plasma glucose level after 75-g glucose administration, HOMA-IR, LDL-C, TGs 
and PWV. 
Abbreviations: VPT; vibration perception threshold, HOMA-IR; homeostasis model assessment of insulin 
resistance, TGs; triglycerides, LDL-C; low-density lipoprotein cholesterol, PWV; pulse wave velocity  
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6.1.6 Association of MetS components and DSPN 
 

We grouped participants based on the number of MetS components present. The prevalence of 

DSPN was significantly higher in participants with a greater number of MetS components (p for 

trend=0.025) (OR per 1 MetS criterion increase: 1.467, 95% CI: 1.167 to 1.767, p=0.018) (Figure 

34). Stratified analyses by glycemic status showed that the prevalence of DSPN was significantly 

higher in participants with a higher number of MetS components within both IFG only and 

IFG+IGT groups (p for trend=0.029 and p for trend=0.040, respectively). No significant interaction 

was observed between glycemic status and the number of MetS components for DSPN (Figure 35).  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

DSPN cases/total subjects (%) in each group: 1 MetS component: 4/35 (11.4%), 2 MetS 
components: 9/65 (13.8%), 3 MetS components: 11/49 (22.4%), 4 MetS components: 2/8 
(25.0%), 5 MetS components: 1/3 (33.3%). 
Abbreviations: DSPN; distal symmetrical polyneuropathy, MetS; metabolic syndrome 
Data are presented as percentages with group sizes indicated below each bar.

Figure 34 The prevalence of DSPN with increasing MetS components 
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DSPN cases/total subjects (%) in each MetS component group: IFG only: 1 MetS component: 2/35 
(5.7%), 2 MetS components: 4/65 (6.2%), 3 MetS components: 7/49 (14.3%), 4 MetS components: 2/8 
(25.0%), 5 MetS components: 0/3 (0.0%). IFG+ΙGT: 1 MetS component: 2/35 (5.7%), 2 MetS 
components: 5/65 (7.7%), 3 MetS components: 4/49 (8.2%), 4 MetS components: 0/8 (0.0%), 5 MetS 
components: 1/3 (33.3%) 
Abbreviations: IFG; impaired fasting glucose, IGT; impaired glucose tolerance, DSPN; distal symmetrical 
polyneuropathy, MetS; metabolic syndrome

Figure 35 The prevalence of DSPN with increasing MetS components by glycemic status at baseline 
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6.1.7 Prevalent DSPN and arterial stiffness 
 
 
A higher percentage of participants with DSPN had carotid-femoral PWV ≥10 m/s vs those 

without (29.6 vs 11.3%, p=0.029) (Table 5). Also, median PWV was significantly greater in 

the subgroup with vs without DSPN (8.8 vs 8.0 m/s, p=0.031) (Table 5). Demographic and 

clinical characteristics grouped by arterial stiffness are presented in Table 12. In the overall 

study population, those participants with PWV ≥10 m/s were significantly older and had higher 

prevalence of hypertension than those with PWV <10 m/s (72 vs 60 years, p=0.010 and 82.6 

vs 33.6%, p=0.003, respectively). Participants with DSPN and PWV ≥10 m/s were more likely 

to be previous/current smokers (75.0 vs 43.0%, p=0.015) and have dyslipidemia (75.0 vs 

66.7%, p=0.031) than those with DSPN but PWV <10 m/s (Table 12).  In univariate analyses, 

PWV was significantly associated with DSPN (OR: 2.163, 95% CI: 1.172-4.183, p<0.001), but 

this association did not remain significant after adjustment for confounding variables (Table 

10 and Figure 29). Stratified analyses of the associations of DSPN with PWV according to 

age, gender, smoking status, hypertension, and LDL-C are presented in Figure 30. No 

significant interaction was observed. Univariate associations of NSS, NDS, and VPT with 

PWV are presented in Table 11. PWV was independently associated with VPT (beta: 1.010, 

95% CI: 0.123-1.897, p=0.026) (Figure 33).  
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Table 12 Demographic and clinical characteristics of study participants grouped by PWV at baseline 

 
Overall 

N=160 

Without DSPN 

N=133 

With DSPN 

N=27 

 
PWV <10 m/s 

(N=137) 

PWV ≥10 m/s 

(N= 23) 

PWV <10 m/s 

(N=118) 

PWV ≥10 m/s 

(N= 15) 

PWV <10 

m/s 

(N=21) 

PWV ≥10 

m/s 

 (N= 8) 

Age, years 60 ± 8 72 ± 8* 60 ± 9 71 ± 10^ 63 ± 7 75 ± 5 # 

Male gender, N (%) 80 (58.4) 17 (73.9) 69 (58.5) 12 (80.0) 11 (52.4) 5 (23.8) 

Never smoking, N 

(%)  
77 (56.2) 11 (47.8) 67 (56.8) 9 (60.0) 10 (47.6) 2 (62.5) 

Previous/current 

smoking, N (%) 
60 (43.7) 12 (52.2) 51 (43.2) 6 (40.0) 9 (43.0) 6 (75.0)# 

Height, cm 
168  

(160-174) 

167  

(163-172) 

168 

 (160-174) 

166  

(159-168) 

170  

(158-174) 

172  

(165-183) 

Weight, kg 80.8 ± 19.6 83.8 ± 15.8 80.0 ± 20.1 80.0 ± 14.5 85.1 ± 16.4 95.3 ± 12.2 

BMI, kg/m2 
28.0 

(26.2-31.7) 

30.3 

(26.9-34.0) 

27.9 

(26.1-31.6) 

29.7 

(26.4-32.6) 

29.1 

(27.1-33.0) 

31.0 

(29.8-35.5) 

Waist circumference, 

cm 

90.0 

(82.0-98.0) 

94.0 

(84.0-104.0) 

89.0 

(81.0-98.0) 

92.0 

(79.0-104.0) 

96.5 

(91.0-104.5) 

102.0 (97.0-

114.0) 

Waist to height ratio 
0.53 

(0.49-0.62) 

0.56 

(0.47-0.65) 

0.52 

(0.49-0.60) 

0.56 

(0.46-0.65) 

0.59 

(0.52-0.65) 

0.59 

(0.56-0.66) 

Total body fat mass, 

% 
29.5 ± 8.9 29.8 ± 10.5 29.0 ± 8.7  27.4 ± 7.2 32.0 ± 7.8 34.6 ± 7.8  

Total body fat mass, 

Kg 
24.5 ± 9.9 25.0 ± 12.7 24.0 ± 9.9  21.5 ± 11.9 27.7 ± 9.6 33.4 ± 7.8 

Lean body mass, %  70.1 ± 8.2 68.2 ± 9.1 70.6 ± 8.2 69.8 ± 9.9 68.0 ± 7.7 65.4 ± 7.8    

Lean body mass, Kg 54.4 ± 12.7 57.6 ± 11.5 54.3 ± 12.4  49.7 ± 9.0 54.7 ± 14.8 67.5 ± 2.9 

Glycemic status  

IFG, N (%) 

IFG + IGT, N (%) 

96 (70.1) 

37 (27.0) 

14 (60.9) 

13 (56.6) 

84 (71.2) 

32 (27.1) 

11 (73.3) 

6 (40.0) 

12 (57.1) 

5 (23.8) 

3 (37.5) 

7 (87.5) 

Hypertension, N (%) 46 (33.6) 19 (82.6)* 32 (27.1) 12 (80.0)^ 14 (66.7) 7 (87.5)  

Dyslipidemia, N (%) 92 (67.2) 19 (82.6) 78 (66.1) 13 (86.7) 14 (66.7) 6 (75.0)# 

MetS, N (%) 49 (35.8) 11 (47.8) 39 (33.1) 7 (46.7) 10 (47.6) 4 (50.0) 
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Stroke, N (%) 7 (5.1) 4 (17.4) 6 (5.1) 3 (20.0) 1 (4.8) 1 (12.5) 

Family history of 

T2D, N (%) 
35 (25.5) 11 (47.8) 29 (24.6) 8 (53.3) 6 (28.6) 3 (37.5) 

Mini mental score 
28  

(26-29) 

27  

(23-29)* 

28  

(26-29) 

27  

(23-28)^ 

28  

(27-30) 

27  

(24-30) 

MedDiet score 
29 

(27-32) 

28  

(26-31) 

29  

(27-32) 

27  

(25-31) 

28 

 (27-31) 

30  

(27-31) 

ABI-Right lower 

extremity 
 

1.2  

(1.1-1.3) 

1.2  

(1.0-1.3) 

1.1  

(1.1-1.3) 

1.1 

 (1.0-1.3) 

1.3  

(1.1-1.4) 

1.1  

(1.0- 1.2) 

ABI-Left lower 

extremity 

1.2  

(1.1-1.3) 

1.2  

(1.1-1.2) 

1.2  

(1.0-1.3) 

1.2  

(1.1-1.3) 

1.2  

(1.0 -1.3) 

1.2  

(1.1-1.3)  

 

Abbreviations: DSPN; distal symmetrical polyneuropathy, BMI; body mass index, MetS; metabolic syndrome, 
T2D; type 2 diabetes, MedDiet; mediterranean diet, ABI; ankle-brachial index, PWV; pulse wave velocity *p<0.05 
vs. participants with PWV < 10 m/s, ^p<0.05 vs participants without DSPN and PWV <10 m/s, #p<0.05 vs 
participants with DSPN and PWV <10 m/s 
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6.2 Follow-up 
 

6.2.1 Clinical characteristics of study population and incidence of DSPN  

at follow up  

Among 160 participants with prediabetes, 27 (16.9%) had DSPN at baseline. The remaining 

133 participants were enrolled in the prospective study, and all completed study visit at 24 

months. Table 13 summarizes demographic and clinical characteristics at baseline and follow-

up. Over the median follow-up of 24 months (IQR 20-27), 13 subjects developed DSPN, 

corresponding to an incidence rate of 9.8%, 17 participants (12.8%) progressed to T2D and 24 

(21.8%) regressed to normoglycemia (Table 13).  

At baseline visit, individuals progressing to incident DSPN vs those who did not were older 

(68 ± 10 vs 60 ± 14 years, p=0.011), and had higher BMI (28.7 [27.3-32.0] vs 27.3 [25.0-31.5] 

kg/m2, p=0.046), total fat mass (29.4 ± 16.4 vs 23.3 ± 12.4 kg, p=0.026) and PWV (8.6 [8.19.3] 

vs 6.4 [5.6-7.4] m/s, p=0.041) (Table 13). Rates of reversion to normoglycemia or progression 

to T2D during follow-up did not differ between the 2 groups (Table 13). In addition, no 

significant differences in routine treatment were observed between the 2 groups at baseline. In 

participants who developed DSPN, the use of statin and ezetimibe therapy did not change 

significantly, while in those who did not, statins increased by 30.8% and ezetimibe by 21.7% 

(both p<0.05) at follow-up (Table 14).
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Table 13  Baseline and follow-up demographic and clinical characteristics of participants according to 

DSPN status at follow-up (among those without DSPN at baseline) 

 

 

 

Overall 

Baseline 

Overall  

Follow-up 

No DSPN 

Baseline 

 

 

No DSPN 

Follow-up 

Incident 

DSPN  

Baseline 

Incident 

DSPN  

Follow-up 

 N=133 N=133 N=120 N=120 N=13 N=13 

Age, years 61 ± 13 63 ± 16 60 ± 13 62 ± 16 68 ± 14c 70 ± 15 

Sex, Male, 

N (%) 

81 

(60.9) 

- 71 

(59.2) 

- 10 

(76.9)c 

- 

Never smoking,  

N (%) 

61 

(50.8) 

61 

(50.8) 

58 

(48.3) 

58 

(48.3) 

3 

(23.1) c 

3 

(23.1) 

Previous/  

current smoking,  

N (%) 

72 

(60.0) 

 

72 

(60.0) 

 

62 

(51.7) 

 

62 

(51.7) 

 

10 

(76.9) c 

 

10 

(76.9) 

 

Height, cm 167 

(160-173) 

- 166 

(159-174) 

- 169 

(164-176) 

- 

Weight, kg 79.7 ± 18.7 79.4 ± 17.5 78.8 ± 18.8 78.6 ± 17.9 89.2 ± 15.4c 87.0 ± 12.0 d 

BMI, kg/m2 
28.3 

(26.2-31.5) 

28.4 

(25.8-31.6) 

27.3 

(25.0-31.5) 

27.2 

(25.8-31.6) 

28.7 

(27.3-32.0)c 

28.5 

(26.9-30.7) 

Waist 

circumference, cm 

89.0 

(81.0-98.0) 

90.0 

(81.0-97.0) 

88.0 

(81.0-91.0) 

90.0 

(80.0-96.0) 

92.0 

(86.0-98.0)c 

92.0 

(86.0-97.0) 
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Waist to height 

ratio 

0.53 

(0.49-0.60) 

0.53 

(0.50-0.60) 

0.53 

(0.48-0.60) 

0.54 

(0.48-0.57) 

0.54 

(0.51-0.58) 

0.54 

(0.51-0.57) d 

MedDiet score 28 

(25-32) 

30 

(26-32) 

29 

(25-32) 

30 

(26-32) 

31 

(28-33) 

31 

(26 -33) 

SBP, mmHg 128 ± 22 131 ± 20 128± 23 131 ± 20 130 ± 8 134 ± 18 

DBP, mmHg 78 ± 12 79 ± 12 78  ± 12 78 ± 13 78 ± 12 81 ± 12 

Total body fat 

mass, % 
28.7 ± 8.4 29.2 ± 7.6 28.9 ± 8.6 29.0 ±7.6 27.0 ± 7.0 30.3 ± 8.47 d 

Total body fat 

mass, Kg 
23.8 ± 9.6 25.4 ± 12.5 23.3 ± 8.8 25.2 ± 12.4a 29.4 ± 16.4c 28.1 ± 14.3d 

Lean body mass, % 70.7 ± 7.9 70.6 ± 7.4 71.1 ± 7.4 71.0 ± 7.6 73.0 ± 7.8 69.7 ± 7.1 

Lean body mass, 

Kg 
55.9 ± 9.6 54.1 ± 13.8 55.5 ± 13.4 53.4 ± 14.1 59.8 ± 16.1 58.9 ± 5.8 

IFG, N (%) 

IGT, N (%) 

T2D, N (%) 

Normoglycemia, N 

(%) 

95 (71.4) 

38 (28.6) 

0 (0.0) 

0 (0.0) 

92(69.2) 

- 

17 (12.8) 

24 (21.8) 

87 (72.5) 

33(27.5) 

 0 (0.0) 

0 (0.0) 

82 (68.3)a 

- 

16 (13.3) 

22 (18.3) 

8 (61.5) c 

5 (38.5) c 

0 (0.0) 

0 (0.0) 

 

10 (76.9)b 

- 

1 (7.7) 

2 (15.4) 

ABI-Right lower 

extremity 

1.19 

(1.0-1.22) 

1.19 

(1.07-1.32) 

1.19 

(1.04-1.29) 

1.19 

(1.09-1.30) 

1.14 

(1.08-1.25) 

1.27 

(1.14-1.35) 

ABI-Left lower 

extremity 

1.18 

(1.0-1.3) 

1.18 

(1.08-1.30) 

1.17 

(1.01-1.28) 

1.17 

(1.07-1.30) 

1.25 

(1.17-1.33) 

1.26 

(1.13-1.35) 

PWV (carotid-

femoral), m/s 

8.0 

(7.3-9.1) 

8.3 

(7.4-9.7) 

6.4 

(5.6-7.4) 

8.2 

(7.4-9.6)a 

8.6 

(8.1-9.3) c 

9.7 

(8.2 12.4) d 
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Abbreviations: DSPN; distal symmetrical polyneuropathy, BMI; Body-Mass-Index, SBP; systolic blood 
pressure, DBP; diastolic blood pressure, IFG; impaired fasting glucose, IGT; impaired glucose tolerance, T2D; 
Type 2 Diabetes, MetS; Metabolic Syndrome, UACR; urinary albumin-to-creatinine ratio, MedDiet; 
Mediterranean Diet, ABI; Ankle-Brachial Index, PWV; Pulse Wave Velocity 
Parametric variables are expressed as mean ± SD, non-parametric variables as median (IQR), and categorical 
variables as number (percentage), ap-value<0.05 for within-group change from baseline to follow-up in the No 
DSPN group,bp-value<0.05 for within-group change from baseline to follow-up in the incident DSPN group.cp-
value<0.05 for between-group comparisons across DSPN groups at baseline, dp-value<0.05 for between-group 
comparisons across DSPN groups at follow-up 

 
 
 
 
 
 
 
 
 

  

 

PWV carotid-

femoral ≥10 m/s,  

N (%) 

17 (12.8) 20 (15.0) 15 (12.5) 16 (13.3) 2 (15.4) 4 (30.8) d 
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Table 14  Baseline and follow-up medications of study participants according to DSPN group 

 

 

 

 

Overall 

Baseline 

Overall 

Follow-up 

No DSPN 

Baseline 

No DSPN 

Follow-up 

Incident 

DSPN 

Baseline 

Incident 

DSPN 

Follow-

up 

 N=133 N=133 N=120 N=120 N=13 N=13 

Hypolipidemic, N (%) 91 (68.4) 129 (97.0) 81 (67.5) 118 (98.3)a 10 (76.9) 11 (84.6) 

Statin, N (%) 91 (68.4) 128 (96.2) 81 (67.5) 118 (98.3)a 10 (76.9) 10 (76.9) 

Ezetimibe, N (%)  53 (39.8) 81 (60.9) 48 (40.0) 74 (61.7)a 5 (38.5) 7 (53.8) 

Fenofibrate, N (%) 4 (3.0) 0 (0.0) 4 (3.3) 0 (0.0) 0 (0.0) 0 (0.0) 

ACEs, N (%) 8 (6.0) 8 (6.0) 8 (6.7) 8 (6.7) 0 (0.0) 0 (0.0) 

ARBs, N (%) 
31 (23.3) 36 (27.1) 28 (23.3) 

31 

(25.8) 
3 (23.1) 5 (38.5) 

CCBs, N (%) 31 (23.3) 31 (23.3) 26 (21.6) 26 (21.6) 5 (38.5) 5 (38.5) 

B-blockers, N (%) 20 (15.0) 21 (15.8) 19 (15.8) 20 (16.7) 1 (7.7) 1 (7.7) 

Thiazide diuretics, N 

(%) 
16 (12.0) 18 (13.5) 14 (11.6) 16 (13.3) 2 (15.4) 2 (15.4) 

MRAs, N (%) 1 (0.8) 1 (0.8) 1 (0.8) 1 (0.8) 0 (0.0) 0 (0.0) 

Abbreviations: ACEs; angiotensin-converting enzyme inhibitors, ARBs; angiotensin ii receptor blockers, 
CCBs; calcium channel blockers, B-blockers; beta blockers, MRAs; mineralocorticoid receptor antagonists 
a p-value for within-group change from baseline to follow-up in the No DSPN group 
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6.2.2. Changes in neuropathic symptoms and signs from baseline to follow-up in 

participants without DSPN at baseline  

Baseline and follow-up neuropathic symptoms and signs are presented in Table 15. 

Participants developing incident DSPN vs those who did not had higher baseline NSS (5 [3-8] 

vs 3 [0-5], p<0.001) (Table 15). Regarding neuropathic symptom severity at baseline, severe 

symptoms (NSS scores: 7-10) were more common (23.1 vs 10.8%, p=0.042) in those who 

developed incident DSPN vs those who did not (Table 16). No significant differences were 

observed in baseline NDS and neuropathic sign severity between the 2 groups (Table 15 and 

Table 16). Baseline abnormal vibration perception assessed with a tuning fork was more 

frequent at baseline (7.7 vs 2.5%, p=0.021) in those who developed incident DSPN (Table 15). 

Also, baseline VPT was higher (25 [21-30] vs 18 [11-21] V, p=0.011) and more frequently 

abnormal (23.1 vs 10.0%, p=0.017) in those developing incident (Table 15 and Table 16). 

 

  

Table 15 Baseline and follow-up neuropathic symptoms and signs according to DSPN group   

during the study 

 

 

 

Overall 

Baseline 

Overall 

Follow-up 

No DSPN 

Baseline 

No DSPN 

Follow-up 

Incident 

DSPN 

Baseline 

Incident 

DSPN 

Follow-up 

 N=133 N=133 N=120 N=120 N=13 N=13 

NSS 
4 

(0-6) 

4 

(0-6) 

3 

(0-5) 

3 

(0-5) 

5 

(3-8)b 

6 

(5-6)c 

Burning,  

N (%) 

21 

 (15.8) 
23 (17.3) 

19 

(15.8) 

16 

(13.3) 

2 

(15.4) 

7 

(53.8)c 

Numbness,  

N (%) 

18  

(13.5) 
23 (17.3) 

16 

(13.3) 

10 

(8.3) 

2 

(15.4) 

13 

(100.0)c 

Paresthesia, N 

(%) 

11 

 (8.3) 

10  

(7.5) 

9 

(7.5) 

7 

(5.8) 

2 

(15.4) 

3 

(23.1)c 
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Fatigue, 

N (%) 

30  

(22.6) 

15  

(11.3) 

25 

(20.8) 

13 

(10.8)a 

5 

(38.5) 

2 

(15.4) 

Cramps, 

N (%) 

47  

(35.3) 
42 (31.6) 

42 

(35.0) 

36 

(30.0) 

5 

(38.5) 

6 

(46.2) 

Pain,  

N (%) 

14 

 (10.5) 

10 

 (7.5) 

13 

(10.8) 

9 

(7.5) 

1 

(7.7) 

1 

(7.7) 

Distal (foot) 

distribution of 

symptoms,  

N (%) 

35  

(26.3) 

39  

(29.3) 

29 

(24.2) 

30 

(25.0) 

6 

(46.2)b 

9 

(69.2)c 

Distal (lower 

leg) 

distribution of 

symptoms,  

N (%) 

40  

(30.1) 

38  

(28.6) 

36 

(30.0) 

34 

(28.3) 

4 

(30.8) 

4 

(30.8) 

Exacerbation 

at night,  

N (%) 

31  

(23.3) 

32  

(24.1) 

26 

(21.6) 

27 

(22.5) 

5 

(38.5)b 

5 

(38.5)c 

Awaken at 

night, N (%) 

16 

 (12.0) 

19  

(14.3) 

14 

(11.7) 

14 

(11.7) 

2 

(15.4)b  

5 

(38.5) 

Symptoms 

improvement 

while walking, 

N (%) 

17  

(12.8) 

17  

(12.8) 

14 

(11.7) 

13 

(10.8) 

3 

(23.1) 

4 

(30.8)c 

Symptoms 

improvement 

while standing,  

N (%) 

8  

(6.0) 

3  

(2.3) 

6 

(5.0) 

2 

(1.7) 

2 

(15.4) 

1 

(7.7) 

Symptoms 

improvement 

while sitting, 

N (%) 

100 

 (75.2) 

71  

(53.4) 

92 

(76.7) 

64 

(53.3) 

8 

(61.5) 

7 

(53.8) 
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NDS 
3 

(2.3) 

4 

(3.0) 

        1 

(0-2) 

0 

(0-2) 

2 

(0-2) 

4 

(3-5)c 

Achilles tendon reflexes 

Right lower extremity 

Decreased,  

N (%) 

Absent,  

N(%) 

17  

(12.8) 

1  

(0.8) 

26  

(19.5) 

2  

(1.5) 

16 

(13.3) 

1 

(1.0) 

18 

(15.0) 

2 

(1.7) 

1 

(7.7) 

0 

(0.0) 

8 

(61.5)c 

0 

(0.0) 

Left lower extremity 

Decreased,  

N (%) 

Absent,  

N (%) 

23  

(17.3) 

0  

(0.0) 

23  

(17.3) 

2  

(1.5) 

22 

(18.3) 

0 

(0.0) 

15 

(12.5) 

2 

(1.7) 

1 

(7.7) 

0 

(0.0) 

8 

(61.5)c 

0 

(0.0) 

Both lower extremities 

Decreased,  

N (%) 

Absent, 

N (%) 

14  

(10.5) 

0  

(0.0) 

20  

(15.0) 

2  

(1.5) 

14 

(11.7) 

0 

(0.0) 

15 

(12.5) 

2 

(1.7) 

0 

(0.0) 

0 

(0.0) 

5 

(38.5) 

0 

(0.0) 

Abnormal vibration perception as examined with tuning fork 

Right lower 

extremity,  

N (%) 

5 

 (3.8) 

10 

 (7.5) 

3 

(2.5) 

4 

(3.3) 

2 

(15.4) 

6 

(46.2)c 

Left lower 

extremity,  

N (%) 

5  

(3.8) 

11 

(8.3) 

3 

(2.5) 

5 

(4.2) 

2 

(15.4) 

6 

(46.2)c 

Both lower 

extremities,  

N (%) 

4  

(3.0) 

4  

(3.0) 

3 

(2.5) 

0 

(0.0) 

1 

(7.7) 

4 

(30.8)c 

Abnormal pain perception as examined with pinprick 

Right lower 

extremity,  

N (%) 

 

13 

(9.8) 

 

 

22 (16.5) 

 

11 

(9.2) 

16 

(13.3) 

2 

(15.4) 

6 

(46.2)c 



142 
 

 

Left lower 

extremity,  

N (%) 

13 

(9.8) 
17 (12.8) 

11 

(9.2) 

12 

(10.0) 

2 

(15.4) 

5 

(38.5) 

Both lower 

extremities,  

N (%) 

13 

(9.8) 
14 (10.5) 

11 

(9.2) 

10 

(8.3) 

2 

(15.4) 

4 

(30.8) 

Abnormal temperature discrimination as examined with thermal probe 

Right lower 

extremity, 

N (%) 

35 

(26.3) 
35 (26.3) 

30 

(25.0) 

26 

(21.7) 

5 

(38.5) 

9 

(69.2)c 

Left lower 

extremity, 

 N (%) 

40 

(30.1) 
33 (24.8) 

37 

(30.8) 

23 

(19.2) 

3 

(23.1) 

10 

(76.9)c 

Both lower 

extremities,  

N (%) 

32 

(24.1) 
29 (21.8) 

30 

(25.0) 

22 

(18.3) 

2 

(15.4) 

7 

(53.8)c 

Absent 10-g monofilament sensation at least at one site 

Right lower 

extremity, N 

(%) 

2 

(1.5) 

5 

(3.8) 

2 

(1.7) 

2 

(1.7) 

0 

(0.0) 

3 

(23.1)c 

Left lower 

extremity, N 

(%) 

2 

(1.5) 

5 

(3.8) 

2 

(1.7) 

2 

(1.7) 

0 

(0.0) 

3 

(23.1)c 

Both lower 

extremities, N 

(%) 

2 

(1.5) 

4  

(3.0) 

2 

(1.7) 

2 

(1.7) 

0  

(0.0) 

2  

(15.4) 

VPT, V 
20 

(15-25) 

20 

(15-27) 

18 

(11-21) 

18 

(12-23) 

25 

(21-30)b 

28 

(20-31)c 

Abbreviations: NSS; neuropathic symptom score, NDS; neuropathy disability score, VPT; vibration 
perception threshold 
Parametric variables are expressed as mean ± SD, non-parametric variables as median (IQR), and 
categorical variables as  number (percentage) ap-value for within-group change from baseline to follow-
up in the No DSPN group, bp-value for between-group comparisons across DSPN groups at baseline, 
cp-value for between-group comparisons across DSPN groups at follow-up 
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Table 16   Severity categories of NSS, NDS, and VPT at baseline and follow-up according to DSPN 

group 

     Overall 
Baseline 

 
 

Overall 
Follow-up 

No DSPN 
Baseline 

 
 

No DSPN 
Follow-up 

 

Incident 
DSPN 

Baseline 

Incident 
DSPN 

Follow-up 

 N=133 N=133 N=120 N=120 N=13 N=13 
Mild (NSS: 3-4),  

N (%) 
31  

(23.3) 

30  

(22.6) 

27 

(22.5) 

29  

(24.2) 

4  

(30.8) 

1 

 (7.7) 

Moderate (NSS: 

5-6), N (%) 
31  

(23.3) 

34 

 (25.6) 

27  

(22.5) 

25 

 (20.8) 

4  

(30.8)a 

9 

 (69.2)c 

Severe (NSS: 7-

10), N (%) 
16  

(12.0) 

19  

(14.3) 

13  

(10.8) 

16  

(13.3) 

3  

(23.1)b 

3 

 (23.1) 

Mild (NDS: 3-5), 

N (%) 
14  

(10.5) 

26  

(19.5) 

13 

(10.8) 

16 

(13.3) 

1 

(7.7)a 

10  

(76.9)c 

Moderate (NDS: 

6-8), N (%) 
0 

 (0.0) 

3  

(2.3) 

0  

(0.0) 

0  

(0.0) 

0 

 (0.0) 

3 

(23.1)c 

Severe (NDS: 9-

10), N (%) 
0  

(0.0) 

0  

(0.0) 

0  

(0.0) 

0 

 (0.0) 

0  

(0.0) 

0 

 (0.0) 

Abnormal VPT 

age-specific 

N (%) 

15  

(11.3) 

19  

(14.3) 

12   

(10.0) 

15 

 (12.5) 

3 

 (23.1)b 

4  

(30.8)c 

 Abbreviations: NSS; neuropathic symptom score, NDS; neuropathy disability score, VPT; vibration perception 
threshold  
Severity categories for NSS and NDS were defined using pragmatic score ranges commonly applied.a p-value for 
within-group change from baseline to follow-up in the incident DSPN group, bp-value for between group 
comparisons across DSPN groups at baseline, cp-value for between-group comparisons across DSPN groups at 
follow-up 
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6.2.3 Laboratory findings from baseline to follow-up in participants without DSPN 

at baseline 

Baseline and follow-up laboratory parameters for those without DSPN at baseline are presented 

in Table 17. Baseline laboratory parameters were similar between individuals who developed 

incident DSPN vs those who did not, except for higher baseline HOMA-IR (2.9 [1.4-4.6] vs 

2.5 [1.5-3.4], p=0.045), and lower eGFR (71 ± 11 vs 82 ± 14 mL/min/1.73 m², p=0.037) and 

Lp(a) (3.0 [2.6-8.1] vs 13.2 [5.6-35.9] mg/dL, p=0.004) in the incident DSPN group (Table 

17). LDL-C increased in those progressing to incident DSPN (+5.1%), but it decreased in those 

who did not (-14.6%) over the median 24-month follow-up (Table 17). No additional 

laboratory parameter showed significant between-group differences over time (Table 17). 

 
 

Table 17 Baseline and follow-up laboratory profile in those without DSPN at baseline 

 Overall 
Baseline 

 
 

Overall  
Follow-up 

No DSPN 
Baseline 

 
 

No DSPN 
Follow-up 

 

Incident 
DSPN 

Baseline 

Incident 
DSPN  

Follow-up 

 N=133 N=133 N=120 N=120 N=13 N=13 

FPG, mg/dL 
105 

(100-111) 

102 

(97-110)a 

104 

(100- 111) 

102 

(97-110) 

108 

(102-112) 

107 

(100-114) 

2-h plasma 

glucose after 75 

g glucose 

administration, 

mg/dL 

121 ± 40 - 121 ± 40 - 124 ± 39 - 

Insulin, µIU/mL 
10.1 

(6.3-12.8) 

8.3 

(5.1-12.1) 

10.1 

(6.3-12.6) 

8.3 

(5.1-11.9) 

11.1 

(7.2-13.9) 

       11.3 

(5.0-14.0)d 

HOMA-IR 
2.6 

(1.5-3.5) 

2.2 

(1.2-3.1) 

2.5 

(1.5-3.4) 

2.0 

(1.2-3.1) 

2.9 

(1.4-4.6)c 

3.2 

(1.2-3.7)d 

HbA1c, % 
5.9 

(5.6-6.2) 

5.9 

(5.7-6.2) 

5.9 

(5.7-6.2) 

5.9 

(5.7-6.1) 

6.0 

(5.5 -6.0) 

6.0 

(5.6-6.4) 
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eGFR, 

mL/min/1.73 m2 
81 ± 14 80± 15 82± 14 80 ± 16 71 ± 11c 75 ±13 

UACR ≥ 30 

mg/g, N (%) 

20  

(15.0) 
23 

18 

 (15.0) 

21 

 (17.5)b 

2 

 (15.4) 

2 

 (15.4) 

TC, mg/dL 
162 

(140-198) 

155 

(137-178)a 

164 

(140-204) 

155 

(134-178)b 

151 

(144-171) 

162 

(155-177) 

LDL-C, mg/dL 
87 

(70-118) 

77 

(63-96)a 

86 

(71-119) 

76 

(63-97)b 

80 

(68-97) 

83 

(78-90) 

TGs, mg/dL 
98 

(75-137) 

98 

(80-130) 

97 

(75-133) 

98 

(80-130) 

104 

(75-149) 

112 

(83-130) 

HDL-C, mg/dL 
50 

(45-58) 

51 

(44-62) 

50 

(43-60) 

50 

(44-62) 

53 

(46-57) 

55 

(49-62) 

ApoB, mg/dL 
73 

(61-90) 

66 

(57-76) 

74 

(61-91) 

66 

(56-76) 

69 

(59-74) 

74 

(62-78) 

Lp(a), mg/dL 
12.6 

(3.8-32.1) 

10.0 

(4.0-32.0) 

13.2 

(5.6-35.9) 

13.0 

(4.0-39.2) 

3.0 

(2.6-8.1)c 

3.2 

(3.6-8.5) 

25 (OH) 

Vitamin D 

< 20 ng/mL (%) 

 

< 10 ng/mL (%) 

 

 

42 

(31.6) 

17 

(12.8) 

 

 

27 

(20.3)a 

4 

(3.0)a 

 

 

38 

(32.5) 

14 

(11.7) 

 

 

23 

(19.2)b 

1 

(0.8)b 

 

         4  

(30.8) 

3  

(23.1) 

 

4  

(30.8)d 

3  

(23.1) 

25 (OH) 

Vitamin D levels, 

ng/mL 

20.9±10.5 26.5 ± 9.2a 21.3 ± 10.7 26.9 ± 9.3b 17.6 ± 8.4 23.8 ± 8.2 

UACR, mg/g 
8.4 

(5.1-15.0) 

8.1 

(5.2-19.4) 

8.9 

(5.1-16.0) 

8.1 

(5.2-19.4) 

7.8 

(5.8-12.4) 

7.8 

(6.3 -17.2) 

Abbreviations: FPG; fasting plasma glucose, HOMA-IR; homeostasis model assessment of 
insulin resistance, HbA1c; glycated hemoglobin, Cre; serum creatinine, eGFR; estimated 
glomerular filtration rate, TC; total cholesterol, LDL-C; low-density lipoprotein cholesterol, 
TGs; triglycerides, HDL-C; high-density lipoprotein cholesterol, ApoB; apolipoprotein B, Lp(a); 
lipoprotein(a), 25(OH)D; 25-hydroxy vitamin D, UACR; urine albumin-creatinine ratio. 
Parametric variables are expressed as mean ± SD, non-parametric variables as median (IQR), 
and categorical variables as number (percentage) ap-value<0.05 for within-group change from 
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baseline to follow-up in the overall cohort, bp-value<0.05 for within-group change from baseline 
to follow-up in the No DSPN group, cp-value<0.05 for between-group comparisons across 
DSPN groups at baseline, dp-value<0.05 for between-group comparisons across DSPN groups 
at follow-up 

 

 

6.2.4 Predictors of DSPN onset  
 
Univariate associations of incident DSPN with risk factors and their longitudinal 24-month 

changes (Δ) are shown in Table 18. 

Multivariate analyses were adjusted for covariates and their 24-month changes with p<0.10 in 

univariate analyses, along with clinical important confounders: age, sex, smoking, waist 

circumference, total body fat mass (kgs) and ΔTotal body fat mass, HOMA-IR and ΔHOMA-

IR, LDL-C and ΔLDL-C, TGS, PWV, VPT, and statin and/or ezetimibe initiation during 

follow-up (Table 18 and Figure 36). Age (OR for every 1-year increase 1.112, 95% CI 1.023-

1.241, p=0.021), sex (OR male vs female 1.072, 95% CI 1.012-3.276, p=0.032), smoking (OR 

current/previous vs never 1.173, 95% CI 1.072-3.025, p=0.024), waist circumference (OR for 

every 1 cm increase 1.039, 95% CI 1.018-1.280, p=0.019), HOMA-IR (OR for every 0.1 

increase 1.829, 95% CI 1.025-2.460, p=0.026) and ΔΗΟΜΑ-IR (OR for every 0.1 increase 

1.456, 95% CI 1.072-2.870, p=0.029) were independently associated with incident DSPN 

(Table 18 and Figure 36).
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    Table 18 Adjusted ORs for incident DPSN per change in clinically significant covariates 

 
Univariate 

(unadjusted)  
aΜultivariate adjusted 

model 

 OR 
(95% CI) p-value OR  

(95% CI) p-value VIF 

Age, for every 1-
year increase 

1.080 
(1.013-1.154) 0.019 1.112 

(1.023-1.241) 0.021 3.717 

Sex, Male vs 
female 

1.035 
(1.002-1.317) 0.046 

1.072 
(1.012-3.276) 0.032 1.668 

Smoking, 
Current/previous 
vs never 

1.340 
(1.042-1.632) 0.017 1.173 

(1.072-3.025) 0.024 2.376 

BMI, for every 1 
kg/m2 increase 

1.066 
(0.940-1.198) 0.199 (-) (-) (-) 

ΔBMI, for every 
1 kg/m2 increase 

1.113 
(0.771-1.605) 0.568 (-) (-) (-) 

Waist 
circumference, 
for every 1 cm 
increase 

1.028 
(1.004-1.079) 0.033 

1.039 
(1.018-1.280) 0.019 3.962 

ΔWaist 
circumference, 
for every 1 cm 
increase 

1.092 
(0.912-1.179) 0.851 (-) (-) (-) 

Total body fat 
mass, for every 
1% increase 

0.974 
(0.893-1.067) 0.557 (-) (-) (-) 

ΔTotal body fat 
mass, for every 
1% increase 

0.935 
(0.770-1.272) 0.935 (-) (-) (-) 

Total body fat 
mass, for every 1 
kg increase 

1.058 
(1.006-1.129) 

0.029 1.027 
(0.869-1.116) 

0.506 4.221 

ΔTotal body fat 
mass, for every 1 
kg increase 

1.192 
(1.057-1.310) 0.044 0.992 

(0.900-1.256) 0.322 2.584 

Lean body mass, 
for every 1% 
increase 

1.045  
(0.9451.151) 0.372 (-) (-) (-) 

ΔLean body 
mass, for every 
1% increase 

1.038 
(0.960-1.123) 0.344 (-) (-) (-) 
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Lean body mass, 
for every 1 kg 
increase 

1.006 
(0.942-1.075) 

0.412 (-) (-) (-) 

ΔLean body 
mass, for every 1 
kg increase 

1.009 
(0.987-1.246) 0.202 (-) (-) (-) 

Systolic blood 
pressure,  
for every 1 
mmHg increase 

1.006 
(0.971-1.041) 0.748 (-) (-) (-) 

ΔSystolic blood 
pressure,  
for every 1 
mmHg increase 

1.089 
(0.005-2.229) 0.975 (-) (-) (-) 

2-hour plasma 
glucose level 
after 75-g 
glucose 
administration, 
for every 1 mg/dL 
increase 

1.002 
(0.988-1.017) 

0.758 (-) (-) (-) 

HOMA-IR, for 
every 0.1-unit 
increase 

1.267 
(1.011-1.694) 0.027 1.829 

(1.025-2.460) 0.026 1.919 

ΔHOMA-IR, for 
every 0.1-unit 
increase 

1.188 
(0.834-1.692) 0.070 1.456 

(1.072-2.870) 0.029 2.052 

HbA1c, for every 
0.1% increase 

1.132 
(0.039-3.856) 

0.655 (-) (-) (-) 

ΔHbA1c, for 
every 0.1% 
increase 

1.008 
(0.220-6.507) 0.835 (-) (-) (-) 

LDL-C, for every 
1 mg/dL increase 

1.166 
(0.978-1.324) 0.120 1.000 

(0.954-1.042) 0.473 2.204 

ΔLDL-C, for 
every 1 mg/dL 
increase 

1.025 
(1.002-1.051) 0.041 1.049 

(1.000-1.100) 0.051 2.048 

TGs, for every 1 
mg/dL increase 

1.000 
(0.992-1.007) 

0.975 0.988 
(0.962-1.016) 0.394 1.996 

ΔTGs, for every 1 
mg/dL increase 

1.033 
(0.912-1.219) 0.715 (-) (-) (-) 



149 
 

 

HDL-C, for 
every 1 mg/dL 
increase 

0.987  
(0.936-1.040) 

0.615 (-) (-) (-) 

ΔHDL-C, for 
every 1 mg/dL 
increase 

1.061 
(0.975-1.155) 0.171 (-) (-) (-) 

PWV (carotid-
femoral), for 
every 1 m/s 
increase 

1.197 
(1.022-1.487) 0.028 1.300 

(0.688-2.454) 0.419 3.919 

ΔPWV (carotid-
femoral), for 
every 1 m/s 
increase 

1.061 
(0.743-1.516) 0.743 (-) (-) (-) 

UACR, for every 
1 mg/g increase 

1.040 
(0.925-2.625) 0.380 (-) (-) (-) 

ΔUACR, for 
every 1 mg/g 
increase 

0.999 
(0.983-1.015) 0.861 (-) (-) (-) 

VPT age 
specified, 
abnormal vs 
normal 

2.312 
(0.644-5.307) 0.076 1.774 

(0.463-7.667) 0.479 1.089 

Statin and/or 
ezetimibe 
initiation during 
follow-up, vs no 
change 

1.222 
(0.043-3.516) 0.098 0.668 

(0.010-7.145)  0.432 1.493 

Abbreviations: DSPN; distal symmetrical polyneuropathy, BMI; body mass index, 
HOMA-IR; homeostatic model assessment of insulin resistance, HbA1c; hemoglobin A1C, 
LDL-C; low-density lipoprotein cholesterol, TGs; triglycerides, HDL-C; high-density 
lipoprotein cholesterol, PWV; pulse wave velocity, UACR; urine albumin-creatinine ratio, 
VPT; vibration perception threshold, VIF: variance inflation factor 
Values are presented as odds ratios (ORs) with 95% confidence intervals (CIs). Δ indicates 
change between baseline and follow-up (follow-up - baseline). BMI was excluded from the 
multivariate analysis due to high collinearity with waist circumference. a The multivariate 
model was adjusted for baseline variables and their 24-month changes with p<0.10 in 
univariate analyses and clinical important confounders: age, sex, smoking, waist 
circumference, total body fat mass (kgs) and ΔTotal body fat mass (kgs), HOMA-IR and 
ΔHOMA-IR, LDL-C and ΔLDL-C, TGS, PWV, VPT, statin and/or ezetimibe initiation 
during follow-up 
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Abbreviations: DSPN; distal symmetrical polyneuropathy, BMI; body mass index, 
HOMA-IR; homeostatic model assessment of insulin resistance, HbA1c; hemoglobin A1C, 
LDL-C; low-density lipoprotein cholesterol, TGs; triglycerides, HDL-C; high-density 
lipoprotein cholesterol, PWV; pulse wave velocity, UACR; urine albumin-creatinine ratio, 
VPT; vibration perception threshold 
Values are presented as odds ratios (ORs) with 95% confidence intervals (CIs). Δ indicates 
change between baseline and follow-up (follow-up - baseline). BMI was excluded from the 
multivariate analysis due to high collinearity with waist circumference. aThe multivariate 
model was adjusted for baseline variables and their 24-month changes with p<0.10 in 

Figure 36 Adjusted ORs for incident DPSN per change in clinically significant covariates 

1.049 (1.000-1.100), 0.051 
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univariate analyses and clinical important confounders: age, sex, smoking, waist 
circumference, total body fat mass (kgs) and ΔTotal body fat mass (kgs), HOMA-IR and 
ΔHOMA-IR, LDL-C and ΔLDL-C, TGS, PWV, VPT, statin and/or ezetimibe initiation 
during follow-up 
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7. DISCUSSION 

We have shown that DSPN was prevalent in 16.9% of adults with prediabetes. In this 

setting, DSPN was significantly and independently associated with height, smoking, 

central obesity and insulin resistance. In the prospective study, we observed a 9.8% 

incidence of DSPN over a median follow-up of 24 months. Age, male sex, smoking, 

central obesity as well as baseline and changes in insulin resistance over time were 

independently associated with incident DSPN.  

 

7.1 DSPN prevalence in prediabetes 

A growing body of literature reports on the presence of DSPN in prediabetes [226, 227]. 

In a large systematic review of 29 studies (9351 participants with prediabetes) the 

prevalence estimates varied widely, with most studies reporting a prevalence of ≥10% 

[226]. Similarly, we demonstrated that 16.9% of individuals with prediabetes had DSPN 

in real-world clinical practice in a Mediterranean population. In our study, DSPN was 

more frequent among individuals with both IFG+IGT vs IFG. Large population-based 

studies indicated that the prevalence of DSPN in prediabetes varies from 4.2 to 11.3% in 

IFG and from 1.5 to 26.0% in IFG/IGT. The KORA F4 study showed that DSPN 

prevalence of 14.8% in the IGT vs 23.9% in the IFG + IGT group, similarly to our 

findings [231].  

It should be noted that not only participants with DSPN, but also those without an 

established diagnosis of DSPN exhibited neuropathic symptoms up to 35.3%, neuropathic 

signs in up to 30.0% and increased age-adjusted VPT in 12.0%. Prior studies have 
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reported neuropathic pain from 8.7% among participants with IGT (n=48) up to 14.8% 

among those with IGT (n=61) [330, 331]. Moreover, the PROMISE study (n=467) 

showed that participants with IGT had higher mean VPT (7.6 vs 6.5 V, p= 0.024) than 

those with normoglycemia prior to DSPN diagnosis [143]. These findings suggest that 

neuropathic alterations may develop early during prediabetes. 

 

7.2 DSPN incidence in prediabetes 

In the prospective cohort, 9.8% of individuals with prediabetes developed new DSPN 

over a median 24-month follow-up, equating an annualized incidence of 4.9%. 

Prospective data evaluating DSPN incidence in prediabetes remain limited. Ιn the KORA 

F4/FF4 study, based on our calculation from published data, the incidence of DSPN was 

26% in prediabetes (n=215) over a mean follow-up of 6.5 years, corresponding to an 

annual incidence of 4.0-4.5%, which is very similar to ours [332]. In KORA F4/FF4, 

DSPN diagnosis was based on the physical examination component of the MNSI without 

inclusion of symptom-based questionnaire, corresponding to “possible” DSPN per 

Toronto Diabetic Neuropathy Expert Group criteria [332].To the best of our knowledge, 

KORA F4/FF4 and ours represent the only available prospective studies on DSPN 

incidence in individuals with prediabetes. 

The global burden of prediabetes is rising, with an estimated 635 million people affected 

by IGT and 488 million by IFG worldwide in 2024 as per the International Diabetes 

Federation [17]. This growing burden fuels T2D epidemic and represents a major public 

health challenge, closely linked with metabolic syndrome, cardiovascular disease and 

microvascular complications, including DSPN [312, 333]. DSPN is particularly 

concerning, as it is associated with the risk of disability, reduced quality of life, 



154 
 

 

neuropathic pain, impaired mobility, and increased morbidity as well as substantial 

socioeconomic burden on healthcare systems [313, 334]. Therefore, prediabetes rising is 

expected to further amplify both the individual and healthcare system burden of DSPN 

and its consequences. 

7.3 Determinants of prevalent DSPN  

Individuals with DSPN at baseline examination were older, more likely to be 

current/former smokers, and had higher BMI, waist circumference, and prevalence of 

MetS. Likewise, in a large cross-sectional study of 2035 participants, including 1043 with 

prediabetes, age was significantly higher in participants with DSPN both among 

individuals with MetS (70.5 vs 61.7 years, p <0.05) and among those without MetS (76.6 

vs 60.5 years, p <0.05) [335]. Beyond cardiometabolic risk factors, height and 

current/former smoking were also independently associated with prevalent DSPN [314]. 

This observation is consistent with previous population-based studies identifying height 

as risk factor for DSPN, possibly reflecting increased vulnerability of longer peripheral 

nerves to metabolic or microvascular injury [267]. In our study, the prevalence of DSPN 

increased as the number of MetS criteria increased. Likewise, in a cross-sectional study 

(n=2382 adults, 29.9% with prediabetes), DSPN was prevalent in 5.6% among those 

individuals with prediabetes without additional MetS components, increasing to 10.6% 

with 4 additional MetS components [336].  

HOMA-IR, an established marker of insulin resistance, was significantly higher in the 

DSPN vs no DSPN group. In agreement with our results, a large cross-sectional study 

showed that HOMA-IR was significantly associated with DSPN (OR: 1.2, 95% CI: 1.1-

1.4, p<0.001) in 1043 participants with prediabetes [335]. We have also demonstrated 

significant independent correlations of obesity and HOMA-IR with neuropathic 
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symptoms, signs and VPT. Evidence about the association between cardiometabolic 

factors and neuropathic symptoms and signs and quantitative sensory function, indicative 

of early nerve damage in prediabetes, remains scarce. In the Maastricht study, higher FPG 

and HbA1c levels as well as current smoking (OR 2.13 [1.38, 3.29]) were significantly 

associated with increased neuropathic pain, while the same covariates along with 

increased age and waist circumference (β = 0.08 [0.04, 0.13]) were correlated with higher 

VPT [127].  

Prediabetes affects the structure of both unmyelinated and myelinated nerve fibers; 

hyperglycemia, even acute and transient (postprandial) induce mitochondrial dysfunction 

and oxidative stress, leading to impaired neuronal metabolism [89]. This results in 

microvascular damage and inflammation contributing to nerve injury [89]. Furthermore, 

insulin resistance downregulates phosphatidylinositol 3-kinase (PI3K)/Akt signaling, 

resulting in mitochondrial dysfunction, increased oxidative stress and neurodegeneration 

[337].  

The increased risk of DSPN in individuals with combined IFG + IGT vs IFG is likely due 

to the distinct mechanisms of insulin resistance in these conditions. In isolated IFG, 

insulin resistance is primarily hepatic, while in IGT mainly muscular [224]. Reduced 

skeletal muscle sensitivity increases glucose uptake by adipose tissue, triggering lipolysis 

and the release of free fatty acids in the circulation [224]. This enhances oxidative stress, 

and subsequently nerve damage. Furthermore, studies suggest that dietary fatty acids may 

influence this process [263] and oxidized LDLs accelerate ROS accumulation through 

receptor-mediated pathways enhancing the process of nerve injury [338]. 

Arterial stiffness refers to reduced flexibility and elasticity of the arteries in response to 

pulsatile pressure changes during the cardiac cycle [339].  PWV, particularly carotid-

femoral, is the gold standard non-invasive method for assessing arterial stiffness [339]. 
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Increased arterial stiffness, a natural result of aging, is further exacerbated by pathological 

conditions and is independently associated with cardiovascular risk [298, 339]. PWV was 

higher in participants with IFG+IGT than in those with IFG, irrespective of DSPN. 

Similarly, a population-based study (n=747; 278 with normal glucose metabolism, 168 

with IFG or IGT and 301 with T2D) has shown that prediabetes is associated with 

increased arterial stiffness (beta; -0.06, 95% CI: -0.23-0.10 for carotid distensibility) 

compared with normoglycemia, with hyperglycemia or hyperinsulinemia linked with 

30% of the arterial changes [340]. In our study, although significantly higher PWV was 

observed in participants with prediabetes and DSPN vs those without DSPN, PWV was 

not independently related to DSPN. Notably, PWV was independently associated with 

neuropathic symptoms and VPT, suggesting a potential link between macrovascular and 

early microvascular complications. Likewise, in case-control study of 240 participants 

with diabetes and 110 non-diabetic controls, PWV was independently associated with 

VPT (beta = 0.14, p = 0.025) [341]. These findings indicate that increased arterial 

stiffness may be a surrogate marker of the individual effects of cardiometabolic risk 

factors on peripheral nerve dysfunction, rather than DSPN per se.    

In our study, participants with increased PWV and DSPN were more likely to be 

current/former smokers and have dyslipidemia, two well-recognized cardiovascular risk 

factors associated with arterial stiffening and DSPN in diabetes [236, 342, 343]. A study 

of individuals with T2D (n=107) showed elevated PWV in participants with DSPN 

compared to those without (11.7 vs 10.1 m/s, p <0.001, respectively)  [344]. In a recent 

meta-analysis of 26 studies, arterial stiffness, as measured by PWV or pulse pressure, was 

significantly higher in subjects with T2D and DSPN (mean difference: 1.22 m/s, 95% CI 

0.87 to 1.58, p<0.00001) compared to those without [345]. However, given the 

predominantly cross-sectional nature of these studies, the temporality of the association 
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between arterial stiffness and DSPN remains unclear. Increased arterial stiffness 

augments pulsatile hemodynamic stress, reducing the damping capacity of the large 

elastic arteries [346]. As a result, increased pulsatile energy is transmitted into the 

microcirculation of low-resistance organs, including the vasa nervorum of the peripheral 

nerves, leading to microvascular damage and ischemia [346].  

An alternative explanation could be that the association between arterial stiffness and 

DSPN is not causal, but they share a common underlying pathway. Previous studies in 

T2D show that hyperglycemia can promote the development of advanced glycation end 

products (AGEs), which may reduce arterial elasticity [347, 348] and induce neural 

inflammation, progressing to DSPN [349].  

 

7.4 Predictors of incident DSPN  

In multivariate analysis, increasing age, male sex, current or former smoking, waist 

circumference as well as baseline and increases in HOMA-IR over time were 

independently associated with incident DSPN. 

 Similarly, the KORAF4/FF4 study showed that subjects with incident DSPN, including 

215 individuals with prediabetes were significantly older (70.2 vs 67.9 years, p<0.001) 

[332]. As discussed above, individuals with prediabetes and prevalent DSPN were older 

(67 vs 61 years, p=0.017) compared to without DSPN in our cross-sectional study [314].  

Smoking emerged as risk factor for incident DSPN in our cohort. Likewise, the 

KORAF4/FF4 study showed that subjects with incident DSPN were more likely to be 

current smokers (11.3 vs 5.8%, p=0.003) [332]. As discussed above, in our baseline cross-

sectional analysis, individuals with prediabetes and prevalent DSPN had a higher 

prevalence of current/previous smoking (55.5 vs 42.9%, p=0.028) compared to those 
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without DSPN [314]. Also, a recent meta-analysis of cross-sectional and case-control (n 

= 228,699 participants with diabetes) reported that smoking is linked with increased risk 

of DSPN (OR 1.29, 95% CI 1.17-1.41 and OR: 1.48, 95% CI: 1.23-1.72, respectively) 

[268]. 

Our study adds to the growing literature of central obesity as a risk factor for DSPN. In 

KORAF4/FF4, subjects with incident DSPN had significantly higher BMI (29.1 vs 27.6 

kg/m2, p<0.001) and waist circumference (99.8 vs 94.7 cm, p<0.001) [332]. As reported 

previously, in the cross-sectional analyses from this study, waist circumference was an 

independent risk factor for prevalent DSPN (OR 1.092, 95% CI 1.037-1.148, p<0.001) in 

prediabetes, and individuals with prevalent DSPN had higher BMI (30.3 vs 28.2 kg/m2, 

p=0.011) compared to without DSPN [314]. Consistently, cross-sectional studies 

including participants with prediabetes have shown an independent relationship between 

waist circumference and DSPN [350, 351]. In T2D, the ADDITION-Denmark study 

further reported a significant association between waist circumference and incident 

DSPN (HR 1.14 [95% CI 1.05; 1.24]) [71].  

HOMA-IR, an established marker of insulin resistance, was independently and robustly 

associated with incident DSPN. In a large cross-sectional study (n=1043 participants with 

prediabetes), HOMA-IR was significantly linked with prevalent DSPN (OR 1.2, 95% CI 

1.1-1.4, p<0.001) [335]. Similarly, in a community-based, cross-sectional study of 2035 

participants, including 1043 with prediabetes, HOMA-IR was significantly associated 

with higher risk of DSPN (OR 1.1, 95% CI 1.1-1.4, p<0.001) [335]. In our baseline cross-

sectional analysis of this study, HOMA-IR (OR 1.247, 95% CI: 1.095-1.425, p=0.004) 

was also independently associated with prevalent DSPN [7].  

The present study extends this association by demonstrating that worsening of insulin 

resistance over time is independently linked to incident DSPN. Insulin resistance and 
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related metabolic disturbances promote mitochondrial dysfunction, oxidative stress, and 

inflammation contributing to neuronal and Schwann cell injury [89, 95, 151]. 

Furthermore, insulin resistance downregulates PI3K/Akt signaling, resulting in impaired 

axonal maintenance, reduced neuronal survival and axonal degeneration [95, 151, 337].  

It should be noted that participants who developed DSPN already had greater neuropathic 

symptom burden (NSS), and higher VPT at baseline. These findings suggest the presence 

of subclinical or early nerve dysfunction preceding overt DSPN. Similar findings have 

been observed in prospective studies in diabetes. In a prospective study (n=175 with 

diabetes), baseline VPT was significantly higher in those who subsequently developed 

DSPN (17.5 vs. 14.8 V) over a follow-up of 4.1 years [352].   

LDL-C levels decreased in those who did not develop DSPN and increased in those who 

did, potentially reflecting the greater use of statin and/or ezetimibe therapy in those 

without incident DSPN. However, LDL-C levels and statins and/or ezetimibe were not 

independently associated with DSPN incidence. A meta-analysis of 38 clinical trials 

including 32,668 individuals with diabetes reported that higher LDL-C was associated 

with increased the risk of DSPN (OR 1.10, 95% CI 1.02-1.19; I²=17.8%) [131]. On the 

contrary, in the Maastricht Study (n=2401; 59.3% with normoglycemia, 25.3% with 

diabetes, 15.4% with prediabetes), LDL-C was not independently associated with DSPN 

[127]. 

In our prospective cohort, PWV was higher in individuals with prediabetes who 

developed incident DSPN; however, PWV was not independently associated with 

incident DSPN. As previously mentioned, we have shown cross-sectionally that PWV 

was independently associated with neuropathic symptoms and VPT, supporting a link 

between arterial stiffness and early nerve dysfunction [314].  
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7.5 Study strengths and limitations 

The main strengths of this study include the enrollment of participants from a real-world 

outpatient setting and its prospective design. However, several limitations should be 

considered. First, generalizability of our findings to broader and more diverse populations 

may be substantially limited due to single center design. Secondly, DSPN diagnosis was 

established using clinical examination combined with quantitative sensory testing. These 

diagnostic methods mainly evaluate large, myelinated nerve fibers, although certain 

components also provide insights into small-fiber function. However, specialized 

techniques for the direct assessment of small-fiber neuropathy, such as skin biopsy for 

intraepidermal nerve fiber density or comprehensive electrophysiological studies, were 

not undertaken, potentially resulting in an underestimation of DSPN incidence. Thirdly, 

the small sample size with limited number of new DSPN cases and the relatively short 

follow-up may reduce the power of the multivariable regression analyses. Moreover, 

prediabetes duration prior to study enrollment was unknown.  

 

7.6 Clinical implications and future perspectives 

This study addresses a gap in literature by providing both cross-sectional and prospective 

evidence on the prevalence and incidence of DSPN in prediabetes. Among nonmodifiable 

factors, height was independently associated with prevalent DSPN, whereas age and male 

sex independently predicted the development of DSPN. Smoking, central obesity as well 

as insulin resistance and its deterioration over time were consistently associated with the 

presence and predicted the development of DSPN over time. These findings suggest the 

potential significance of early stratification in prediabetes for screening of population at 
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higher risk. Preventive strategies focusing on weight management, smoking cessation, 

and insulin resistance amelioration may mitigate the risk.  

 

8. CONCLUSIONS 

The prevalence of DSPN in prediabetes is 16.9%, a finding largely consistent with 

existing literature. The 24-month cumulative incidence of DSPN in prediabetes was 9.8% 

in our study, representing novel prospective evidence. Prevalent DSPN in prediabetes is 

independently associated with height, central obesity and insulin resistance.  In addition, 

age, male sex, smoking, central obesity as well as insulin resistance and its deterioration 

over time independently predicted incident DSPN. These findings may have clinical 

implications for screening and risk mitigation strategies for DSPN in prediabetes if 

confirmed in other studies. 
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9. ABSTRACT 
 
Background: Distal Symmetrical polyneuropathy (DSPN) is a prevalent complication of 

diabetes, with emerging evidence of onset in earlier stages of dysglycemia, such as 

prediabetes. Prediabetes is characterized by insulin resistance, central adiposity, and 

dyslipidemia. These cardiometabolic factors may contribute to early peripheral nerve 

injury. 

Aim: To investigate the prevalence and incidence of DSPN in individuals with 

prediabetes, and identify cardiometabolic risk factors associated with prevalent DSPN as 

well as predictors of incident DSPN. 

Methods: Consecutive adults with prediabetes attending the Outpatient Lipid and 

Obesity Clinic at the University Hospital of Ioannina, Greece were enrolled and followed 

for a median of 24 months. The study included: 1) a cross-sectional analysis of baseline 

characteristics and prevalence of DSPN and 2) a prospective analysis of DSPN incidence 

and predictors at follow-up, after excluding patients diagnosed with DSPN at baseline. 

Participants with secondary causes of neuropathy were excluded. DSPN was diagnosed 

using the Neuropathy Symptom Score (NSS), the Neuropathy Disability Score (NDS) 

and the Vibration Perception Threshold (VPT). Arterial stiffness was assessed with Pulse 

Wave Velocity (PWV). Risk factors of prevalent DSPN and predictors of incident DSPN 

were examined using multivariate regression analysis. 

Results: We studied 160 consecutive adults with prediabetes, of whom 27 (16.9%) were 

diagnosed with DSPN at baseline. In multivariate analysis, age (odds ratio [OR] per 1 

year increase: 1.093, 95% confidence interval [CI]: 1.005-1.188, p=0.041), smoking (OR 

current/previous vs never-smoking: 1.347, 95% CI: 1.116-1.891, p=0.042), height (OR 

per 1 cm increase: 1.083, 95% CI: 1.004-1.168, p=0.039), waist circumference (OR per 

1 cm increase: 1.123, 95% CI: 1.049-1.202, p<0.001), and HOMA-IR (OR per 0.1 



163 
 

 

increase: 1.304, 95% CI: 1.133-1.739, p=0.023) were independently associated with 

prevalent DSPN.  

Subjects with DSPN had significantly higher median PWV (8.8 vs 8.0 m/s, p=0.031) and 

prevalence of abnormal PWV (≥10 m/s) (29.6% vs 11.3%, p=0.029) compared with no 

DSPN. PWV was independently associated with VPT (beta: 1.010, 95% CI:0.123-1.897, 

p=0.026). 

Among the n=133 participants who were eligible for and included in the prospective 

study, n=13 developed DSPN over a median follow-up of 24 months (IQR 20-27) for an 

incidence rate of 9.8%. In multivariable analysis, age (OR for every 1-year increase 1.112, 

95% CI 1.023-1.241), sex (OR for male vs female 1.072, 95% CI 1.012-3.276), smoking 

(OR for current/previous vs never-smoking 1.173, 95% CI 1.072-3.025), waist 

circumference (OR for every 1 cm increase 1.039, 95% CI 1.018-1.280), HOMA-IR (OR 

for every 0.1 increase 1.829, 95% CI 1.025-2.460) as well as ΔHOMA-IR (OR for every 

0.1 increase 1.456, 95% CI 1.072-2.460) were independently associated with incident 

DSPN (all p<0.05). 

Conclusions: DSPN was prevalent in 16.9% of subjects with prediabetes in our study 

and independently associated with central adiposity and insulin resistance. We observed 

a 9.8% 24-month incidence of DSPN. Age, male sex, smoking, central obesity, as well as 

insulin resistance at baseline and change over time were independent predictors of 

incident DSPN. These findings may have screening and preventive implications if 

confirmed by larger studies. 
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10. ΠΕΡΙΛΗΨΗ 
 
Εισαγωγή: Η περιφερική συμμετρική πολυνευροπάθεια (DSPN) συνιστά μία από τις 

συχνότερες και κλινικά σημαντικές επιπλοκές του διαβήτη. Νεότερα δεδομένα 

υποδεικνύουν ότι η εμφάνιση και εξέλιξη της DSPN ξεκινά σε πρωιμότερα στάδια 

δυσγλυκαιμίας, όπως ο προδιαβήτης.  

Σκοπός: Η εκτίμηση του επιπολασμού και της επίπτωσης της DSPN σε άτομα με 

προδιαβήτη, καθώς και η διερεύνηση πιθανών καρδιομεταβολικών παραγόντων 

κινδύνου που σχετίζονται με τον επιπολασμό και την επίπτωση της DSPN. 

Μέθοδοι: Διαδοχικοί ενήλικες με προδιαβήτη που προσήλθαν στο Εξωτερικό Ιατρείο 

Λιπιδίων και Παχυσαρκίας του Πανεπιστημιακού Νοσοκομείου Ιωαννίνων εντάχθηκαν 

στη μελέτη. Οι ασθενείς με δευτεροπαθή αίτια νευροπάθειας αποκλείστηκαν. Η μελέτη 

περιελάμβανε: 1) διατμηματική ανάλυση του επιπολασμού της DSPN και των 

χαρακτηριστικών των ασθενών κατά την ένταξη στη μελέτη, και 2) προοπτική ανάλυση 

της επίπτωσης της DSPN κατά την παρακολούθηση 2 ετών, κατόπιν αποκλεισμού των 

ασθενών με DSPN κατά την ένταξη. 

Η διάγνωση της DSPN βασίστηκε στο δείκτη νευροπαθητικών συμπτωμάτων (NSS), το 

δείκτη νευροπαθητικής ανικανότητας (NDS) και την ουδό αντίληψης των δονήσεων 

(VPT) όπως αυτή μετρήθηκε με το βιοθεσιόμετρο. Η αρτηριακή σκληρία εκτιμήθηκε με 

την ταχύτητα σφυγμικού κύματος (PWV). Οι παράγοντες κινδύνου για την παρουσία της 

DSPN, καθώς και οι προγνωστικοί δείκτες για την εμφάνισή της διερευνήθηκαν με 

πολυπαραγοντική ανάλυση παλινδρόμησης. 

Αποτελέσματα: Μελετήθηκαν 160 διαδοχικοί ενήλικες με προδιαβήτη, εκ των οποίων 

27 (16,9%) διαγνώστηκαν με DSPN κατά την ένταξη στη μελέτη. Στην πολυπαραγοντική 

ανάλυση, η ηλικία (odds ratio [OR] ανά 1 έτος αύξηση: 1,093, 95% confidence interval 

[CI]: 1,005-1,188, p=0,041), το κάπνισμα (OR ενεργό/ατομικό ιστορικό έναντι μη 

καπνιστών: 1,347, 95% CI: 1,116-1,891, p=0,042), το ύψος (ΟR ανά 1 cm αύξηση: 1,083, 

95% CI: 1,004-1,168, p=0,039),  η περίμετρος μέσης (OR ανά 1 cm αύξηση: 1,123, 95% 
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CI: 1,049-1,202, p<0,001) και ο δείκτης Homeostatic Model Assessment for Insulin 

Resistance (HOMA-IR) (OR ανά 0,1 αύξηση: 1,304, 95% CI: 1,133-1,739, p=0,023) 

συσχετίστηκαν ανεξάρτητα με την παρουσία DSPN. Κατά την ένταξη στη μελέτη, τα 

άτομα με DSPN εμφάνιζαν σημαντικά υψηλότερο διάμεσο PWV (8,8 έναντι 8,0 m/s, 

p=0,031), καθώς και μεγαλύτερο ποσοστό παθολογικού PWV (≥10 m/s) (29,6% έναντι 

11,3%, p=0,029) συγκριτικά με όσους δεν είχαν DSPN. Το PWV συσχετίστηκε 

ανεξάρτητα με το VPT  (beta: 1,010, 95% CI: 0,123-1,897, p=0,026) κατά την ένταξη. 

Μεταξύ των 133 συμμετεχόντων που εντάχθηκαν στην προοπτική μελέτη 

παρακολούθησης, 13 εμφάνισαν DSPN κατά τη διάρκεια μίας διάμεσης 

παρακολούθησης 24 μηνών (IQR 20-27), αντιστοιχώντας σε επίπτωση 9,8%. Στην 

πολυπαραγοντική ανάλυση, η ηλικία (OR ανά 1 έτος αύξηση: 1,112, 95% CI: 1,023-

1,241), το φύλο (άνδρες έναντι γυναικών: OR: 1,072, 95% CI: 1,012-3,276), το κάπνισμα 

(ενεργό/ατομικό ιστορικό έναντι μη καπνιστών: OR: 1,173, 95% CI: 1,072-3,025), η 

περίμετρος μέσης (OR ανά 1 cm αύξηση: 1,039, 95% CI: 1,018-1,280), ο δείκτης 

HOMA-IR (OR ανά 0,1 αύξηση: 1,829, 95% CI: 1,025-2,460), καθώς και η μεταβολή 

του HOMA-IR (ΔHOMA-IR) (OR ανά 0,1 αύξηση: 1,456, 95% CI: 1,072-2,460) 

σχετίστηκαν ανεξάρτητα με την εμφάνιση DSPN (p<0,05). 

Συμπεράσματα: Ο επιπολασμός της DSPN ήταν 16.9% στον προδιαβήτη και σχετίστηκε 

ανεξάρτητα με την κεντρική παχυσαρκία και την ινσουλινοαντίσταση. Η επίπτωση της 

DSPN σε άτομα με προδιαβήτη ήταν 9,8% σε διάστημα 24 μηνών. Η ηλικία, το άρρεν 

φύλο, το κάπνισμα, η κεντρική παχυσαρκία, καθώς και η ινσουλινοαντίσταση κατά την 

ένταξη στη μελέτη, καθώς και η μεταβολή της στο χρόνο, αναδείχθηκαν ως ανεξάρτητοι 

προγνωστικοί παράγοντες για την εμφάνιση DSPN. Τα ευρήματα αυτά είναι χρήσιμα για 

το σχεδιασμό προσυμπτωματικού ελέγχου και την εφαρμογή προληπτικών στρατηγικών, 

εφόσον επιβεβαιωθούν από μεγαλύτερες μελέτες. 
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