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I 

�����•�š�Œ�����š 

Diabetes and its associated complications are a worldwide and major health issue. 

Diabetic neuropathy is the most common complication which typically presents as a distal 

symmetrical polyneuropathy (DSPN). DSPN is a chronic, bilateral, length-dependent 

sensorimotor neuropathy that initially manifests itself as symptoms in the toes that often spread 

to the feet, lower legs, and eventually, fingers and hands. The symptoms often include 

numbness, tingling and pain, and weakness in later stages as DSPN preferentially targets sensory 

axons and to a lesser extent motor axons. DSPN symptoms often lead to sleep disorders and 

depression, especially, when neuropathic pain is present. Despite its importance, DSPN is often 

diagnosed late. Although extensive research has focused on DSPN in the lower limbs, very little 

is known about how diabetes affects the nerves that supply the hands. Moreover, why some 

people with DSPN develop neuropathic pain is unclear.  

This thesis aimed to gain i�v�•�]�P�Z�š�� �]�v�� �š�Z���� �‰���Œ�]�‰�Z���Œ���o�� �v���Œ�À�}�µ�•�� �•�Ç�•�š���u�[�•�� �(�µ�v���š�]�}�v�U�� �•�š�Œ�µ���š�µ�Œ���U��

and mechanical properties in people with diabetes, with and without DSPN. The thesis focussed 

predominantly on how diabetes and DSPN affects the hands. A comprehensive assessment using 

non-invasive methods to assess (1) nerve structure (i.e., diffusion weighted imaging, and in vivo 

corneal confocal microscopy), (2) function (i.e., electrodiagnosis and quantitative sensory 

testing) and (3) mechanical properties (i.e., shear-wave elastography) was performed in healthy 

�]�v���]�À�]���µ���o�•�����v�����]�v���‰���}�‰�o�����Á�]�š�Z�����]�������š���•�U���Á�]�š�Z�����v�����Á�]�š�Z�}�µ�š�����^�W�E�X���d�}�������Z�]���À�����}�µ�Œ�����]�u�•�U���Z�d�Z�������/���E����

�W�Œ�}�i�����š�[���Á���•���•���š���µ�‰�����v�������� �•�Ç�•�š���u���š�]�����Œ���À�]���Á���Á���•�����}�v���µ���š�����X���d�Z�������/���E�����W�Œ�}�i�����š�����}�v�•�]�•�š�������}�(������

cross-sectional study in which the above assessments were conducted in four groups of 

participants: (1) healthy participants, (2) people with diabetes without DSPN, (3) people with 

DSPN in lower limbs but not upper limbs (DSPN FEET ONLY) and (4) people with DSPN in upper and 

lower limbs (DSPN HANDS & FEET). The diabetes groups contained people with type 1 and type 2 

diabetes; and the DSPN groups contained people with painful and non-painful DSPN. For the 

majority of studies, DSPN was diagnosed based on clinical presentation, confirmed with 

electrodiagnosis and/or corneal confocal microscopy. Regarding the study of DSPN in hands, our 

findings indicated that people with DSPN who have symptoms in hands present with the most 

severe loss of sensation in their hands measured with quantitative sensory testing (Chapter 3). 

Similarly, diffusion weighted imaging analyses showed that the median nerve and to a lesser 

extent the ulnar nerve presented microstructural abnormalities in people with DSPN in hands 

(Chapter 4). Interestingly, early quantitative sensory testing and diffusion weighted imaging 

changes were detected in people with diabetes with DSPN in feet, and in people with diabetes 

without DSPN (Chapter 3 and Chapter 4). Shear-wave elastography revealed increased stiffness 



 

II 

in the tibial nerve, and even more pronounced in the sural nerve, in line with the idea that 

sensory nerves are affected before mixed nerves in DSPN (Chapter 5). Regarding the assessment 

of neuropathic pain in DSPN, our systematic review and meta-analysis showed that people with 

non-painful and with painful DSPN had a reduction in painful detection thresholds, 

demonstrated with quantitative sensory testing (Chapter 7). To gain insight in possible 

differences between painful and non-painful DSPN, we rearranged the groups from The DIANE 

Project: we still compared healthy people and people with diabetes without DSPN, but the 

people with DSPN were reassigned to a group of people with non-painful DSPN and a group of 

people with painful DSPN, irrespective of the location of their painful symptoms (feet only or 

hands and feet). Using corneal confocal microscopy, we detected an overall progressive nerve 

fibre loss across the four groups (Chapter 8). The proportion of people with abnormal corneal 

epithelial microneuromas (i.e., nerve features that typically arise after mechanical trauma) and 

their number were increased in people with painful DSPN compared to all other groups, including 

non-painful DSPN. Microneuromas could be candidate biomarkers for painful DSPN.  

In conclusion, this thesis provides evidence for biological changes in the nerves that supply 

the hand in people with diabetes without and with DSPN in feet, and DSPN in hands and feet. It 

is noteworthy that the vastly different methods used in this thesis to assess nerve function, nerve 

morph�}�o�}�P�Ç�����v�����š�Z�����v���Œ�À���•�[���u�����Z���v�]�����o���‰�Œ�}�‰���Œ�š�]���•���Œ���À�����o�����������Œ���u���Œ�l�����o�Ç���•�]�u�]�o���Œ���‰���š�š���Œ�v�U�����v����

that these biological changes corresponded with neuropathy severity questionnaires and quality 

of life questionnaires. Although The DIANE Project is cross-sectional in nature, our findings are 

in line with DSPN being a progressive condition. Our studies illustrate that many people with 

diabetes without DSPN, and people with DSPN in feet only, already have subclinical signs of DSPN 

in hands. Longitudinal studies will need to reveal how worrying this possible trend may be. In the 

meantime, we believe patients, clinicians and the community should not underestimate the 

possible effects of diabetes on the nerves that supply the hands. 
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�^�š���š���u���v�š���}�(���}�Œ�]�P�]�v���o�]�š�Ç 

This work has not previously been submitted for a degree or diploma in any university. To 

the best of my knowledge and belief, the thesis contains no material previously published or 

written by another person except where due reference is made in the thesis itself. 

 

 

 

Eva Sierra Silvestre 

15/09/2021 

 

 
 
  



 

IV 

  



 

V 

�d�����o�����}�(�����}�v�š���v�š�• 

Abstract  ................................................................................................................................. I 

Statement of originality ................................................................................................................ III 

Table of contents ........................................................................................................................... V 

List of figures  ............................................................................................................................. XIII 

Supplementary figures .......................................................................................................... XIV 

List of tables  .............................................................................................................................. XV 

Supplementary tables ............................................................................................................ XV 

List of abbreviations .................................................................................................................. XVII 

List of papers included in this Thesis .......................................................................................... XIX 

Conference presentations and abstracts ..................................................................................... XX 

Presentations .................................................................................................................... XX 

Posters .............................................................................................................................. XX 

Acknowledgements .................................................................................................................... XXI 

CHAPTER 1  ................................................................................................................................ 1 

General Introduction ..................................................................................................................... 1 

Introduction ............................................................................................................................. 3 

Diabetic neuropathy ................................................................................................................ 4 

Clinical presentation ........................................................................................................... 4 

Pathogenesis ....................................................................................................................... 5 

Diagnosis ............................................................................................................................. 6 

1. Nerve function ............................................................................................................ 6 

2. Nerve structure .......................................................................................................... 7 

3. Mechanical properties ................................................................................................ 8 

Introduction to the presented chapters .................................................................................. 8 

Significance of the program of studies .................................................................................. 10 



 

VI 

References  .............................................................................................................................. 11 

CHAPTER 2  .............................................................................................................................. 15 

General Methods ......................................................................................................................... 15 

Introduction ........................................................................................................................... 17 

Data collection and data processing ...................................................................................... 17 

Participants ....................................................................................................................... 17 

Participant classification ............................................................................................... 18 

Criterion 1: Clinical presentation indicative of DSPN ............................................. 19 

Criterion 2: Electrodiagnosis .................................................................................. 20 

Criterion 3: Corneal confocal microscopy .............................................................. 22 

�W���Œ�š�]���]�‰���v�š�[�•�����Z���Œ�����š���Œ�]�•�š�]���• ......................................................................................... 23 

Quantitative Sensory Testing ............................................................................................ 24 

Thermal detection, thermal pain thresholds and paradoxical heat sensations ........... 25 

Mechanical detection thresholds ................................................................................. 26 

Mechanical pain threshold ........................................................................................... 26 

Mechanical pain sensitivity and dynamic mechanical allodynia .................................. 26 

Vibration detection threshold ...................................................................................... 26 

Pressure pain threshold ............................................................................................... 27 

Elastography and B-mode ultrasound imaging ................................................................. 27 

Data acquisition ............................................................................................................ 27 

Data post-processing .................................................................................................... 28 

Elastography ........................................................................................................... 28 

Nerve cross-sectional areas and thickness ............................................................ 30 

MRI-Diffusion Weighted Imaging ...................................................................................... 30 

Data acquisition ............................................................................................................ 30 

Morphological scans .............................................................................................. 31 

Diffusion Imaging ................................................................................................... 31 

DWI post-processing .................................................................................................... 31 

Quality control and pre-processing........................................................................ 31 

Processing and visualisation .................................................................................. 32 

Quantitative analysis .................................................................................................... 35 



 

VII 

Conclusion .............................................................................................................................. 35 

References  .............................................................................................................................. 36 

Supplementary information ........................................................................................................ 38 

Brief Michigan Hand Questionnaire (adapted) ...................................................................... 38 

CHAPTER 3  .............................................................................................................................. 41 

Diabetic neuropathy in hands: An endemic complication waiting to unfold? ............................. 41 

Contributions to this chapter ................................................................................................. 42 

Abstract .................................................................................................................................. 43 

Introduction ........................................................................................................................... 44 

Material and methods ............................................................................................................ 45 

Study design ...................................................................................................................... 45 

Participants ....................................................................................................................... 45 

Groups and allocation criteria ...................................................................................... 45 

Criterion 1: Clinical presentation indicative of DSPN ............................................. 46 

Criterion 2: Electrodiagnosis .................................................................................. 46 

Criterion 3: Corneal confocal microscopy .............................................................. 47 

Additional participant characteristics .......................................................................... 47 

Quantitative sensory testing ............................................................................................. 48 

Thermal detection, thermal pain thresholds and paradoxical heat sensations ........... 48 

Mechanical detection thresholds ................................................................................. 49 

Mechanical pain threshold ........................................................................................... 49 

Mechanical pain sensitivity and dynamic mechanical allodynia .................................. 49 

Vibration detection threshold ...................................................................................... 49 

Pressure pain threshold ............................................................................................... 50 

Sample size estimation ..................................................................................................... 50 

Data analysis ..................................................................................................................... 50 

Results .................................................................................................................................... 51 

Participants and groups .................................................................................................... 51 

Additional participant characteristics ............................................................................... 53 

Quantitative sensory testing ............................................................................................. 55 



 

VIII 

Somatosensory profile of people with DSPN in hands ................................................. 55 

Early signs of DSPN in hands in people with DSPN in feet ........................................... 56 

Early signs of DSPN in hands in people with diabetes without DSPN .......................... 56 

Sensitivity analysis ........................................................................................................ 56 

Discussion ............................................................................................................................... 59 

References  .............................................................................................................................. 61 

Supplementary information ........................................................................................................ 65 

CHAPTER 4  .............................................................................................................................. 69 

Changes in microstructure in the median and ulnar nerves in people with and without diabetic 

neuropathy: a cross-sectional diffusion MRI study ...................................................................... 69 

Contributions to this chapter ................................................................................................. 70 

Abstract .................................................................................................................................. 71 

Introduction ........................................................................................................................... 72 

Methods ................................................................................................................................. 73 

Participants ....................................................................................................................... 73 

Groups and allocation criteria ...................................................................................... 74 

Criterion 1: Clinical presentation indicative of DSPN ............................................. 74 

Criterion 2: Electrodiagnosis .................................................................................. 74 

Criterion 3: Corneal confocal microscopy .............................................................. 74 

Clinical parameters ........................................................................................................... 75 

Diffusion MRI .................................................................................................................... 75 

Data acquisition ............................................................................................................ 75 

Diffusion MRI processing .............................................................................................. 77 

Statistical analysis ............................................................................................................. 78 

Results .................................................................................................................................... 79 

Participants and groups .................................................................................................... 79 

Microstructural changes in median and ulnar nerves ...................................................... 82 

Tensor-derived metrics ................................................................................................ 82 

Non-tensor metrics ...................................................................................................... 82 

Distal-to-proximal differences in metrics ......................................................................... 85 



 

IX 

Tensor-derived metrics ................................................................................................ 85 

Non-tensor metrics ...................................................................................................... 86 

Discussion ............................................................................................................................... 89 

References  .............................................................................................................................. 91 

Supplementary information ........................................................................................................ 95 

Supplementary tables ....................................................................................................... 96 

References in the supplementary information ................................................................. 99 

CHAPTER 5  ............................................................................................................................ 101 

Non-invasive measurement of upper and lower limb nerve in people with diabetes with and 

without neuropathies: a shear-wave elastography study .......................................................... 101 

Contributions to this chapter ............................................................................................... 102 

Abstract ................................................................................................................................ 103 

Introduction ......................................................................................................................... 104 

Methods ............................................................................................................................... 105 

Participants ..................................................................................................................... 105 

Group allocation ......................................................................................................... 106 

Criterion 1: Clinical presentation indicative of DSPN ........................................... 106 

Criterion 2: Electrodiagnostic study ..................................................................... 106 

Criterion 3: In vivo corneal confocal microscopy ................................................. 107 

Additional clinical information ................................................................................... 107 

Shear-wave elastography ................................................................................................ 107 

Data acquisition .......................................................................................................... 107 

Data post-processing .................................................................................................. 109 

Statistical analysis ........................................................................................................... 109 

Results .................................................................................................................................. 110 

Participants and groups .................................................................................................. 110 

Differences in shear-wave velocities between nerves ................................................... 113 

Differences in shear-wave velocity between relaxed and tension positions per nerve . 115 

Differences in cross-sectional areas and thickness between groups ............................. 115 

Discussion ............................................................................................................................. 116 



 

X 

References  ............................................................................................................................ 119 

Supplementary information ...................................................................................................... 122 

CHAPTER 6  ............................................................................................................................ 123 

Altered pain processing in people with type I and II diabetes: A protocol for a systematic review 

and meta-analysis of pain thresholds and pain modulation mechanisms. ................................ 123 

Acknowledgment of published paper .................................................................................. 124 

Abstract ................................................................................................................................ 125 

Background .......................................................................................................................... 126 

Methods ............................................................................................................................... 127 

Eligibility criteria ............................................................................................................. 127 

Participants ................................................................................................................. 127 

Variables of interest ................................................................................................... 127 

Comparison ................................................................................................................ 128 

Outcomes ................................................................................................................... 128 

Study design ............................................................................................................... 128 

Information sources ........................................................................................................ 129 

Search strategy ............................................................................................................... 129 

Study records .................................................................................................................. 129 

Data management ...................................................................................................... 129 

Selection process ........................................................................................................ 130 

Data collection process .............................................................................................. 131 

Risk of bias in individual studies ..................................................................................... 131 

Data synthesis ................................................................................................................. 135 

Discussion ............................................................................................................................. 135 

References............................................................................................................................ 136 

CHAPTER 7  ............................................................................................................................ 139 

Altered pain processing in patients with type 1 and 2 diabetes: systematic review and meta-

analysis of pain detection thresholds and pain modulation mechanisms ................................. 139 

Acknowledgment of published paper .................................................................................. 140 



 

XI 

Abstract ................................................................................................................................ 141 

Introduction ......................................................................................................................... 142 

Research design and methods ............................................................................................. 143 

Eligibility criteria ............................................................................................................. 143 

Outcome measures ......................................................................................................... 143 

Data sources and searches ............................................................................................. 144 

Study selection ................................................................................................................ 144 

Data collection process ................................................................................................... 144 

Risk of bias in individual studies ..................................................................................... 145 

Synthesis of results ......................................................................................................... 145 

Results .................................................................................................................................. 146 

Study characteristics ....................................................................................................... 146 

Risk of bias within studies ............................................................................................... 147 

Synthesis of results ......................................................................................................... 147 

Heat pain threshold .................................................................................................... 147 

Cold pain threshold .................................................................................................... 149 

Pressure pain threshold ............................................................................................. 150 

Pain threshold by means of electrical stimulation. .................................................... 150 

Contact heat-evoked potentials ................................................................................. 151 

Pain modulation ......................................................................................................... 151 

Meta-regression analysis ................................................................................................ 152 

Conclusions .......................................................................................................................... 152 

Data availability .................................................................................................................... 154 

References  ............................................................................................................................ 155 

Supplementary information ...................................................................................................... 158 

CHAPTER 8  ............................................................................................................................ 161 

Corneal epithelial neuromas: Biomarkers for painful diabetic peripheral neuropathy ............. 161 

Contributions to this chapter ............................................................................................... 162 

Abstract ................................................................................................................................ 163 



 

XII 

Introduction ......................................................................................................................... 164 

Methods ............................................................................................................................... 165 

Participants ..................................................................................................................... 165 

Groups and classification criteria .................................................................................... 166 

Additional participant characteristics ............................................................................. 166 

Corneal confocal microscopy parameters ...................................................................... 167 

Statistical analysis ........................................................................................................... 168 

Sample size calculations .................................................................................................. 169 

Results .................................................................................................................................. 169 

Participants and groups .................................................................................................. 169 

Corneal confocal microscopy parameters ...................................................................... 172 

Nerve morphology...................................................................................................... 172 

Corneal epithelial microneuromas ............................................................................. 175 

Proportion and number ....................................................................................... 175 

Attributes ............................................................................................................. 176 

Discussion ............................................................................................................................. 178 

References  ............................................................................................................................ 180 

Supplementary information ...................................................................................................... 183 

CHAPTER 9  ............................................................................................................................ 187 

General discussion ..................................................................................................................... 187 

Introduction ......................................................................................................................... 189 

Thesis summary ................................................................................................................... 189 

General implications ............................................................................................................ 192 

Clinical implications .............................................................................................................. 197 

Limitations ............................................................................................................................ 197 

Future directions .................................................................................................................. 198 

Conclusions .......................................................................................................................... 199 

References  ............................................................................................................................ 201 

  



 

XIII 

�>�]�•�š���}�(���(�]�P�µ�Œ���• 

Figure 1. �&�o�}�Á�����Z���Œ�š���}�(���š�Z�����‰���Œ�š�]���]�‰���v�š�•�[�����o���•�•�]�(�]�����š�]�}�v���‰�Œ�}�������µ�Œ���•�X .................................. 19 

Figure 2.  Overview of the electrode placement for the lower and upper limb 

electrodiagnostic studies. ............................................................................................................ 21 

Figure 3. Quantitative sensory testing protocol................................................................ 25 

Figure 4. Ultrasound and shear-wave elastography assessment for the (A) median, (B) 

tibial, and (C) sural nerves. .......................................................................................................... 29 

Figure 5. Workflow for MRI-DTI analysis. .......................................................................... 34 

Figure 6. Flow chart of participants in Quantitative Sensory Study. ................................. 51 

Figure 7. Heat maps of the location of symptoms. ........................................................... 53 

Figure 8. Scatter plot and mean (95% CI) of Z-scores for (A) thermal detection and pain 

thresholds and (B) mechanical parameters. ................................................................................ 57 

Figure 9. Percentage of people with an abnormal QST value per modality. ..................... 58 

Figure 10. Representative images illustrating the different MRI location acquisition and 

processing methods..................................................................................................................... 76 

Figure 11. Flow chart of participants in Diffusion-Weighted Imaging study. ...................... 80 

Figure 12. Adjusted means for tensor and non-tensor derived metrics for the four groups. . 

  ........................................................................................................................... 84 

Figure 13. Adjusted means for tensor and non-tensor derived metrics for the distal-to-

proximal analysis between groups. ............................................................................................. 87 

Figure 14. Flow chart of participants in shear-wave elastography study. ......................... 111 

Figure 15. Comparison of shear-wave velocities between nerves and across groups. ..... 114 

Figure 16. Boxplot with cross sectional areas of sural, tibial and median nerves across 

groups.  ......................................................................................................................... 115 

Figure 17. Forest plots for heat pain threshold for patients with painful DSPN versus non-

painful DSPN, non-painful DSPN versus diabetes and diabetes versus healthy. ........................ 148 

Figure 18. Forest plots for cold pain threshold in patients with painful DSPN versus DSPN, 

DSPN versus diabetes and diabetes versus healthy. .................................................................. 149 

Figure 19. Forest plot for pressure pain threshold in patients with painful DSPN versus non-

painful DSPN.  ......................................................................................................................... 150 



 

XIV 

Figure 20. Forest plots for pain threshold by means of electrical stimulation in patients with 

non-painful DSPN versus diabetes and diabetes versus healthy. .............................................. 151 

Figure 21. Attributes of the corneal epithelial microneuromas (CEMNs). ........................ 168 

Figure 22. Flow chart of participants. ............................................................................... 171 

Figure 23. Heat maps of the location of pain in healthy participants (A), diabetes without 

DSPN (B), non-painful DSPN (C), and painful DSPN (D). ............................................................. 172 

Figure 24. Representative in vivo corneal confocal microscopy images. .......................... 173 

Figure 25. Boxplots for the corneal confocal microscopy parameters from the central cornea 

(A, B, C, D, F, H, I), the inferior whorl (G), and the combined metrics (E, K, J). .......................... 174 

Figure 26. Abnormal CEMNS proportion and frequency per group and CEMNs attributes per 

group.  ......................................................................................................................... 177 

Supplementary figures 

Sup. Figure 1. Flow chart of records in systematic review and meta-analysis ........................ 158 

Sup. Figure 2. Forest plot for heat pain threshold in patients with non-painful DSPN vs healthy. 

  ......................................................................................................................... 159 

Sup. Figure 3. Forest plot for pressure pain threshold in patients with non-painful DSPN vs 

healthy.  ......................................................................................................................... 159 

Sup. Figure 4. Forest plot for electrical stimulation pain threshold in patients with non-painful 

DSPN vs healthy. .............................................................................................................................. 

  ......................................................................................................................... 159 

Sup. Figure 5. Forest plot for contact heat-evoked potentials in patients with non-painful DSPN 

vs healthy.  ......................................................................................................................... 160 

Sup. Figure 6. CEMNs for the different groups. ...................................................................... 186 

 



 

XV 

�>�]�•�š���}�(���š�����o���• 

Table 1. Classification of peripheral nerves. ......................................................................... 4 

Table 2. Reference values for sensory (A) and motor (B) electrodiagnostic studies and for 

corneal confocal microscopy (C). ................................................................................................. 23 

Table 3. Scan parameters ................................................................................................... 32 

Table 4. Electrodiagnostic studies and corneal confocal microscopy results. .................... 52 

Table 5. Overview of demographic characteristics. ........................................................... 54 

Table 6. Overview of medication use ................................................................................. 55 

Table 7. Scan parameters. .................................................................................................. 77 

Table 8. Overview of demographic characteristics per group. ........................................... 81 

Table 9. Estimates for tensor-derived metrics between groups. ....................................... 83 

Table 10. Estimates for tensor-derived metrics within groups and between locations ....... 88 

Table 11. Overview of demographic characteristics in shear-wave elastography study. ... 112 

Table 12. Estimates for shear-wave velocity between nerves and across groups ............. 113 

Table 13. Cross-sectional areas and thickness per nerve ................................................... 116 

Table 14. Search strings for MEDLINE and EMBASE. .......................................................... 130 

Table 15. Section of the data extraction form. .................................................................. 132 

Table 16. Downs and Black modified critical appraisal tool.  ............................................. 133 

Table 17. Overview of demographic characteristics in in vivo confocal study. .................. 170 

Supplementary tables 

Sup. Table 1. Raw values for quantitative sensory testing. ........................................................ 65 

Sup. Table 2. Raw quantitative sensory testing values in sensitivity analysis.  ........................... 67 

Sup. Table 3. Raw means (SD) (Coefficient of variation, %) for tensor derived metrics for the 

median and ulnar nerves measured at the elbow and wrist. ...................................................... 96 

Sup. Table 4. Raw means (SD) (Coefficient of variation, %) for non-tensor derived metrics for the 

median and ulnar nerves measured at the elbow and wrist. ...................................................... 97 



 

XVI 

Sup. Table 5. Raw means (SD) (Coefficient of variation, %) for shear-wave velocities (m/s) for the 

sural, tibial and median nerves in relaxed and tension positions. ............................................. 122 

Sup. Table 6. Corneal confocal microscopy parameters for the central cornea and inferior whorl, 

and attributes of the corneal epithelial microneuromas (CEMNs).  .......................................... 183 

Sup. Table 7. Overview of medication use in healthy participants, participants with diabetes 

without DSPN, non-painful DSPN and painful DSPN .................................................................. 184 

Sup. Table 8. Sensitivity analysis restricted to pain-free DSPN participants showing corneal 

confocal microscopy parameters for the central cornea and inferior whorl, and attributes of the 

corneal epithelial microneuromas (CEMNs).  ............................................................................ 185 

  



 

XVII 

�>�]�•�š���}�(���������Œ���À�]���š�]�}�v�• 

AANEM �t American Association of 
Neuromuscular & Electrodiagnostic Medicine  
AD �t axial diffusivity  
ADC �t apparent diffusion coefficient 
aDF �t apodized disc function 
aPFS �t apodized point spread function 
ALL �t dynamic mechanical allodynia  
ANFL �t average nerve fibre length 
BMHQ �t Brief Michigan Hand Questionnaire 
BMI �t body mass index 
CDT �t cold detection threshold 
CEMNs �t corneal epithelial microneuroma 
CI �t confidence interval 
CMAP �t compound muscle action potential 
CNBD �t corneal nerve branch density 
CNFA �t corneal nerve fibre area 
CNFD �t corneal nerve fibre density 
CNFL �t corneal nerve fibre length 
CNFractalDimension �t corneal nerve fractal 
dimension 
CNFW �t corneal nerve fibre width 
CPT �t cold pain threshold  
CSA �t cross sectional area 
CSD �t constrained spherical deconvolution 
CSF �t cerebrospinal fluid 
CSI �t Central Sensitisation Inventory 
CTBD �t corneal fibre total branch density 
CV �t conduction velocity 
DIANE �t project on diabetic neuropathy 
DMA �t dynamic mechanical allodynia 
DN4 �t neuropathic pain questionnaire 
DFNS �t German Research Network on 
Neuropathic Pain 
DRG �t dorsal root ganglia 
DSPN �t distal symmetrical polyneuropathy 
DSPN FEET ONLY �t distal symmetrical 
polyneuropathy located in the lower limbs 
DSPN HANDS & FEET �t distal symmetrical 
polyneuropathy in lower and upper limbs 
DTI �t diffusion tensor imaging 
DWI �t diffusion-weighted imaging 
EDC �t extensor digitorum communis 
EHL �t extensor halluces longus 
e.g. �t exempli gratia 

EQ-5D-5L - 5-level version, 5-dimensions of 
���µ�Œ�}�‹�}�o�[�•���‹�µ���•�š�]�}�v�v���]�Œ�����}�v���‹uality of life 
FA �t fractional anisotropy 
FCR �t flexor carpi radialis  
FOD �tfibre orientation distribution 
HbA1C  �t  glycated hemoglobin 
HPT �t heat pain threshold 
i.e. �t id est 
IVCM �t In vivo corneal confocal microscopy 
IWL �t inferior whorl length 
MCV �t motor conduction velocity 
MD �t mean diffusivity 
MDT �t mechanical detection threshold 
MPS �t mechanical pain sensitivity 
MNSI �t Michigan Neuropathy Screening 
Instrument 
MRI �t magnetic resonance imaging 
NRS �t numerical rating scale  
ODF �t orientation distribution function 
PPT �t pressure pain threshold 
QST �t quantitative sensory testing 
RD �t radial diffusivity 
RF �t response function 
ROI �t region of interest 
SCV �t sensory conduction velocity 
SD �t standard deviation 
SE �t standard error 
SENIAM �t Surface Electromyography for the 
Non-Invasive Assessment of Muscles 
SMD �t standardised mean difference 
SNAP �t sensory nerve action potential 
ss-EPI �t single-shot echoplanar imaging 
SWE �t shear-wave elastography 
T1W �t weighted image sequence  
TA �t tibialis anterior 
TNFL �t total nerve fibre length 
TSE �t turbo spin echo 
TSL �t thermal sensory limen 
VDT �t vibration detection threshold 
WDT �t warm detection threshold 
WM �t white matter 
WUR �t wind-up ratio 
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Introduction 

Diabetes is a highly prevalent, severe and costly disease, characterised by elevated blood 

glucose levels due to a lack of insulin production, an ineffective use of the insulin available, or 

both. The number of people with diabetes has escalated over the past decades, from 108 million 

adults worldwide in 1980 to 463 million in 2019.1 When diabetes is not well managed, 

complications develop that threaten health and endanger life. In fact, diabetes is the 7th leading 

cause of death worldwide, accounting for 5.2% of all deaths.2 The estimated global cost of 

diabetes is US$1.31 trillion annually, including direct medical costs ($857 billion) and indirect 

costs, such as lost productivity.3 These statistics reinforce that diabetes and its complications 

are important health concerns and a burden to not only the person with diabetes, but also 

national economies.  

As the prevalence of diabetes continues to rise, so do diabetic complications. The high 

mortality and morbidity in people with diabetes are linked to these complications4 which occur 

due to the tissue damage caused by the elevated levels of glycemia over time. The heightened 

levels of glycemia accelerate the ather�}�•���o���Œ�}�š�]�����v���Œ�Œ�}�Á�]�v�P���}�(���š�Z�������Œ�š���Œ�]���•�[���o�µ�u���v�X5 This process 

allows for the subgrouping of diabetic complications into (1) macrovascular, which involves 

damage within the larger blood vessels (e.g., coronary and peripheral artery disease and stroke); 

and (2) microvascular, which involves damage within the small blood vessels (e.g., diabetic 

nephropathy, neuropathy and retinopathy).6 While macrovascular complications are common 

among people with diabetes (27.2%), microvascular complications are even more prevalent 

(53.5%), with neuropathy being the highest reported complication worldwide.7 

Neuropathies are defined as a disturbance of function or pathological changes in a nerve.8 

The extension and magnitude of complications in a neuropathy will depend on the type of nerve 

affected. Nerves fibres can be classified according to (1) the histology, regarding absence or 

presence of myelin (i.e., unmyelinated vs myelinated fibres); (2) the diameter and nerve 

conduction velocities (i.e., small-diameter nerve fibres, such as ���w�U�� ���� ���v���� �� fibres, or large-

diameter nerve fibres, such as A�r�U�����t or A�v); or (3) the function (e.g., detection of temperature, 

noxious stimuli, proprioception or motor)9 (Table 1). Clinically, people with neuropathies can 

experience a variety of sensory symptoms (e.g., numbness, tingling), motor symptoms (e.g., 

weakness), autonomic symptoms (e.g., orthostatic hypotension, sweat abnormalities), and/or 

neuropathic pain (e.g., burning, stabbing, electric shock type).10 The metabolic processes in 

diabetes cause changes in nerve function and structure that influence the mechanical properties 

of the peripheral nerves and may lead to diabetic neuropathy.   
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Table 1. Classification of peripheral nerves.  

 

Diabetic neuropathy 

Clinical presentation  

Diabetic neuropathies can be classified as focal or multifocal, with the latter including 

distal symmetrical polyneuropathy (DSPN). DSPN is the commonest clinical form of diabetic 

neuropathy affecting more than 90% of patients with neuropathies worldwide.11 DSPN is a long-

term complication of diabetes, associated with considerable morbidity, diminished quality of 

life, and mortality.11 It is a chronic, bilateral, length-dependent sensorimotor neuropathy that 

compromises multiple nerves.12,13  

Regarding the location of symptoms, people with a typical presentation of DSPN initially 

have symptoms in their toes. These symptoms often spread proximally to the feet, and may 

eventually affect the lower legs below the knee.14 Once they have reached the knee, the 

symptoms may present in the fingers and spread over the hands.15 Patients with diabetes can 

be classified within a broad diabetic spectrum according to the presence or absence of DSPN. 

This involves patients with diabetes without DSPN, patients with DSPN in their feet and lower 

legs only, and patients with DSPN in lower and upper limbs.  

Regarding the nature of the symptoms, numbness, tingling, burning sensations and pain 

are often reported by people with DSPN. The progressive loss of small-diameter nerve fibres 

(i.e., ���w�� ���v���� ���• may result in altered thermal and pain perception,16 whereas large-diameter 

nerve fibre impairment (i.e., A�r�U�� ���t or A�v fibres) is believed to occur in more severe 

conditions17,18 and may result in loss of touch, vibration perception and muscle weakness. 

Neuropathic pain is present in 30 to 50% of people with diabetic neuropathies,19�t23 strongly 

impacting their daily function24 and quality of life.25 The sensation experienced is frequently 

described as spontaneous burning pain, brush-evoked allodynia or paraesthesia.23 These 

 A�r ���t  A�v ���w B C C 

Function Motor 

Touch 

pressure, 

vibration 

Proprioception

/ motor tone 

Noxious 

stimuli/ 

temperature 

Preganglionic 

autonomic  

Noxious 

stimuli/ 

temperature 

Postganglionic 

autonomic  

Myelin +++ +++ ++ ++ + - - 

Diameter 

(µm) 
12-20 5-12 5-12 1-4 1-3 0.5-1 0.3-1.3 

Conduction 

velocity 

(m/sec) 

70-120 30-70 30-70 12-30 14.8 1.2 0.5-2.0 
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positive sensory symptoms may be present along with sensory loss. The development of 

neuropathic pain in DSPN remains unclear, with different factors being involved, including 

genetic factors, somatosensory pathways and psychological factors in the face of stressors, such 

as metabolic dysfunction and neuropathy severity.26 Patients with DSPN are often classified 

regarding the presence or absence of pain into patients with painful DSPN or non-painful DSPN 

to account for the different pathophysiological mechanisms. 

Pathogenesis 

Diabetic neuropathy has a multifactorial pathogenesis.27,28 Microvascular complications 

leading to neuropathy are evidenced by decreased capillary blood flow, resulting in diminished 

perfusion of the nerves and endoneurial hypoxia.29,30 It is unclear whether these microvascular 

changes initiate the diabetic neuropathy process or contribute to the inability to withstand 

direct glucotoxicy.31 Diabetes decreases mediators of blood vessel formation which triggers an 

increase in endoneurial capillary density32 in an attempt to provide an adequate blood supply.33 

Substantial experimental evidence supports the notion that the entire neuron is altered by 

diabetes but the sequence of events is debated on which structure is targeted first (i.e., 

peripheral axons, Schwann cells or the nerve nucleus).34 The microvascular hypothesis has been 

challenged by the concept that diabetes directly targets dorsal root ganglion sensory neurons. 

In fact, the sensory neuronal cell bodies in dorsal root ganglia (DRG) are targeted early and 

trigger a process of neurodegeneration.35  

The bioenergetic demands of the peripheral nervous system have been considered as a 

potential mechanism of DSPN, especially when focusing on the interactions between the cellular 

components of the nerve (i.e., axonal compartment and Schwann cells).35,36 Schwann cells may 

have a supportive role in the axonal energy homeostasis36 and a prolonged failure to meet 

energy generation could trigger axonal degeneration.37 Sensory axons have an increased 

dependence on metabolic support from Schwann cells38,39 because conduction of unmyelinated 

axons is more energy consuming than saltatory impulse propagation along myelinated fibres.35 

This suggests that the small-diameter axons of sensory DRG neurons may be more vulnerable to 

injury, as higher energy demands may be difficult to meet in the presence of diabetes. 

Diabetic neuropathy is characterised by axonal thickening, eventual loss of neurons30 and 

increased amount of collagen in the connective tissue layers in and around the nerves.40�t42 

Peripheral nerves are composed of a well-organised extracellular matrix of connective tissue 

that includes the epineurium (outer), perineurium (middle), and endoneurium (inner layer). The 

epineurium has shown an increase in connective tissue due to the chronic inflammation around 

the vessels of the epineurium and perineurium in sural nerve biopsy of people with diabetes.43,44 

This epineurial thickening was accompanied by endoneurial fibrosis.43 The changes in connective 

�í 



Chapter 1: General Introduction 

6 | P a g e 

tissue alter the mechanical properties of the nerves, leading to an increased intraneural pressure 

that causes nerve oedema, compression of supplying blood vessels, and ischaemia.10,45 Changes 

in nerve mechanical properties are also considered an important factor in the pathogenesis of 

neuropathies.46 In addition, systemic inflammation may also be implicated.47  

Diagnosis 

The diagnosis of DSPN is typically made clinically.48 A person with diabetes with a typical 

presentation of symmetrical sensory loss or signs of neuropathy without symptoms is highly 

suggestive of DSPN.12 However, there is no consensus on an appropriate and sensitive tool to 

accurately measure DSPN. The different measures available focus on measuring the changes in 

(1) nerve function, (2) nerve structure and (3) mechanical properties. 

1. Nerve function 

Different psychophysical and objective diagnostic tests are available to evaluate the 

somatosensory pathway function in people with peripheral neuropathies, including bedside 

neurological examination (e.g., sensation testing) or neurophysiological techniques. Of these, 

the neurophysiological techniques of electrodiagnostic tests and Quantitative Sensory Testing 

(QST) are the most routinely used.  

Electrodiagnostic testing is the most common neurophysiological technique used in 

research to diagnose neuropathies. It is accurate, reliable, sensitive and is a non-invasive 

approach in the assessment of peripheral nerve function.49 Electrodiagnostic tests have been 

considered the best method for a quantitative indication of peripheral neuropathy compared to 

other methods.12 However, electrodiagnostic tests focus on myelinated nerve fibres whereas 

DSPN may predominantly involve unmyelinated fibres.50�t52 QST can address this limitation.  

QST is a suite of tests that can quantify gain (positive phenomena) or loss (negative 

�‰�Z���v�}�u���v���•���}�(���•���v�•�}�Œ�Ç���(�µ�v���š�]�}�v���]�v�����t�U�����w�����v���������(�]���Œ���•���µ�•�]�v�P�����}�v�š�Œ�}�o�o�������•�š�]�u�µ�o�]�U���Á�Z�]���Z���]�•���}�v�����}�(��

its main advantages. The German Research Network on Neuropathic Pain has established a 

standardised protocol for QST which includes thermal and mechanical nociceptive and non-

nociceptive stimuli.53 In previous studies using QST to explore the somatosensory phenotype of 

DSPN,54,55 the main finding revealed sensory hypofunction of small and large-diameter nerve 

fibres. Changes in nerve function are well-documented for the lower limb, but the literature for 

upper limb diabetic neuropathies is scarce. Comprehensive assessment of upper limb nerve 

function using QST paradigms in people with diabetes is needed. 
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2. Nerve structure 

Recent imaging techniques, such as in vivo confocal microscopy (IVCM) of the cornea and 

Diffusion-Weighted Imaging (DWI). These two techniques offer the advantage of being non-

invasive compared to intraepidermal nerve fibre density, which directly quantifies changes in 

small-diameter nerve fibre structure via skin punch biopsy. 

Measurement of IVCM is a novel, time-efficient technique that evaluates corneal nerves, 

and more specifically, the sub-basal plexus whose majority of fibres are unmyelinated.56 These 

corneal nerves are highly susceptible to chemical perturbation, which is the case in diabetes. 

ICVM can evaluate changes in corneal nerve structure, such as nerve fibre length or density, that 

have been correlated to changes in nerve fibre length in the skin.57 Moreover, the assessment 

of the most distal part of the sub-basal plexus, the inferior whorl, may detect nerve fibre loss in 

DSPN earlier,58 but these results remain inconclusive.59 Recent studies have suggested 

microneuromas or corneal sub-epithelial microneuromas (CEMNs) as potential biomarkers of 

nerve injury in DSPN.60 CEMNs are anomalies in the nerve structure that have been suggested 

to reflect injury and disease, especially when pain is present.61 However, the lack of an adequate 

classification and terminology of CEMNs has limited the ability to discern their pathological or 

physiological nature and its relation to pain.61 The role of ICVM in detecting differences in 

corneal measures and CEMNs in painful compared to non-painful DSPN needs to be further 

explored. 

DWI is a Magnetic Resonance Image (MRI) sequence that measures water diffusion to 

provide a quantitative assessment of nerve integrity. DWI can assess changes in the nerves 

microstructure that relates to degeneration.62 Among the various methods proposed to analyse 

DWI, two are most widely used, namely the tensor model (Diffusion Tensor Imaging, DTI) and 

the more advanced constrained-spherical deconvolution (CSD). In DTI, fractional anisotropy 

objectively measures the extent and directionality of water movement.63 The tubular shape of a 

nerve predisposes the water molecules to move in a longitudinal direction, where there is less 

restriction compared to the transverse direction. A reduction in fractional anisotropy occurs in 

the presence of complex nerve architecture where there is a lack of preferred direction (e.g., 

crossing fibres), or a loss of directionality in the fibre bundle due to pathology (e.g., 

disorganisation in the nerve microstructure).64 The tensor model is not able to distinguish 

between these two scenarios, hence the CSD model was developed. In CSD, complexity and 

dispersion metrics are able to improve the understanding of the architecture configuration.64 

Previous studies in peripheral nerves have only utilised DTI, where differences in fractional 

anisotropy were observed in lower limb nerves in patients with DSPN.65 Interestingly, 

differences were observed predominantly proximally at the sciatic nerve in the thigh compared 
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to the tibial nerve in the lower leg,65 in contrast to the traditional description of distal-to-

proximal DSPN progression. No studies have explored the structure and the distal-to-proximal 

progression of DSPN in the upper limb nerves, such as the median and ulnar nerve. Moreover, 

CSD is yet to be applied to any peripheral nerve, not just in diabetes. 

3. Mechanical properties 

Shear-wave elastography (SWE) imaging has emerged as a novel non-invasive technique 

to evaluate mechanical properties with ultrasound scanning. This technique uses the velocity of 

a transducer-generated shear-wave to quantitatively measure the mechanical properties across 

the tissues.66 The mechanical properties assessed with SWE encompass elasticity and viscosity. 

An imbalance of these properties occur in DSPN where thickening of the peripheral nerve 

sheaths is observed.43 Considering these changes along with the increase in intraneural 

pressure, SWE may be an ideal method to detect early stages of DSPN based on changes in the 

nerve�[�• mechanical properties. Previous studies have reported an increased stiffness in the tibial 

and median nerves in people with diabetes with and without DSPN, compared to healthy 

controls.67,68 During the development of DSPN, sensory nerves (e.g., sural nerve) deteriorate 

earlier compared to mixed nerves (e.g., tibial nerve).69 No studies have assessed the mechanical 

properties of the sural nerve in DSPN. The quantification of the mechanical properties of the 

sural, tibial and median nerves in people with DSPN could reveal further insight in the 

pathophysiology and progression of DSPN. 

 

Introduction to the presented chapters 

The overall aim of this project was to gain insight in �š�Z���� �‰���Œ�]�‰�Z���Œ���o�� �v���Œ�À�}�µ�•�� �•�Ç�•�š���u�[�•��

function, structure, and mechanical properties in people with diabetes with and without DSPN. 

Three parts can be distinguished. In the first part (Chapter 2), an overall description of the data 

collection and analysis methods is provided for the central study in this project: a cross-sectional 

study (N=125) comparing healthy people with people with diabetes, with and without DSPN. 

The second part (Chapter 3, Chapter 4 & Chapter 5) analyses the nerve function and structure 

in participants grouped according to the location of DSPN symptoms (i.e., healthy participants, 

participants with diabetes without DSPN, participants with DSPN in feet only (DSPN FEET ONLY) and 

participants with DSPN in hands and feet (DSPN HANDS & FEET)). In the third part (Chapter 6, 

Chapter 7 & Chapter 8), we focused on the presence of pain in DSPN to summarise the evidence 

on nerve function, and compare nerve structure according to the presence of painful or non-
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painful DSPN (i.e., healthy participants, participants with diabetes without DSPN, participants 

with non-painful DSPN, and participants with painful DSPN).  

The primary aim of CHAPTER 3 was to quantify the somatosensory function in hands in 

participants with DSPN HANDS & FEET, and compare their QST profile with healthy participants and 

participants with diabetes without DSPN in their hands. As the available literature on early signs 

of DSPN in hands was scarce, our secondary aim was to assess whether early, subclinical signs 

were already present in the hands of participants with diabetes without DSPN and in participants 

with DSPN FEET ONLY. We hypothesised that participants with DSPN HANDS & FEET will present the 

largest loss of somatosensory function in hands, and early signs will be detected in DSPN FEET ONLY 

and participants with diabetes without DSPN. 

While investigating how peripheral nerve function changes is insightful, understanding 

what the structural alterations are that drive these changes is of equal importance. Two studies 

were conducted to achieve this. CHAPTER 4 focuses on the assessment of DWI of peripheral 

nerves in the upper limbs (i.e., at the elbow and wrist). We aimed to assess the microstructure 

of the median and ulnar nerve in participants with DSPN HANDS & FEET and compare it with 

participants with diabetes without DSPN in their hands. Moreover, we evaluated whether 

differences in nerve microstructure were observable in a distal-to-proximal pattern. Finally, the 

utility of quantitative metrics from a non-tensor diffusion model to quantify the microstructure 

of peripheral nerves was tested. We hypothesised that 1) nerve microstructure abnormalities 

will be directly proportional to the extension of the location of symptoms of DSPN (i.e., 

participants with DSPN HANDS & FEET will have the largest microstructural abnormalities in median 

and ulnar nerves); 2) microstructure abnormalities in people with DSPN will follow a distal-to-

proximal progression with the nerves at the wrist more affected than at the elbow but no such 

differences will be found in the groups without DSPN. In CHAPTER 5, SWE to compare 

differences in nerve mechanical properties in the sural, tibial and median nerve in healthy 

participants, people with diabetes without DSPN, people with DSPN FEET ONLY, and people with 

DSPN HANDS & FEET. Differences in cross-sectional area and thickness in sural, tibial and median 

nerve were also evaluated. We hypothesised that changes in mechanical properties, cross-

sectional areas and thickness of the median, sural and tibial nerve will be related to the location 

of DSPN symptoms (i.e., most changes will be observed in participants with DSPN HANDS & FEET , 

followed by participants with DSPN FEET ONLY, and participants with diabetes without DSPN). Sural, 

tibial and median nerves will be affected to the same amount in participants with 

DSPN HANDS & FEET, while sural and tibial nerves but not median will be affected in participants with 

DSPN FEET ONLY and early changes in sural nerve will be present in participants with diabetes 

without DSPN.  

�í 
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Although understanding how diabetes affects hands in people with a different location of 

symptoms (feet versus hands and feet) was key in this thesis, pain is probably the most 

concerning symptom in people with DSPN and requires specific attention. As previously 

mentioned, literature on the differences in nerve function and structure in people with and 

without painful DSPN is conflicting. We aimed to review and summarise the evidence on altered 

pain thresholds and pain modulation in people with diabetes without and with DSPN (both 

painful and non-painful). CHAPTER 6 describes the protocol for the systematic review and meta-

analysis to summarise pain detection thresholds in people with diabetes and people with painful 

and non-painful DSPN; and CHAPTER 7 reports the results of this review. In CHAPTER 8, we 

focused on the structure of the corneal nerves and the microneuromas as potential biomarkers 

of painful DSPN. Our goal was to compare the corneal nerve morphology in the central cornea 

and the inferior whorl, and the presence and attributes of microneuromas between healthy 

participants, people with diabetes without DSPN, people with non-painful DSPN and people with 

painful DSPN. We hypothesised that the structural changes in the corneal nerves will reflect 

larger deterioration (i.e., loss of nerve fibres) in people with painful DSPN compared to non-

painful DSPN, people with diabetes or healthy individuals. Moreover, microneuromas will be 

more frequent in people with painful DSPN compared to the other groups. Finally, some 

attributes of the microneuromas will be more frequent in people with painful DSPN compared 

to people with non-painful DSPN, which could indicate they will be potential biomarkers for 

painful DSPN.  

 

Significance of the program of studies 

The combined exploration of nerve function, morphology and mechanical properties will 

provide a unique and comprehensive profile of the nervous system in people with diabetes with 

different disease progressions (i.e., with and without DSPN). Such a comprehensive combined 

assessment has not yet been conducted before. Moreover, very little is known about how 

diabetes affects the nerves that supply the hands. The ability to compare the results of each 

assessment technique may increase the understanding of DSPN significantly, especially for 

upper limb neuropathies for which knowledge is limited. Although the central study in this thesis 

is cross-sectional in nature, the findings should enable us to better understand the possible 

progression of DSPN, and the differences between painful and non-painful presentations of 

DSPN.  
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Introduction 

This chapter provides an overview of the data collection and data processing methods 

used in the different studies of this thesis. These studies are part of a larger project, the DIANE 

project, which focusses on function, structure and neuromechanics. In this thesis, we focused 

on nerve function and structure. To evaluate nerve function, quantitative sensory testing (QST) 

and electrodiagnostic methods were used. QST assesses the presence of loss or gain of function 

in small and large-diameter nerve fibres. Electrodiagnostic methods evaluate a potential loss of 

function in large-diameter nerve fibres. To evaluate nerve structure, magnetic resonance 

imaging, ultrasound imaging, elastography, and corneal confocal microscopy were performed. 

Magnetic Resonance Imaging (MRI) using Diffusion Weighted Imaging (DWI) sequence can 

quantify microstructural alterations of peripheral nerves. Ultrasound imaging with elastography 

measured the elastic properties of the median nerve. Corneal confocal microscopy evaluated 

the small-diameter nerve fibre structure in the cornea. Electrodiagnostic tests and corneal 

confocal microscopy were used as diagnostic criteria for DSPN to assist with the subgroup 

classification into people with diabetes without DSPN, people with DSPN, and healthy controls.  

Data were collected at three facilities. All the included participants underwent 

quantitative sensory testing, electrodiagnostic tests, ultrasound scanning and elastography at 

�š�Z���� �Z�D�µ�•���µ�o�}�•�l���o���š���o�� �,�����o�š�Z�� ���v���� �W���Œ�•�]�•�š���v�š�� �W���]�v�[�� �Œ���•�����Œ���Z�� �o�����}�Œ���š�}�Œ�Ç�� ���š�� �'�Œ�]�(�(�]�š�Z�� �h�v�]�À���Œ�•�]�š�Ç. 

Corneal confocal microscopy was performed at the Anterior Eye Lab at Queensland Univerity of 

Technology. A subset of participants attended the QScan Radiology Clinic for an MRI DTI of their 

median and ulnar nerve at the elbow and wrist. In combination, this is the most comprehensive 

assessment undertaken in people with diabetes with and without DSPN to characterise the 

function and structure of the nerves in the hand. 

 

Data collection and data processing 

Participants 

Six-hundred-and-sixty potential candidates were screened over the phone for eligibility 

(Figure 1). To be eligible for inclusion, participants with and without diabetes had to (1) be at 

least 18 years-old; and (2) have a pain-free and full range of motion of the upper limb joints 

(shoulder, elbow and wrist) and neck. Exclusion criteria were conditions that can mimic DSPN 

(e.g., hypothyroidism, vitamin B12 deficiency, degenerative disc disease or nerve root 

compression), unilateral symptoms indicative of neuropathy, trauma-related nerve injuries, self-

�î 



Chapter 2: General Methods 

18 | P a g e 

reported psychiatric disorders, fibromyalgia, irritable bowel syndrome, chronic fatigue 

syndrome; complex regional pain syndrome, a history of malignancy or chemotherapy, surgery 

in the upper limbs in the preceding two years, pregnancy, any other systemic neurological or 

rheumatological disease, complex regional pain syndrome, contraindications for MRI (e.g., 

metallic implants), patients with insufficient mental capacity or English-language skills to provide 

informed consent or to complete the questionnaires. People with eye conditions that affect 

in vivo corneal confocal microscopy were also excluded (e.g., cataract surgery in the past year, 

hard contact lenses, medication for glaucoma, or laser eye surgery). Participants were recruited 

through Diabetes Australia, Griffith University and WeekendNotes in the Brisbane and Gold 

Coast area between August 2019 and December 2020. 

 

Participant classification  

The allocation of participants in the DIANE project followed two different pathways 

depending on whether the study was focused onto evaluate differences between painful and 

non-painful DSPN; or between the extension of symptoms in DSPN namely only in feet or in feet 

and hands. Only the in vivo confocal microscopy study that explores differences in the corneal 

nerves was focused on painful and non-painful DSPN groups. The flow of participants for this 

study will be detailed in the corresponding Chapter 8.  

The quantitative sensory testing study, the MRI study and the shear-wave elastography 

study were focused on differences in the extension of symptoms in DSPN. Participants were 

allocated into four groups: (1) participants without diabetes; (2) participants with diabetes and 

no DSPN; (3) participants with DSPN in feet but not in hands; and (4) participants with DSPN in 

feet and hands. Diabetes was evaluated by measuring the average blood glucose level with a 

point-of care HbA1c test (Afinion Test System, Abbott, Chicago, IL). Participants with either type 

I or type II diabetes were included. Participants with diabetes had to meet HbA1C values >6.0% 

and participants without diabetes needed <6.0% to be included. The American Diabetes 

Association recommends a HbA1c test value of 6.5% as the cut point to diagnose diabetes. A 

value less than 6.5% does not exclude diabetes diagnosed using glucose tests. In this study, the 

HbA1c value was lowered to 6.0 % to include pre-diabetes and broaden the range of better-

controlled HbA1c in the diabetes group without DSPN.1,2  

The diagnosis of DSPN was confirmed according to the following criteria: (1) a clinical 

presentation indicative of DSPN and (2) confirmatory electrodiagnosis and/or corneal confocal 

microscopy. To be classified as not having DSPN, people had to meet the following criteria: (1) 

no clinical presentation indicative of DSPN, (2) normal electrodiagnosis, and (3) normal corneal 

confocal microscopy (Figure 1).  
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Figure 1.  �&�o�}�Á�����Z���Œ�š���}�(���š�Z�����‰���Œ�š�]���]�‰���v�š�•�[�����o���•�•�]�(�]�����š�]�}�v���‰�Œ�}�������µ�Œ��s. 
 
CV, conduction velocity; CNFL, corneal nerve fibre length; QST, quantitative sensory testing; US, 
ultrasound; CCM, corneal confocal microscopy; MRI-DTI, magnetic resonance imaging-diffusion tensor 
imaging; DSPN, distal symmetrical polyneuropathy; HbA1c, glycated haemoglobin. 
 

Criterion 1: Clinical presentation indicative of DSPN 

 A typical clinical presentation suggestive of DSPN includes a bilateral, distal-to-proximal 

distribution of symptoms and signs.3 Symptoms, such as numbness, tingling, burning, electrical 

sensations or aching pain, were considered as potential manifestations of DSPN. If a participant 

with diabetes reported any of the aforementioned symptoms bilaterally and these were located 

at the feet but not hands, they met the clinical presentation criterion for DSPN in feet. If a 
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participant with diabetes presented bilateral symptoms in feet and hands, they met the clinical 

presentation criterion for DSPN in feet and hands. If participants with or without diabetes 

presented with unilateral symptoms indicative of neuropathy, they were excluded from the 

study. 

Clinical neurological examination involved the use of a 10-g monofilament (Aesthesio®, 

DanMic global, US) to assess the feet from distal to proximal, and symmetrically. The 10-g 

monofilament is a useful clinical tool mainly for detecting more advanced neuropathy and 

identifying patients at increased risk of ulceration and amputation. The result was noted as 

reduced or absent. 

Criterion 2: Electrodiagnosis 

The electrodiagnosis was performed according to the recommendations for DSPN 

assessment.4,5 This method is an accurate, reliable, sensitive and a non-invasive approach for 

the assessment of peripheral nerve function.3,6 The electrodiagnostic tests were performed with 

a Sierra Summit (Cadwell, WA, USA) following recommendations from SENIAM.7 (Figure 2). 

To evaluate sensory nerves, the equipment was set up with a display sensitivity of 10-20 

µV/division and a sweep speed of 1 ms/division. A high-pass filter (20Hz) and a low-pass filter 

(2kHz) were used.8 The electrical pulse was 100-200 µs and the current used was ~30 mA to 

avoid a motor response. All sensory nerve conduction assessments were performed with an 

antidromic technique. The stimuli were repeated with slightly higher intensities if needed, until 

two reproducible sensory nerve action potentials per nerve were obtained.  

To evaluate motor nerves, the display sensitivity was 5 mV/division and the sweep speed 

5 ms/div. A high-pass filter was set at 2�t3Hz and low-pass filter at 10kHz. The pulse duration was 

0.2ms and the intensity was typically between 30 and 80mA. The current or the intensity were 

gradually increased until an increase in stimulus produced no further increment in the amplitude 

of the compound muscle action potential. This procedure assures that amplitude and latency 

are recorded accurately.  

All the tests were performed using disposable 30x24mm hydrogel electrodes for the 

upper limbs and 30x35mm electrodes for the lower limbs (Covidien, Germany). Reusable ring 

electrodes were not used for the upper limb sensory nerves for hygienic reasons. The cathode 

was place 14cm proximal to the active electrode when stimulating a sensory nerve or the 

sensory part of a mixed nerve; or 8cm in case of a motor nerve. The anode was proximal. The 

ground electrode (30x35mm for lower and upper limb tests) was placed between the stimulating 

point and recording electrodes, e.g. over the lateral or medial malleolus for the lower limb tests, 

and on the palm for the upper limb electrodiagnostic test following published 

recommendations8 (Figure 2).  
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Figure 2. Overview of the electrode placement for the lower and upper limb electrodiagnostic 
studies. 
 
TA, tibialis anterior; EDC, extensor digitorum communis; EHL, extensor halluces longus. FCR, flexor carpi 
radialis 
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The minimum case definition criterion for electrodiagnostic confirmation of DSPN was a 

presence of a clinical symptom or sign and a reduced fibular motor conduction velocity 

(<42m/s).9 Participants without diabetes were excluded if they had an abnormal fibular nerve 

test. If the fibular nerve test and corneal confocal test reported normal results, the participant 

was allocated to the non-diabetic control group. Participants with diabetes and bilateral 

symptoms who had an abnormal fibular nerve test were allocated to the group of people with 

DSPN.10  If the fibular nerve was normal, these participants were allocated to the unconfirmed 

DSPN group until the corneal confocal test was performed to either confirm or reject the DSPN 

diagnosis (Figure 1). Additional nerve conduction studies were performed in all participants with 

and without diabetes to have a better understanding of the nerve function in the lower (Figure 

2A) and upper limbs (Figure 2B). The presence of carpal tunnel syndrome (CTS) was explored 

with electrodiagnosis. Other neuropathies (e.g., cervical or lumbar radiculopathy) were not rule 

out with electrodiagnostic tests. 

For the lower limb electrodiagnostic tests, participants were lying comfortably on their 

right side with a pillow placed between their knees to allow for the assessment of the left leg. 

The lower limbs were at approximately 90° knee flexion and 90° hip flexion. Fibular motor nerve 

followed by sural sensory nerve were evaluated in this position. The ipsilateral tibial motor nerve 

assessment was performed with the participant lying prone on the plinth with the feet off the 

bed to allow for a relaxed ankle position. Once the assessment was performed in the left leg, 

the contralateral side was explored (Figure 2A). 

For the upper limb electrodiagnostic tests, participants were lying supine with the hand 

by their side to explore the median sensory and motor nerves on the left side. For the ulnar 

sensory nerve, the shoulder was abducted approximately 90° and the elbow flexed 90°. The 

median nerve on the right side was explored if abnormal findings were observed on the left side 

(Figure 2B). Normative values were used as a reference (Table 2). Attributes of the median 

sensory nerve were compared to the ulnar sensory nerve of the same hand. CTS was considered 

when changes were present in the median sensory nerve without changes in the ulnar sensory 

nerve. When both nerves showed changes, then the diagnosis was DSPN in hands. 

Criterion 3: Corneal confocal microscopy 

Electrodiagnostic tests only evaluate large-diameter nerve fibres, which are usually 

damaged after the small-diameter nerve fibres in DSPN.11 To avoid misclassification of 

participants with DSPN and only small-diameter nerve fibre dysfunction or healthy participants 

with signs of neuropathy, in vivo corneal confocal microscopy was performed. In vivo corneal 

confocal microscopy is an objective, rapid, non-invasive imaging technique to identify early 

small-diameter nerve fibre neuropathy.9 All participants underwent an examination of the 
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subbasal nerve plexus of the cornea using the Heidelberg Tomograph Rostock Cornea Module 

III (Heidelberg Engineering GmbH, Heidelberg, Germany and Heidelberg Engineering, Smithfield, 

RI, USA), according to published methods.12 Five to eight images were manually selected for the 

analysis. Corneal nerve fibre length (CNFL), expressed as the total length of corneal nerves fibres 

in mm per mm2, was quantified automatically using the ACCMetrics software.13 The optimal 

threshold for confirmation of DSPN was a corneal nerve fibre length less than 12.5 mm/mm2 in 

participants with type 1 diabetes and less than 12.3 mm/mm2 in type 2 diabetes.9  (Figure 1).  

 

Table 2.  Reference values for sensory (A) and motor (B) electrodiagnostic studies and for 
corneal confocal microscopy (C).  
 
Part A:  
Sensory nerves 

Amplitude onset-to-peak: 
lower limit (3rd percentile) (µV) 

Latency onset: 
upper limit (97th percentile) (ms) 

Sural 4 3.6 
Median sensory 10 3.3 
Ulnar sensory 10 3.1 
Part B:  
Motor nerves 

Distal amplitude: 
lower limit (3rd percentile) (mV) 

Conduction velocity (m/s) 

Fibular  4.0 42 
Tibial  4.4 39 
Median motor 4.1 49 

Part C: Parameter 
Threshold for diabetes type 2 

(mm/mm²) 
Threshold for diabetes type 1 and 
healthy participants (mm/mm²) 

Corneal nerve fibre 
length 

<12.3 <12.5 

µV, microvolts; ms, milliseconds; mV, millivolts; m/s, metres per second; mm/mm2, millimetres per 
millimetre squared. 
 

�W���Œ�š�]���]�‰���v�š�[�•�����Z���Œ�����š���Œ�]�•�š�]���• 

All participants underwent a standardised patient interview documenting sex, age, Body 

Mass Index (BMI), ethnicity, medication use, years with diabetes, type of diabetes, diabetic 

neuropathy diagnosis, and years with symptoms of diabetic neuropathy. Pain intensity was 

assessed using an 11-point Numerical Rating Scale (NRS; 0: no pain; 10: worst pain imaginable). 

Current pain, and least, worst and average pain during the preceding week were registered. 

Blood pressure was assessed after 30 min lying supine on a plinth and within two minutes after 

standing.  

 Participants also completed a series of questionnaires. The Michigan Neuropathy 

Screening Instrument14 was used to further assess the characteristics of diabetic neuropathy. It 

consists of 15 questions on foot sensation and pain, numbness and temperature sensitivity. A 

score of 4 or higher indicates diabetic neuropathy,14 with a higher score representing more 

neuropathic symptoms. We used the original questionnaire to quantify neuropathy in the feet. 

An adapted version of this questionnaire was used to assess the hands (Supplementary 

information). Neuropathic pain was assessed using the DN4 questionnaire,15 which has been 
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validated to diagnose painful diabetic neuropathy.16 We used one DN4-form for feet and a 

separate DN4-form for hands. The Central Sensitisation Inventory (CSI)17 was used to assess 

central sensitisation-related symptoms. The Brief Michigan Hand Questionnaire18 was used to 

evaluate hand function, the ability to complete daily and occupational activities, patient 

satisfaction, pain, and aesthetic hand appearance. Health-related quality of life was evaluated 

using the EQ-5D-5L questionnaire,19,20 which uses an index score based on mobility, self-care, 

usual activities, pain/discomfort and anxiety/depression.  

 

Quantitative Sensory Testing 

A comprehensive assessment of the somatosensory function of the hand was performed 

using the standardised QST protocol described by the German Research Network on 

Neuropathic Pain (DFNS).21 This battery of tests allows the quantification of loss or gain of 

function in small and large-diameter nerve fibres. 

With the participant sitting in a quiet room and blindfolded, the following tests were 

performed: cold detection threshold, warm detection threshold, thermal sensory limen, 

paradoxical heat sensations, cold pain threshold, heat pain threshold, mechanical detection 

threshold, mechanical pain sensitivity, dynamic mechanical allodynia, vibration detection 

threshold, and pressure pain threshold. All measures were performed over the thenar eminence 

of the dominant hand resting comfortably on a table (forearm supinated), except vibration 

detection threshold which was evaluated over the third metacarpophalangeal joint and the 

ulnar styloid (forearm pronated). The pressure pain threshold was also recorded at the midpoint 

of the upper trapezius muscle (Figure 3B). Each test modality was measured three times. All 

tests were first performed on the contralateral (i.e., non-dominant) side to familiarise the 

participant with the procedures, before blindfolding (Figure 3A). 

The raw QST data were entered into an Excel spreadsheet. All data except the paradoxical 

heat sensations, cold pain thresholds, heat pain thresholds, and vibration detection thresholds 

were transformed logarithmically before statistical analysis as per protocol.21 When pain ratings 

to pinprick and light touch were 0, a small constant (+0.1) was added prior to log-transformation 

to avoid a loss of zero rating values.22 Data were converted into Z-scores using the following 

formula: Z = (mean valuepatient - meancontrols)/SDcontrols, where Z is the Z-transform score for each 

QST value; mean valuepatient is the average of the 3 measures taken per QST variable, meancontrols 

is the mean of all the healthy participants for that QST variable and SDcontrols is its standard 

deviation.23,24 Positive Z-scores indicate gain of function and negative Z-scores indicate loss of 

function.  
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Figure 3.  Quantitative sensory testing protocol.  
 
WDT, warm detection threshold; CDT, cold detection threshold; TSL, thermal sensory limen; CPT, cold 
pain threshold; HPT, heat pain threshold; MDT, mechanical detection threshold; MPS, mechanical pain 
sensitivity; ALL, dynamic mechanical allodynia; VDT, vibration detection threshold; PPT, pressure pain 
threshold. Stimuli were applied in the area represented with the corresponding colour (i.e., thermal 
stimuli (blue boxes) are applied over the dorsum of the hand (blue circle)). 

 

Thermal detection, thermal pain thresholds and paradoxical heat sensations 

A computerised thermal stimulator (TSA-II NeuroSensory Analyzer, Medoc, Israel) was 

used for all thermal measurements. The thermode (3x3cm) increased or decreased the skin 

temperature at a standardised rate (1°C/s) up to safety cut-off thresholds (cold: 0°C; heat: 50°C). 

Cold and warm detection thresholds were measured first, followed by thermal sensory limen, 

and cold and hot pain thresholds. During the thermal detection tests, participants were asked 

to press a hand-held switch as soon as they perceived a warmth (warm detection threshold, 

WDT) or cold sensation (cold detection threshold, CDT). For thermal sensory limen (TSL), 

participants were additionally asked to press the hand-held switch when they detected a change 

from neutral temperature to either warmth or cold, and report their perception (i.e., hot or cold 

sensation). The number of paradoxical heat sensations (PHS), registered during this test, 

referred to the number of perceptions of heat when the actual skin temperature was at or below 

neutral temperature. To determine pain thresholds, participants were asked to press the hand-

held switch as soon as the sensation of cold (cold pain threshold, CPT) or warm became painful 

(heat pain threshold, HPT).  
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Mechanical detection thresholds 

Mechanical detection thresholds were assessed using a standardised set of 

monofilaments (Aesthesio®, DanMic global, US) that exerted forces of 0.2, 0.4, 0.7, 1.6, 4, 6, 14, 

40, 60, 150, 260, 600 mN.  The procedure started with the monofilament of 14 mN applied 

perpendicular to the skin for 1s. If perceived, the next lower intensity was applied (i.e., 6, 4, 

�í�X�ò�U�Y�U�� �ì�X�î�� �u�E�•�� �µ�v�š�]�o�� �š�Z���� �‰���Œ�š�]���]�‰���v�š�� ���]���� �v�}�š�� �‰���Œ�����]�À���� ���v�Ç�� �š�}�µ���Z�� �•���v�•���š�]�}�v�� ���v�Ç�u�}�Œ���� �~�•�µ��-

threshold stimulus force). Then, the process was reversed to obtain the stimulus threshold that 

was first perceived (suprathreshold stimulus). The method of limits was used to determine five 

upper and five lower thresholds applying ascending and descending stimulus intensities. The 

geometric mean of these five series was calculated.21,23 

 

Mechanical pain threshold 

A set of seven weighted pinprick mechanical stimulators (8, 16, 32, 64, 128, 256, and 512 

mN, PinPrick, MRC, Germany) was used. The stimulators were applied at a rate of 2s on, 2s off 

in an ascending order, starting with 8 mN, until the first perception of sharpness was reached. 

Then, the order of application was reversed until bluntness was perceived. The threshold is the 

geometric mean of five series of ascending and descending stimuli.21,23  

 

Mechanical pain sensitivity and dynamic mechanical allodynia 

Mechanical pain sensitivity was estimated using the above mentioned weighted pinprick 

stimulators. Dynamic mechanical allodynia was estimated using light touch stimulators: a 

standardised brush (Somedic, Sweden) that exerted a force of 200-400mN; a cotton wisp (3mN) 

and cotton wool fixed to an elastic strip (100mN). Participants were asked to rate the pain 

produced by each of these stimuli, from 0 (no pain) to 10 (worse pain imaginable). A total 50 

stimuli (15 light touch and 35 pinprick) were delivered in 5 series in pseudorandom order of 10 

stimuli with a time interval of 10s between stimuli. Mechanical pain sensitivity was calculated 

as the geometric mean of the pinprick stimuli and dynamic mechanical allodynia as the 

geometric mean of the light touch stimulators. 

 

Vibration detection threshold 

A 64Hz Rydel-Seiffer tuning fork (scale 8/8, US Neurologicals, WA) was applied over the 

ulnar styloid and the 3rd metacarpophalangeal joint. Participants needed to indicate when they 

could no longer feel the vibration sensation. The mean of the three measures was calculated. 
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Pressure pain threshold 

An algometer (Type II, Somedic SenseLab AB, Sweden) with a probe area of 1 cm2 was 

used to determine this threshold. Pressure was applied perpendicularly to the skin at a rate of 

50 kPa/s until the participant perceived the first perception of painful pressure. A safety 

threshold of 1400 kPa was used.25 

 

Elastography and B-mode ultrasound imaging 

The shear-wave velocity, thickness and cross-sectional areas of the tibial, sural and 

median nerves were assessed using a MACH 30 Aixplorer ultrasound system (Supersonic 

Imagine, Aix-en-Provence, France) coupled with a 6-�î�ì�� �D�,�Ì�� �o�]�v�����Œ�� �š�Œ���v�•���µ�����Œ�� �~�^�µ�‰���Œ�>�]�v�����Œ�¡��

HockeyStick, Aix-en-Provence, France). Shear-wave velocity was used as an index of tissue 

stiffness.26 Thickness and cross-sectional areas of the nerves were assessed as a measure of the 

nerve size. 

The shear-wave velocity (Vs) is directly linked to the shear modulus (µ): µ=�ŒVs2, where �Œ 

is the estimated density of soft tissues (1,000 kg/m3). In an isotropic homogenous medium, the 

�z�}�µ�v�P�[�•���u�}���µ�o�µ�•���~���•�������v�����������‰�‰�Œ�}�Æ�]�u���š���������•���š�Z�Œ�������š�]�u���•���š�Z�����•�Z�����Œ�u�}���µ�o�µ�•���~µ), as follows: E = 

3 µ. Ultrasound shear-wave elastography (longitudinal plane measurements) has been shown 

to provide an accurate estimation of the biomechanical properties of anisotropic 

musculoskeletal soft tissues, including peripheral nerves.27  

In thin and stiff structures, the thickness may affect the shear-wave velocity.28 For this 

reason, nerve thickness was assessed to control that the shear-wave velocity would not have 

been influenced by thickness differences.29 Cross-sectional areas were measured to explore 

differences in nerve size between groups, as larger cross-sectional areas in upper an lower limb 

nerves have been observed in DSPN compared to healthy controls.30  

 

Data acquisition 

Shear-wave elastography was measured at two locations for the sural and tibial nerves, 

and at one location for the median nerve. These regions were initially identified using B-mode 

ultrasound.  

For the sural and tibial nerves, participants were lying prone with the knee of the tested 

lower limb in extension. Two landmarks were identified to locate the nerves: 1) the middle 

malleolus at the ankle; and 2) the medial femoral condyle. A mark was made on the skin at 10% 

of the length between the two points (Figure 4). The centre of the probe was aligned to that 

mark on the skin in the lower leg, medially to assess the tibial nerve, and laterally for the sural 
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nerve. Shear-wave velocities were recorded with one 10s clip video per nerve (tibial, sural) while 

the ankle was in a relaxed position, and at 0° ankle plantarflexion. Thickness was evaluated on 

the first frame of the clip. In the latter position, additional B-mode images per nerve were 

captured in a transverse view to evaluate the cross-sectional area.  

 For the median nerve, the participant was lying supine on a modified plinth. The shoulder 

was abducted 45°, with elbow and wrist in a neutral position. The arm was supported by a 

custom-made and adjustable frame. A load cell was used to standardise the position of the 

shoulder girdle to 3 N on each shoulder. The length of the forearm was measured from the distal 

wrist crease to the elbow crease. The distal third portion of the forearm length was marked. 

Shear-wave velocity of the median nerve was recorded at this location with the wrist in a neutral 

position and at 45° wrist extension (Figure 4). Additional B-mode images were captured in a 

transverse view to quantify the cross-sectional area.  

The ultrasound transducer was held manually in position and was aligned parallel to the 

nerve fibres with minimal tissue compression. The following shear-wave elastography 

acquisition parameters were used: penetration mode: 100% opacity, medium temporal 

smoothing, and intermediate spatial smoothing of 5/9. The maps of the shear modulus were 

obtained at 1Hz and with a spatial resolution of 1x1mm. The shear-wave velocity range values 

were 0�t18.3 m/s. In some median nerve assessments, this range was increased up to 20 m/s to 

obtain more representative values when 18.3m/s produced artifacts and saturation. 

 

Data post-processing 

Elastography 

 All videos and images were de-identified and exported as DICOM files for analysis. The 

examiner was blinded to the group allocation. The elastography videos were analysed using 

ElastoGUI (Nantes University, France). A region of interest (ROI) containing the largest nerve 

area was defined on the first frame within the elastography window to analyse as many pixels 

as possible. Then, this ROI was manually tracked image-by-image. Each image was then 

inspected for artifacts (e.g., saturation) and signal void areas, and the ROI was manually adjusted 

to make sure artifacts were not included in the averaged shear-wave velocity. The shear-wave 

velocity data extracted from the ROI were then averaged, and this value was used for statistical 

analysis.  
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Figure 4. Ultrasound and shear-wave elastography assessment for the (A) median, (B) tibial, and 
(C) sural nerves.  
 
Cross-sectional areas and thickness are shown in green as they appear in Osirix program. The yellow 
dotted lines and the arrow indicate how thickness was measured. In shear-wave elastography, the yellow 
dotted polygon shows the region of interest selected for the analysis.  

�î 



Chapter 2: General Methods 

30 | P a g e 

Nerve cross-sectional areas and thickness 

The static B-mode ultrasound images were used to evaluate the cross-sectional area and 

the first frame of the B-mode videos were used to evaluate nerve thickness using Osirix software 

(Bernex, Switzerland).  

The cross-sectional area was drawn around the epineurium of the nerve using the free-

hand tool. Each of the three images were processed once, and this process was repeated for 

each nerve. The three cross-sectional areas were averaged to obtain one mean cross-sectional 

area per nerve per location for further statistical analysis.  

To quantify thickness, the first frame of each elastography video was used. A ROI tool that 

draws a long line from which two shorter, perperdicullar lines emerged was used (Figure 4, in 

green, with yellow lines indicating the process). This line was placed along the upper border of 

the nerve epineurium and the two parallel lines that are perpendicular to this line were placed 

up to the lower border of the epineurium to obtain the thickness. The length of the two parallel 

lines was averaged to obtain a single thickness measure per nerve for further statistical analysis. 

 

MRI-Diffusion Weighted Imaging  

MRI-DWI scans were obtained from a subset of approximately ten participants per group. 

Participants with a lower BMI were selected so they would be able to comfortably lie in the MRI 

scanner with their �Z���v�������Ç���š�Z�����•�]�������~�Z�Z���������(�]�Œ�•�š���•�µ�‰�]�v���[���‰�}�•�]�š�]�}�v�•�X���d�Z�]�•���‰�}�•�]�š�]�}�v���Á���•���Á���o�o���š�}�o���Œ���š������

by all participants.  

 

Data acquisition 

MRI scans were performed on a 3-Tesla MR-scanner (Philips Elition X, Best, The 

Netherlands) with a dedicated 16-channel elbow and 8-channel wrist coil (Philips BIU, Best, The 

Netherlands). The scanned wrist regions extended from the hook of the hamate to the distal 

radioulnar joint, and the elbow region from 1cm proximal to the humeroradial joint, to 

approximatelly 12 cm distal covering the proximal radioulnar joint. 

Difussion-weighted images (DWI) were acquired to obtain details on the microstructural 

architecture of the median and ulnar nerve, along with morphological scans (T1W) for 

anatomical reference. 
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Morphological scans  

Two-dimensional axial Turbo Spin Echo (TSE) images were acquired with an in-plane 

resolution of 2x2mm, slice thickness of 2 mm, and an inter-slice gap of 2 mm.  

Diffusion Imaging 

A single-shot echoplanar imaging (ss-EPI) 2D sequence was acquired with three 

repetitions of 12 directions and 1 b = 0 s/mm2 image. The phase-encoding direction was 

anterior-posterior and was reversed by 180 degrees for a second acquisition to allow for 

susceptibility-induced distortion correction during post-processing. All scan parameters are 

summarised in Table 3. 

 

DWI post-processing 

Quality control and pre-processing 

Data were post-processed using MRtrix3, which is free open source software that includes 

a large suite of tools for image processing, analysis and visualisation.31 Some of the steps use 

FMRIB's Software Library tools for its completion.32  

The T1W, DWI, blip-up (blip A) and blip-down (blip P) images were converted from the 

DICOM format into the MRtrix3 format that stores additional information in the header (i.e., 

voxel size, dimension or data type). Images were then visually inspected for the potential 

presence of artifacts that could not be corrected during the pre-processing steps (i.e., ghosting 

artefact) (Figure 5.1 & 5.3). 

The first step was denoising. The signal-to-noise ratio in DWI signals is naturally low due 

to the signal attenuation from the long echo time needed to accommodate gradient pulses. The 

inferred white matter structures in DWI are limited by the thermal noise present in the 

acquisition and may confound posterior visualisation and interpretation of the results. Image 

denoising is thus essential to improve this.33 Gibbs-ringing artifacts, commonly caused by the 

finite k-space sampling and the truncation of high frequency information at the sampling 

border,34 were removed later (Figure 5.3). 

To estimate the susceptibility-induced off-resonance field, the blip A and blip B files were 

used and combined into a single corrected one.35,36 This corrected file was used for the eddy 

current-induced distortion correction, motion correction and susceptibility-induced distortion 

correction process.37 Any slices deemed as outliers were replaced with predictions made by the 

Gaussian Process.38 Finally, bias field correction was performed using the N4 retrospective bias 

correction algorithm to eliminate low frequency intensity inhomogeneities across the image.39 
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The output image was visually inspected after eddy-current and bias field correction for quality 

control (Figure 5.3). 

 

Table 3. Scan parameters 
 

 T1W DWI 
Repetition time 0.6 9 
Echo time 14 ms 62 ms 
Flip angle 80 degrees 90 degrees 
Field of view 128 mm 128 mm 
Dimensionality 2D 2D 
Slice thickness 2 mm 2mm 
Number of slices 29 32 
In-plane resolution 0.4 x 0.4 mm 2 x 2 mm 
Echo spacing 0.21 ms 0.82 ms 
�w�����]�(�(�µ�•�]�}�v���š�]�u���� N/A 31 
�4�����]�(�(�µ�•�]�}�v���š�]�u��  N/A 18.9 
Fat suppression Fat suppression Fat saturation 
Parallel acquisition technique 2 2 
Bandwidth 346 px 2741Hz/px 
Number. gradient directions N/A 12 
b-value (s/mm²) N/A [0, 1200] 
Scan time single phase-encode blip  N/A 5 min 38s 
Total scan time (min) 1 min 46s 11 min 37s 
T1w: anatomical T1 weighted morphological scans; DWI: diffusion weighted imaging. 

 

Processing and visualisation 

A method to model diffusion in complex materials is to use the diffusion tensor, a [3x3] 

array of numbers corresponding to diffusion rates in each combination of directions. The 

diffusion tensor was fitted to the log-signal in two steps: first, using weighted least-squares with 

weights based on the empirical signal intensities;40 second, by further iterated weighted least-

squares with weights determined by the signal predictions from the previous iteration (two 

iterations were performed).41 

Once the tensor was computed (Figure 5.4), map tensor-derived parameters were 

generated for Fractional Anisotropy (FA), Axial Diffusivity (AD) and Radial Diffusivity (RD) (Figure 

6). FA describes the degree of anisotropy of water molecules in a diffusion process. If water 

molecules are conducted along one axis only (e.g., axon), diffusion is anisotropic and its value 

would be 1. On the contrary, if the water molecules are free to move unrestrictedly in all 

directions, diffusion is isotropic and its value would be 0. AD refers to the magnitude of diffusion 

along the main axis of diffusion, and RD in the transverse direction. Although Apparent Diffusion 

Coefficient (ADC) can be computed using the tensor model, it was calculated using purely 

diffusion maps instead (ADC was the sole source of contrast using two different b values) (Figure 

5.6). To do so, the mean intensity per unique b-value was calculated (b=0, b=1200). A gradient 
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table was generated afterwards corresponding to these mean intensities before computing the 

ADC. 

Complexity and dispersion metrics were also computed (Figure 5.5). The complexity 

measure reflects the fibre population present within each voxel and their relative size, which 

allow for a voxel examination of the microstructure. T�Z�]�•���u���š�Œ�]���[�•���À���o�µ�����]�v���Œ�����•���•���Á�Z���v���š�Z�����(�]���Œ����

structure becomes more complex and fewer of the fibres in the voxel are contained in the largest 

bundle alone.42 The dispersion metric quantifies the extent to which the underlying nerves 

within a bundle are not all coherently oriented.43 

 The analysis of dispersion and complexity required a multi-tissue constrained spherical 

deconvolution to decompose the diffusion signal in separate tissue contributions, which 

typically are white matter fibre orientation distribution, and grey matter and cerebrospinal fluid 

compartments in the brain (Figure 5.5). Three unique b-values are needed to estimate these 

three tissue compartments. In this MRI-DWI study, only two unique b-values were available 

(b=0, b=1200) which were enough for the algorithm to estimate two tissue compartments (white 

matter, and the other referred to as cerebrospinal fluid in MRtrix3).31,33  Peripheral nerves do 

not contained cerebrospinal fluid but the algorithm estimation was reliable and consistent for 

the two compartments. The first step was to estimate the multi-tissue response functions. The 

Dhollander algorithm44 was used to obtain the response function for the white matter-like and 

cerebrospinal fluid-like. The response functions obtained per participant were visually checked 

for reliability and quality control. The response functions for each tissue type were average for 

all the participants (white matter and �Z�����Œ�����Œ�}�•�‰�]�v���o���(�o�µ�]���[), unless the response function from a 

participant was discarded for poor quality. The white matter-like and cerebrospinal fluid-like 

response functions per participant, �š�}�P���š�Z���Œ���Á�]�š�Z���š�Z�����‰���Œ�š�]���]�‰���v�š�•�[�����À���Œ���P�����Œ���•�‰�}�v�•�����(�µ�v���š�]�}�v�•��

for white matter-like and cerebrospinal fluid-like were used to perform a multi-shell multi-tissue 

constrained spherical deconvolution.  

A fixel-based sparse-data image representing a measure of dispersion per fixel (a specific 

fibre bundle within a specific voxel) was obtained as the ratio between the white matter fibre 

orientation distributions integral and maximal peak amplitude.43 The complexity metric was 

obtained as the output of the total apparent fibre density per fixel (integral of the white matter 

fibre orientation distribution) with all fibre orientation distribution thresholding disabled. This 

dispersion and complexity fixel data images were transformed into a scalar image for posterior 

statistical analysis. (Figure 5.5). 
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Figure 5. Workflow for MRI-DTI analysis. 
 
(01) Data acquisition consisted of anatomical images (T1w), diffusion-weighted images, (DWI), and two opposite phase-encoding direction DWI (blip A and blip P) for elbow and 
wrist. (02) The DICOM files from the scanner were transformed into the Mrtrix3 format (2) and pre-processed (3). (03) The pre-processed images were used to compute the tensor 
(4) from which derived radial diffusivity (RD), axial diffusivity (AD) and fractional anisotropy (FA) metrics. The white matter fibre orientation distribution image (5) was used to 
calculate complexity and dispersion metrics. The apparent diffusion coefficient metric was obtained (6). (04) A region-of-interest (ROI) analysis was performed by averaging the 
values within the median nerve mask throughout all the slices. One average value was computed per region, per participant and per metric         
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Quantitative analysis 

After the metrics computation and to perform group statistical analysis, summary measures 

were extracted from the median nerve at the elbow and wrist (Figure 5.7). First, the anatomical 

image of the elbow and wrist were co-registered to their respective diffusion corrected files 

(denoised, unhinged, pre-processed and unbiased). This allowed for better identification of the 

median nerve throughout the slices. Two median nerve masks were ted per participant, one for 

the elbow and one for the wrist. The median mask was generated by manually selecting the one 

voxel closest to the centre of the nerve (centroid voxel) for each slice throughout the length of 

the file. The median nerve mask was individually applied to each of the metrics (i.e., FA, AD, RD, 

ADC, dispersion and complexity) to obtain the mean value of the nerve per participant and 

location (Figure 5.7). 

 

Conclusion 

The use and combination of all these methods permit to look at the peripheral nervous 

system from multiple angles. This provides a unique opportunity to focus on each of these 

methods separately but also correlate the potential relationships that may arise between the 

structural and functional changes present in people with diabetes with and without DSPN. 
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Brief Michigan Hand Questionnaire (adapted)  

This survey asks you for your views about your hands and your 
health. This information will help keep track of how you feel and 
how well you are able to do your usual activities. 
 
Answer EVERY question by marking the answer as indicated.  
 
If you are unsure about how to answer a question, please give it 
the best answer you can. Please answer every question, even if you do not experience problems 
with the hand or wrist. Some questions may ask you about your ability to complete certain tasks. 
If you do not do a certain task, please estimate the difficulty with which you would have in 
performing it. Questions pertaining to work include occupational work, housework, and school 
work.  

 
1. Overall, how well did your hand(s) work during the past week? 
Very good Good Fair Poor Very poor      

2. How was the sensation (feeling) in your hand(s) during the past week? 
Very good Good Fair Poor Very poor      

3. How difficult was it for you to hold a frying pan during the last week? 
Not at all difficult A little 

difficult 
Somewhat difficult Moderately difficult Very difficult 

     

4. How difficult was it for you to button a shirt or blouse during the past week? 
Not at all difficult A little 

difficult 
Somewhat difficult Moderately difficult Very difficult 

     

5. In the past 4 weeks, how often were you unable to do your work because of problems with your 
hand(s)/ wrist(s)? 
Always Often Sometimes Rarely Never      

6. In the past 4 weeks, how often did you take longer to do tasks in your work because of problems 
with your hand(s)/wrist(s)? 
Always Often Sometimes Rarely Never      

7. How often did the pain in your hand(s)/ wrist(s) interfere with your daily activities (such as eating 
or bathing) in the past week? 
Always Often Sometimes Rarely Never      

8. Describe the pain in your hand(s)/ wrist(s) in the past week 
Very mild Mild Moderate Severe Very severe      

9. I am satisfied with the look of my hand(s) 
Strongly agree Agree Nether agree nor 

disagree 
Disagree Strongly 

disagree      

10. In the past week, the appearance of my hand(s) interferes with my normal daily activities. 
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Strongly agree Agree Nether agree nor 
disagree 

Disagree Strongly 
disagree      

11. In the past week, how satisfied are you with the motion of your fingers? 
Very satisfied Somewhat 

satisfied 
Neither satisfied nor 
dissatisfied 

Dissatisfied Very satisfied 

     

12. In the past week, how satisfied are you with the motion of your wrist? 
Very satisfied Somewhat 

satisfied 
Neither satisfied nor 
dissatisfied 

Dissatisfied Very satisfied 
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Abstract 

Background. Distal symmetrical polyneuropathy (DSPN) is well-documented for feet. 

However, insights how diabetes affects the nerves supplying the hands are limited.  

Methods. This cross-sectional study aimed to quantify the somatosensory hand 

dysfunction in people with DSPN in hands; and explore early signs of DSPN in people with 

diabetes without symptoms of DSPN in hands. DSPN was assessed with electrodiagnosis and 

corneal confocal microscopy. Thermal and mechanical nerve function in the hand was assessed 

via quantitative sensory tests (QST). One-way between-group analyses of variance were used to 

compare QST measures in (1) healthy participants (n=31), (2) people with diabetes without DSPN 

(n=35), (3) people with DSPN in feet but not hands (DSPN FEET ONLY; n=31); and (4) people with 

DSPN in hands and feet (DSPN HANDS & FEET; n=28).  

Findings. The hand somatosensory profile in people with DSPN HANDS & FEET was 

characterised by widespread loss of thermal (cold and warm detection, thermal sensory limen, 

and heat pain threshold) and mechanical function (mechanical and vibration detection 

threshold) compared to healthy participants (���o�o�� �‰�G�ì�X�ì�í�ï). Remarkably, people with 

DSPN FEET ONLY already showed a similar hand profile of widespread loss of nerve function 

(reduced warm detection, thermal sensory limen, heat pain threshold, mechanical detection 

and vibration detection threshold; all �‰�G�ì�X�ì�ï�ñ�•, despite absence of DSPN symptoms in hands. 

People with diabetes without DSPN already showed a reduction of mechanical detection 

threshold in hands (p<0.002).  

Interpretation. The somatosensory profile of DSPN in hands is comparable to feet. Early 

signs of DSPN are already present in people with DSPN FEET ONLY and to a lesser extent in people 

with diabetes without DSPN. If these signs are early indicators of a progressive development of 

symptomatic DSPN in hands, an endemic complication might be unfolding.  

Funding. The project only received internal funding. 

  

�ï 



Chapter 3: Diabetic neuropathy in hands: an endemic complication waiting to unfold? 

44 | P a g e 

 Introduction 

Diabetes affects 9.3% of the global population,1 and leads to an alarming rise of 

complications.2 The most prevalent diabetic complication is neuropathy,3 which most commonly 

presented as distal symmetrical polyneuropathy (DSPN).4 DSPN is a chronic, bilateral, length-

dependent sensorimotor neuropathy characterised by an initial and progressive small-diameter 

unmyelinated nerve fibre dysfunction, followed by large-diameter myelinated nerve fibre 

involvement.5,6 DSPN has been reported to manifest itself first as thermal deficits7, before loss 

of touch and vibration perception.8,9 Numbness and tingling are common symptoms,10 and 

neuropathic pain is present in up to 26% of people with DSPN.11�t14 Initially, the symptoms are 

restricted to the toes and feet, but they may gradually spread to the lower legs,15 fingers and 

hands.16  

Somatosensory function in people with DSPN can be quantified using Quantitative 

Sensory Testing (QST).17 QST consists of a battery of tests to quantify loss or gain of nerve fibre 

function using thermal and mechanical stimuli. DSPN is characterised by a predominant trend 

towards sensory hyposensitivity of small and large-diameter nerve fibres,18,19 although 

mechanical and thermal hyperalgesia may coexist.20 This predominant loss of function in 

thermal and mechanical sensation has been well-documented for the feet in people with 

diabetes21 and people with DSPN.22�t24 

Compared to feet, DSPN in hands remains a largely understudied domain. People with 

diabetes showed a deterioration of mechanical detection in the thumb compared to healthy 

participants25 and this loss of nerve function was progressive over a 2-year period, while 

controlling for age.26 However, to date, no studies have revealed in an inclusive  manner the 

somatosensory dysfunction of small and large diameter nerve fibres for the hands in people with 

diabetes, with or without neuropathies. Therefore, we performed a comprehensive assessment 

of the somatosensory function of the hand in people with and without diabetes, with and 

without DSPN. The study aimed to (1) quantify somatosensory function in hands in people with 

DSPN in hands and compare their QST profile with healthy people and people with diabetes 

without DSPN in their hands, and (2) assess whether there are already early signs of DSPN in the 

hand in people with diabetes without DSPN and in people with DSPN in their feet but without 

symptoms of DSPN in hands.  
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Material and methods 

Study design  

We conducted a cross-sectional study comparing somatosensory function in hands across 

four groups of participants: (1) healthy people without diabetes, (2) people with diabetes 

without DSPN, (3) people with diabetes and DSPN in feet but not in hands (DSPN FEET ONLY), and  

(4) people with diabetes and DSPN HANDS & FEET. Somatosensory function in the hands was 

determined via a comprehensive QST test battery. For diagnostic and categorisation purposes, 

the clinical presentation, electrodiagnostic tests and corneal confocal microscopy were 

assessed.  

All participants provided written informed consent prior to participating in the study. The 

study was approved by the Ethics Committees of Griffith University and Queensland University 

of Technology (2018/669).  

 

Participants  

Participants above 18 years of age with or without diabetes type 1 or 2 were eligible to 

participate. Participants with diabetes had to have a HbA1c >6.0% and healthy people had to 

have a HbA1c <6.0%.27 Exclusion criteria were self-reported conditions that can mimic DSPN 

(e.g., hypothyroidism, vitamin B12 deficiency, degenerative disc disease or nerve root 

compression), unilateral symptoms indicative of neuropathy, trauma-related nerve injuries, self-

reported psychiatric disorders, fibromyalgia, irritable bowel syndrome, chronic fatigue 

syndrome, complex regional pain syndrome, and a history of malignancy or chemotherapy.22 

People with known conditions other than diabetes that affect the in vivo corneal confocal 

microscopy were excluded (e.g., cataract surgery in the past year, hard contact lenses, 

medication for glaucoma, or laser eye surgery). Participants were recruited between August 

2019 and December 2020, through emails sent by Diabetes Australia and advertisements in the 

Brisbane and Gold Coast area. 

 

Groups and allocation criteria 

Participants were allocated to one of the following groups: 1) healthy participants; 2) 

diabetes without DSPN; 3) DSPN FEET ONLY; or 4) DSPN HANDS & FEET. To confirm the diagnosis of DSPN, 

participants had to meet the following criteria: (1) a clinical presentation indicative of DSPN and 
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(2) confirmatory electrodiagnosis and/or corneal confocal microscopy. To be classified as not 

having DSPN, people could not present with clinical symptoms indicative of DSPN.  

Criterion 1: Clinical presentation indicative of DSPN 

Type and location of symptoms drawn in a body chart were considered for a clinical 

presentation representative of DSPN. Symptoms, such as numbness, tingling, pins and needles, 

and burning or aching pain, had to be bilateral and in the distal parts of the limbs. If DSPN 

symptoms were restricted to the lower limbs, participants with diabetes met the clinical 

presentation criterion for DSPN FEET ONLY. If DSPN symptoms were present in the lower and upper 

limbs, patients with diabetes met the clinical presentation criterion for DSPN HANDS & FEET.  

Clinical neurological examination involved visually exploring the feet for the presence of 

any ulcers or missing toes. Additionally, a 10-g monofilament (Aesthesio®, DanMic global, US) 

was used to assess the feet from distal to proximal, and symmetrically.28 The 10-g monofilament 

is a useful clinical tool mainly for detecting more advanced neuropathy and identifying patients 

at increased risk of ulceration and amputation.29 The result was noted as reduced or absent. 

Criterion 2: Electrodiagnosis 

Nerve conduction is considered the gold standard to diagnose diabetic neuropathy.30 

Nerve conduction tests were performed with a Sierra Summit (Cadwell, WA, USA) following 

recommendations by SENIAM31 and the American Academy of Neurology and American 

Association of Neuromuscular & Electrodiagnostic Medicine (AANEM).32 Sural sensory, fibular 

motor, tibial motor, median sensory and motor, and ulnar motor nerves were evaluated. An 

electrodiagnostic confirmation of DSPN requires an abnormality (>=99th or <=1st percentile) of 

any attribute of nerve conduction in two separate nerves, one of which must be the sural nerve 

(Toronto criteria).5,32 However, a previous study33 has shown a better performance in an ROC 

using a stringent clinical criteria to diagnose DSPN when corneal confocal is used. The stringent 

clinical criteria for an electrodiagnostic confirmation of DSPN was the presence of various clinical 

symptoms or signs, and a reduced conduction velocity for the fibular motor nerve (less than 

42m/s) �~�W���Œ�l�]�v�[�•�����Œ�]�š���Œ�]���•.33 �K�µ�Œ�����o���•�•�]�(�]�����š�]�}�v���]�•�������•�������}�v���W���Œ�l�]�v�•�[�����Œ�]�š���Œ�]���U�����µ�š���������]�š�]�}�v���o�����v���o�Ç�•���•��

based on the Toronto criteria are also reported. 

The presence of carpal tunnel syndrome (CTS) in hands was explored. Although 

discriminating between CTS and DSPN in hands is challenging, an attempt was made based on 

electrodiagnostic results following the recommendations of AANEM.34,35 Attributes of the 

median sensory nerve were compared to the ulnar sensory nerve of the same hand. CTS was 

considered when changes were present in the median sensory nerve without changes in the 

ulnar sensory nerve. When both nerves showed changes, then the diagnosis was DSPN in hands. 
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Criterion 3: Corneal confocal microscopy 

As nerve conduction can only detect abnormalities in large-diameter nerve fibres, we 

included in vivo corneal confocal microscopy to assess abnormalities in small-diameter nerve 

fibres, which are usually affected first in DSPN. In vivo corneal confocal microscopy is an 

objective, rapid, non-invasive imaging technique to identify early small-diameter nerve fibre 

neuropathy.33 All participants underwent an examination of the subbasal nerve plexus of the 

cornea using the Heidelberg Tomograph Rostock Cornea Module III (Heidelberg Engineering 

GmbH, Heidelberg, Germany and Heidelberg Engineering, Smithfield, RI, USA) according to 

published methods.36 One to eight images were manually selected for the analysis. Corneal 

nerve fibre length, expressed as the total length of corneal nerves in mm/mm2, was quantified 

automatically using the ACCMetrics software (University of Manchester, Manchester, UK).37 The 

optimal threshold for confirmation of DSPN was a corneal nerve fibre length of 12.5 mm/mm2 

in participants with type 1 diabetes and 12.3 mm/mm2 in type 2 diabetes.33 

 

Additional participant characteristics 

A standardised patient interview was conducted, documenting sex, age, Body Mass Index 

(BMI), ethnicity, medication consumption, years with diabetes, type of diabetes, diabetic 

neuropathy diagnosis, and years with symptoms of diabetic neuropathy. Current pain, least, 

worst and average pain intensity during the preceding week were measured (pain intensity) 

using an 11-point Numerical Rating Scale (NRS; 0: no pain; 10: worst pain imaginable). Blood 

pressure was assessed lying supine and in sitting. The level of glycated hemoglobin (HbA1c) was 

determined using a point-of-care test system (Afinion Test System, Abbott, Chicago, IL).  

 Each participant also completed a series of questionnaires. The Michigan Neuropathy 

Screening Instrument (MNSI)38 was used to document the presence of diabetic neuropathy. It 

consists of 15 questions on foot sensation and pain, numbness and temperature sensitivity. A 

score of 4 or higher indicates diabetic neuropathy,38 with a higher score representing more 

neuropathic symptoms. We used the original questionnaire to quantify neuropathy in the feet 

and modified the questionnaire to assess the hands. MNSI in hands has not been formerly 

validated. Neuropathic pain was assessed using the DN4 questionnaire,39 which is valid to 

diagnose painful diabetic neuropathy.40 We used separate DN4-forms for feet and hands. The 

Brief Michigan Hand Questionnaire (BMHQ)41 was used to evaluate hand function, the ability to 

complete daily and occupational activities, patient satisfaction, pain, and aesthetic hand 

appearance. Health-related quality of life was evaluated using the EQ-5D-5L questionnaire,42,43 

which uses an index score based on mobility, self-care, usual activities, pain/discomfort and 

anxiety/depression.  
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Quantitative sensory testing 

A comprehensive assessment of somatosensory function in the hand was performed using 

the standardised QST protocol described by the German Research Network on Neuropathic Pain 

(DFNS).17 This battery of tests allows for the quantification of loss or gain of function in small 

and large-diameter nerve fibres. 

With the participant blindfolded, the following tests were performed: cold detection 

threshold, warm detection threshold, thermal sensory limen, paradoxical heat sensations, cold 

pain threshold, heat pain threshold, mechanical detection threshold, mechanical pain 

sensitivity, dynamic mechanical allodynia, vibration detection threshold, and pressure pain 

threshold. All measures were performed over the thenar eminence of the dominant hand, 

except vibration detection threshold which was evaluated over the third metacarpophalangeal 

joint and the ulnar styloid. Pressure pain threshold was also recorded at the midpoint of the 

upper trapezius muscle. Each test modality was measured three times and the average used in 

further analyses. All tests were first performed on the contralateral side to familiarise the 

participant with the procedures.  

As per protocol,17all QST data except the paradoxical heat sensations, cold pain 

thresholds, heat pain thresholds, and vibration detection thresholds were logarithmically 

transformed before statistical analysis When pain ratings to pinprick and light touch were 0, a 

small constant (+0.1) was added prior to log-transformation to avoid a loss of zero rating 

values.44 Data were converted into Z-scores.45,46 Positive Z-scores indicate gain of function and 

negative Z-scores indicate loss of function. 

 

Thermal detection, thermal pain thresholds and paradoxical heat sensations 

A computerised thermal stimulator (Pathway; Medoc, Israel) was used for all thermal 

measurements. The thermode (3x3cm) increased or cooled the skin at a standardised rate 

(1°C/s) up to safety cut-off thresholds (cold: 0°C; heat: 50°C). Cold and warm detection 

thresholds were measured first, followed by thermal sensory limen, and cold and hot pain 

thresholds. During the thermal detection tests, participants were asked to press a hand-held 

switch as soon as they perceived a warmth (warm detection threshold, WDT) or cold sensation 

(cold detection threshold, CDT). For thermal sensory limen (TSL), participants were additionally 

asked to indicate the transition from alternating warmth or cold stimuli. Paradoxical heat 

sensations (PHS) were registered during this test. To determine pain thresholds, participants 

were asked to press a hand-held switch as soon as the sensation of cold (cold pain threshold, 

CPT) or warm became painful (heat pain threshold, HPT).  
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Mechanical detection thresholds 

Mechanical detection thresholds were assessed using a standardised set of 

monofilaments (Aesthesio®, DanMic global, US) that exerted forces from 0.2 to 588 mN. The 

monofilaments were applied perpendicular to the skin for 1s. The method of limits was used to 

determine five upper and five lower thresholds applying ascending and descending stimulus 

intensities. The geometric mean of these five series was calculated.17,45 

 

Mechanical pain threshold 

A set of seven weighted pinprick mechanical stimulators (8, 16, 32, 64, 128, 256, and 512 

mN, PinPrick, MRC, Germany) was used. The stimulators were applied at a rate of 2s on, 2s off 

in an ascending order until the first perception of sharpness was reached. Then, the order of 

application was reversed until bluntness was perceived. The threshold was the geometric mean 

of five series of ascending and descending stimuli.17,45  

 

Mechanical pain sensitivity and dynamic mechanical allodynia 

Mechanical pain sensitivity was estimated using the above mentioned weighted pinprick 

stimulators. Dynamic mechanical allodynia was estimated using light touch stimulators: a 

standardised brush (Somedic, Sweden) that exerted a force of 200-400mN; a cotton wisp (3mN) 

and cotton wool fixed to an elastic strip (100mN). Participants were asked to rate the pain 

produced by each of these stimuli, from 0 (no pain) to 10 (worse pain imaginable). A total of 50 

stimuli (15 light touch and 35 pinprick) were delivered in 5 series in pseudorandom order of 10 

stimuli with a time interval of 10s between stimuli. Mechanical pain sensitivity was calculated 

as the geometric mean of the pinprick stimuli and dynamic mechanical allodynia as the 

geometric mean of the light touch stimulators. 

 

Vibration detection threshold 

A 64Hz Rydel-Seiffer tuning fork (scale 8/8, US Neurologicals, WA) was applied over the 

ulnar styloid and the 3rd metacarpophalangeal joint line. Participants needed to indicate when 

they could no longer feel the vibration sensation. The mean of the three measures was 

calculated. 
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Pressure pain threshold 

An algometer (Type II, Somedic SenseLab AB, Sweden) with a probe area of 1 cm2 was 

used to determine this threshold. Pressure was applied perpendicularly to the skin at a rate of 

50 kPa/s until the participant perceived the first perception of painful pressure.  

Sample size estimation  

As per previous studies,22 the sample size was calculated on warm detection thresholds,47 

using data from similar group comparisons.21 Based on mean scores for healthy participants 

(1.5°C increase), diabetes without DSPN (2.1°C increase) and diabetes with DSPN (4.0°C 

increase)21 and a pooled standard deviation (3.0°C), 100 participants were needed (i.e., 25 per 

group) (�r= 0.05; 90% power; G*Power 3.1.7, University of Düsseldorf, Germany).48 As each 

participant needed to attend assessments at different locations and on different days, a ~10% 

dropout rate was considered. Therefore, the total required sample size was 112 participants, 

(i.e., 28 per group).  

Data analysis 

Derived from the individual body charts, summary heat maps were created using custom-

written software (The MathWorks, Inc, Natick, MA). Separate maps were generated for people 

with DSPN FEET ONLY and people with DSPN HANDS & FEET.  

R Studio v.3.6 (The R Foundation for Statistical Computing Platform)49 was used for 

statistical analyses. The normality of the distribution of the data was checked with the Shapiro-

Willk test. Data were reported as mean and standard deviation (SD) or as median with 

interquartile range (IQR) if not normally distributed. The comparison between groups was 

performed with a one-way analysis of variance (ANOVA) with one between-group factor with 

four levels (GROUP: (1) Healthy participants, (2) diabetes without DSPN, (3) diabetes with 

DSPN FEET ONLY, and (4) diabetes with DSPN HANDS & FEET). Bonferroni post-hoc tests were used for 

pairwise comparisons when the ANOVA analysis revealed an overall significant difference 

between the four groups. For QST Z-scores, LSD post-hoc tests were used in line with previous 

publications.22 The frequency of abnormal QST values (±1.96 SD from healthy controls) were 

quantified as �o�}�•�•���}�Œ���P���]�v���}�(���(�µ�v���š�]�}�v�X���&�]�•�Z���Œ�[�•�����Æ�����š���š���•�š�•���Á�]�š�Z���‰���]�Œ�Á�]�•�������}�u�‰���Œ�]�•�}�v�•���Á���Œ�����µ�•������

to compare differences in frequencies between groups. The level of significance was p<0.05. 

Consistent with recommendations,46 the influence of age and sex on QST variables was explored 

using ANCOVA. Because both factors were not significant, Z-scores were not adjusted for age or 

sex. 
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Results  

Participants and groups 

Six-hundred-and-sixty people with and without diabetes were screened over the phone. 

Of these, 147 people were screened face-to-face. One-hundred-and-twenty-five people met the 

selection criteria and were allocated to the following groups 1) healthy participants: n=31; 2) 

diabetes without DSPN: n=35; 3) diabetes with DSPN FEET ONLY: n=31; and 4) diabetes with 

DSPN HANDS & FEET: n=28 (See Fig 6). Table 4 provides an overview of electrodiagnostic and corneal 

confocal microscopy results used for group classification and the probable presence of CTS. 

Figure 6. Flow chart of participants in Quantitative Sensory Study. 
 
CV, conduction velocity; CNFL, corneal nerve fibre length; DSPN, distal symmetrical polyneuropathy; QST, 
quantitative sensory testing; CCM, corneal confocal microscopy 
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Table 4. Electrodiagnostic studies and corneal confocal microscopy results. 

 
Healthy  

participants 
(n=31) 

Diabetes 
without DSPN 

(n=35) 

DSPN FEET  

(n=31) 
DSPN HANDS & FEET  

(n=28) 
ANOVA 
results 

Pairwise differences 

Part A: Electrodiagnostic studies       

Sural SNAP (µV) Mean (SD) 8.5 (6.1) 8.0 (3.7) 4.8 (1.9) 4.8 (2.8) <0.001 1-3**, 1-4**, 2-3*, 2-4* 
 Abnormal (<4 µV) 5 (16%) 4 (11%) 11 (36%) 15(57%)   
Sural SCV (m/s) Mean (SD) 43.2 (8.1) 39.5 (9.0) 35.2 (8.1) 25.1 (11.6) <0.001 1-3**, 1-4* 
 Abnormal (<37 m/s) 6 (19%) 11 (29%) 20 (65%) 19 (68%)   
Fibular CMAP (mV) Mean (SD) - - - -   
 Abnormal (<4.0 mV) - - - -   
Fibular MCV (m/s) Mean (SD) 54.6 (6.4) 52.2 (9.6) 40.9 (7.9) 41.6 (5.3) <0.001 1-3***, 1 -4***, 2 -3***, 2 -4***  
 Abnormal (<42 m/s) 0 (0%) 3 (9%) 16 (52%) 14 (50%)   
Tibial CMAP  (mV) Mean (SD) 11.3 (3.7) 9.1 (3.9) 5.0 (3.9) 4.2 (2.8) <0.001 1-3***, 1 -4***, 2 -3***, 2 -4***  
 Abnormal (<4.4mV) 0 (0%) 5 (9%) 15 (49%) 16 (57%)   
Tibial MCV (m/s) Mean (SD) 51.4 (5.1) 49.2 (7.6) 42.4 (9.1) 42.6 (8.0) <0.001 1-3***, 1 -4***, 2 -3**, 2-4**  
 Abnormal (<39 m/s) 0 (0%) 3 (8.6%) 13 (42%) 8 (29%)   
Median CMAP (mV) Mean (SD) 7.5 (2.2) 5.3 (1.3) 5.1 (1.9) 4.6 (1.9) <0.001 1-2**, 1-3**, 1-4**  
 Abnormal (<4.1 mV) 1 (3%) 3 (9%) 9 (29%) 13 (46%)   
Median MCV (m/s) Mean (SD) 73.7 (7.0) 70.3 (7.3) 63.9 (6.2) 63.2 (8.7) <0.001 1-3**, 1-4***, 2 -4* 
 Abnormal (<49 m/s) 0 (0%) 0 (0%) 0 (0%) 1 (3.6%)   
Median SNAP (µV) Mean (SD) 33.3 (18.3) 18.5 (14.1) 9.6 (6.7) 5.4 (2.5) <0.001 1-2**, 1-3***, 1 -4***, 2 -4**  
 Abnormal (<10 µV) 2 (7%) 4 (11%) 21 (68%) 27 (96%)   
Median SCV (m/s) Mean (SD) 44.0 (6.9) 47.5 (6.5) 40.5 (7.7) 36.1 (8.7) <0.001 1-4*, 2-4***  
 Abnormal (<44 m/s) 6 (19%) 3 (9%) 21 (68%) 22 (79%)   
Ulnar SNAP (µV) Mean (SD) 33.5 (17.0) 23.4 (14.4) 15.7 (10.8) 10.8 (7.8) <0.001 1-3***, 1 -4***, 2 -4* 
 Abnormal (<10.0 mV) 1 (3%) 2 (6%) 9 (29%) 17 (61%)   
Ulnar SCV (m/s) Mean (SD) 48.6 (8.7) 50.7 (5.5) 41.9 (9.6) 39.9 (13.3) 0.002 2-4* 
  Abnormal (<45 m/s) 4 (13%) 2 (6%) 15 (48%) 18 (64%)   

Probable CTS  Presence 0 (0%) 0 (0%) 0 (0%) 4 (15%) 0.058  

Part B: Corneal confocal microscopy       

CNFL (mm/mm²) Abnormal (<12.5 mm/mm²) 0 (0%) 13 (37%) 20 (65%) 19 (68%) <0.001 1-2*, 1-3***, 1 -4***, 2 -3**, 2-4**  

Data shown as mean (standard deviation) and analysed by a one-way ANOVA (ANOVA results), with Bonferroni post hoc tests (pairwise differences). Categorical data are reported as 
frequencies (percentages). Pairwise differences indicate significant p values between group pairs: 1: Healthy participants; 2: diabetes no DSPN; 3: DSPN in feet only; 4: DSPN in hands & 
feet. *: p <0.05; **: p <0.01; ***: p <0.001. DSPN: distal symmetrical polyneuropathy; SNAP: sensory nerve action potential; µV, microvolts; SCV: sensory conduction velocity; m/s: metres 
per second; CMAP: compound muscle action potentials; MCV: motor conduction velocity; CTS: carpal tunnel syndrome; CNFL: corneal nerve fibre length; mm/mm². Due to a technical 
error, the fibular CMAP could not be determined accurately. Presence of CTS was considered as having any abnormal attributes in the median sensory nerve without any changes on the 
ulnar sensory nerve of the same hand. 
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Additional participant characteristics 

Overall, people with DSPN HANDS & FEET and DSPN FEET ONLY were older (p=0.001), presented 

with higher BMI (p<0.001) and poorer HbA1c levels (p<0.001) compared to people with diabetes 

without DSPN or healthy participants. Regarding medication, people with DSPN HANDS & FEET and 

DSPN FEET ONLY were more frequently taking hypolipidaemic and antihypertensive medication, 

pregabalin and non-opioid analgesics. People with DSPN HANDS & FEET presented with higher levels 

of pain compared to all the other groups (p<0.001). The characteristics of the people in the four 

groups are summarised in Table 5 and Table 6. The heat maps (Fig 7) revealed that people with 

DSPN HANDS & FEET had more widespread DSPN symptoms in their lower legs.  

Regarding questionnaires, people with DSPN HANDS & FEET showed a significantly poorer 

quality of life (EQ-5D-5L) and worse hand function (BMHQ) than all the other groups (Table 2). 

People with DSPN HANDS & FEET scored significantly higher in presence of neuropathic symptoms 

(MNSI) and neuropathic pain (DN4) than people with DSPN FEET ONLY.  

 

Figure 7. Heat maps of the location of symptoms. 
(A) Group of people with DSPN and symptoms in feet but not in hands, and (B) group with DSPN and 
symptoms in feet and hands. Heat bar represents percentage of people in each group 
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Table 5. Overview of demographic characteristics.  
Healthy participants 

(n=31) 
Diabetes without DSPN 

(n=35) 
DSPN FEET ONLY 

(n=31) 
DSPN HANDS & FEET  

(n=28) 
ANOVA results Pairwise differences 

Age 50.0 (24.7) 47.3 (17.0) 58.6 (12.5) 60.1 (9.1) 0.001 2-3*, 2-4**  
Female 18 (58%) 15 (43%) 8 (35%) 13 (46%) 0.081  
BMI, kg/m2 24.3 (4.3) 27.6 (5.1) 32.5 (7.1) 32.4 (8.3) <0.001 1-3***, 1 -4***, 2 -3*, 2-4* 
Ethnicity: 

     
 

   Asian 4 (12%) 8 (23%) 0 (0%) 1 (4%) 
 

 
   Mixed 1 (3%) 2 (6%) 1 (3%) 1 (4%) 

 
 

   White 26 (84%) 23 (66%) 27 (87%) 24 (86%) 
 

 
   Indigenous Australian 0 (0%) 0 (0%) 1 (3%) 2 (7%) 

 
 

   Not reported 0 (0%) 3 (9%) 2 (7%) 0 (0%)- 
 

 
Type II diabetes 
Pain intensity (NRS 0-10): 

0 (0%) 17 (49%) 21 (68%) 24 (86%) 0.016 
 

    Least pain last week   0.4 (0.8) 0.5 (1.1) 1.2 (1.4) 2.4 (2.2) <0.001 1-4***, 2 -4***, 3 -4**  
    Worst pain last week  1.8 (2.1) 1.7 (1.8) 3.4 (2.9) 5.2 (2.6) <0.001 1-4***, 2 -3*, 2-4***,3 -4* 
    Average pain last week 1.0 (1.3) 1.1 (1.4) 2.4 (2.2) 4.0 (2.4) <0.001 1-3*, 1-4***, 2 -3*, 2-4***, 3 -4**  
    Pain at the moment 0.3 (0.9) 1.2 (1.7) 1.5 (2.1) 3.3 (2.4) <0.001 1-4***, 2 -4**, 3-4* 
Years diabetes - 12.5 (10) 15.5 (10.2) 11.8 (8.3) 0.87  
Years DSPN - - 3.6 (4.3) 4.8 (5.4) 0.35  
HbA1c (%) 5.4 (0.3) 6.6 (0.6) 7.7 (1.2) 8.2 (2.0) <0.001 1-2*, 1-3***, 1 -4***, 2 -4**  
Awareness of DSPN(Y)  - - 18 (58%) 17 (61%) 1  
10-gr Monofilament (absent) 0 (0%) 0 (0%) 12 (39%) 11(39%) <0.001 1-3***, 1 -4***, 2 -3** *, 2-4** *  
Supine lying blood pressure 119.9(16.6)/  

72.2 (7.8) 
122.6(13.5)/  

75.7(8.3) 
136.6 (24.2)/  
81.1 (14.3) 

133.8 (17.1)/  
81.1 (8.8) 

0.0012 
1-3**, 2-3* 

Standing blood pressure 125.1(15.4)/  
78.2 (7.1) 

124.0 (15.0)/  
80.6 (15/7.1) 

135 (19.4)/  
81.1 (10.3) 

136.6 (33.2)/  
82.5 (8.6) 

0.0096 
 

Questionnaires:       
    MNSI feet 1.2 (1.1) 1.8 (1.5) 5.2 (2.7) 6.9 (2.5) <0.001 1-3***, 1 -4***,  2-3***, 2 -4***, 3 -4**  
    MNSI hands 0.5 (0.8) 0.9 (0.9) 1.5 (1.6) 3.6 (1.7) <0.001 1-3**, 1-4***, 2 -4***, 3 -4***  

    DN4 feet 0.2 (0.5) 0.4 (0.6) 4.0 (2.2) 5.5 (1.8) <0.001 
1-2***, 1 -3***, 1 -4***, 2 -3***, 1 -4***, 3 -
4***  

    DN4 hands 0.1 (0.3) 0.2 (0.6) 0.9 (1.7) 3.0 (1.6) <0.001 1-3**, 1-4***, 2 -4***, 3 -4***  
    BMHQ 96.3 (7.6) 93.5 (7.5) 90.3 (12.4) 76.5 (16.7) <0.001 1-4***, 2 -4***, 3 -4***  
    EQ 5D 5L 1 (0.1) 0.9 (0.1) 0.9 (0.1) 0.8 (0.2) <0.001 1-3*, 1-4***, 2 -4***, 3 -4* 

Data shown as mean (standard deviation) and analysed by a one-way ANOVA, with Bonferroni post hoc tests (pairwise differences). Categorical data were analysed by the x2 test with 
reported values (percentages). Pairwise differences indicate significant p values between group pairs: 1, Healthy participants; 2, diabetes no DSPN; 3, DSPN in feet only; 4, DSPN in hands 
& feet. DSPN distal symmetrical polyneuropathy; BMI, body mass index; NRS, numerical rating score for pain intensity; HbA1c, glycated haemoglobin; MNSI, Michigan Neuropathic 
Screening Instrument; DN4, Douleur Neuropathique en 4 Questions; BMHQ, Brief Michigan Hand Questionnaire; EQ 5D 5L, Euroqol 5 Dimensions 5 Levels.
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Table 6. Overview of medication use   
Healthy 

participants 
(n=31) 

Diabetes without 
DSPN 
(n=35) 

DSPN  
FEET ONLY 
(n=31) 

DSPN 
 HANDS & FEET 

(n=28) 

Hypolipidaemic medication 3 (10%) 11 (31%) 13 (42%) 11 (32%) 

Antihypertensive medication 3 (10%) 12 (34%) 16 (52%) 13 (46%) 

Antiasthmatic medication 0 (0%) 1 (3%) 3 (10%) 1 (4%) 

Antidepressant 
medication: 

   

        Tricyclic antidepressants 0 (0%) 0 (0%) 0 (0%) 1 (4%) 

        SNRI (duloxetine) 1 (3%) 0 (0%) 1 (3%) 3 (11%) 

        SSRI (citalopram) 1 (3%) 1 (3%) 2 (7%) 1 (4%) 

        NDRI (methylphenidate) 0 (0%) 0 (0%) 0 (0%) 1 (4%) 

Anxiolytic:     

        Benzodiazepines 
(diazepam) 

1 (3%) 0 (0%) 0 (0%) 0 (0%) 

Gabapentinoids 
   

        Pregabalin 1 (3%) 2 (6%) 3 (10%) 5 (18%) 

Non-opioid 
analgesics 

   

        NSAIDS (ibuprofen) 1 (3%) 3 (9%) 4 (13%) 4 (14%) 

Opioid analgesics 
    

        Moderate (codeine) 0 (0%) 0 (0%) 1 (3%) 0 (0%) 

        Antagonists (naloxone) 0 (0%) 0 (0%) 0 (0%) 1 (4%) 

Data shown as frequencies (percentages). DSPN: distal symmetrical polyneuropathy; SSRI: Selective serotonin 
reuptake inhibitors; SNRI: serotonin-norepinephrine reuptake inhibitors; NRDI: norepinephrine-dopamine reuptake 
inhibitor; NSAIDS: nonsteroidal anti-inflammatory drugs.  
 

Quantitative sensory testing 

All participants completed the QST protocol. Most of the participants in the study reached 

the safety cut-off temperature for CPT (�^�(�o�}�}�Œ�]�v�P�����(�(�����š�_�•�X 

 

Somatosensory profile of people with DSPN in hands  

The somatosensory profile of hands in people with DSPN HANDS & FEET was predominantly 

characterised by poorer thermal and mechanical detection thresholds, rather than pain 

thresholds (Fig. 8A & 8B; Supplementary Table 1). For seven of the 14 QST variables (CDT, WDT, 

TSL, HPT, MDT, PPT (trapezius) and VDT (MCP-III), people with DSPN HANDS & FEET had worse and 

somatosensory function in their hands compared to healthy participants (all �‰�G0.013), and 

compared to people with diabetes without DSPN (all �‰�G0.016). Interestingly, apart from CDT 

(p<0.0046), there were no significant differences in somatosensory profile in the hand between 

people with DSPN HANDS & FEET, and people with DSPN FEET ONLY, indicating that people with 

DSPN FEET ONLY already have early signs of DSPN in their hands.  
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The findings of a somatosensory profile of DSPN in hands characterised by loss rather than 

gain of nerve fibre function was confirmed when only considering people with abnormal values 

(i.e., scores outside the normal ranges) (Fig 9). A larger percentage of people with 

DSPN HANDS & FEET showed loss of thermal, mechanical and vibration detection compared to 

healthy participants (CDT: 39% vs 3%; WDT: 36% vs 3%, TSL: 50% vs 0%; MDT: 71% vs 6%; VDT 

(MCP-III): 46% vs 0%; all p�G0.0018). Loss of function was observed for PHS (23% vs 0%; 

p=0.0035). 

 

Early signs of DSPN in hands in people with DSPN in feet 

The finding that people with DSPN FEET ONLY already have early signs of DSPN in hands is 

further evidenced when comparing their somatosensory profile with the profiles of healthy 

people or people with diabetes without DSPN. For seven of the 14 QST variables obtained (WDT, 

TSL, HPT, MDT, PPT (trapezius), VDT (MCP-III and ulna)), people with DSPN FEET ONLY showed worse 

somatosensory function compared to people with diabetes without DSPN (p�G0.035). Apart from 

PPT (trapezius), these variables obtained were also worse for people with DSPN FEET ONLY 

compared to healthy participants (�‰�G0.024) (Fig. 8A & 8B; Supplementary Table 1).  

Some of these findings were again confirmed when only people with values outside the 

normal ranges were considered (Fig 9). A larger percentage of people with DSPN FEET ONLY showed 

loss of function in TSL, MDT, and VDT (MCP-III), compared to people with diabetes without DSPN 

(all p�G0.001); and additionally, in VDT (ulna) compared to healthy participants (all p<0.0011). 

Loss of function was observed for PHS when compared to healthy participants (p=0.024). 

 

Early signs of DSPN in hands in people with diabetes without DSPN 

People with diabetes without DSPN showed a loss of somatosensory function in the hands 

compared to healthy participants for MDT (p<0.002) (Fig 8B). When only considering abnormal 

findings, loss of function was observed in TSL, MDT, VDT (MCP-III and ulna) in people with 

diabetes without DSPN compared to healthy participants (all p<0.030). Gain of function was 

observed for MPS (p=0.0016) (Fig 9). 

 

Sensitivity analysis 

A sensitivity analysis was performed without the participants with a potential presence of 

CTS in hands. The comparison across groups in the QST parameters was not different to the 

initial results including all the participants (Supplementary Table 2). 
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Figure 8. Scatter plot and mean (95% CI) of Z-scores for (A) thermal detection and pain 
thresholds and (B) mechanical parameters. 
Comparison between healthy participants, people with diabetes without DSPN, people with DSPN in feet 
only, and people with DSPN in hands and feet.Results of the one-way analysis of variance (ANOVA), least 
significant difference (LSD) post hoc test are indicated as follows: *: p < 0.05; **: p < 0.01; ***: p < 0.001. 
Dotted lines indicate upper and lower limits for 95% confidence interval of the distribution of healthy 
participants. MCF: metacarpophalangeal joint.
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Figure 9. Percentage of people with an abnormal QST value per modality. 
 
Abnormal (> ±1.96 SD away from normal values of the healthy group) in healthy participants, people with diabetes without DSPN, people with DSPN in feet only, and 
people with DSPN in hands and feet. Fisher exact test, post hoc comparison: *p <0.05; **p< 0.01; p <0.001 
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Discussion 

 The first aim of this study was to quantify the somatosensory dysfunction in hands in 

people with DSPN HANDS & FEET. The somatosensory profile was predominantly characterised by 

loss of nerve fibre function. This loss of function occurred in both small and large-diameter nerve 

fibres, and manifested itself as widespread loss of thermal and mechanical detection. Gain of 

nerve fibre function was restricted to increased pain sensation to some mechanical but not 

thermal stimuli. Overall, this somatosensory profile is comparable to the profile identified in feet 

in people with DSPN FEET ONLY.47,50  

 The second aim of this study was to assess whether the hand showed early signs of DSPN 

that could be detected in people with diabetes without DSPN and in people with DSPN FEET ONLY. 

Clear signs of somatosensory dysfunction were present in people with DSPN FEET ONLY. Moreover, 

the somatosensory dysfunction in people with DSPN FEET ONLY was comparable with people with 

DSPN HANDS & FEET. To a lesser extent, people with diabetes without DSPN already showed signs of 

nerve fibre dysfunction.  

We believe that the widespread loss of small and large diameter nerve fibre function in 

the hand in people with DSPN HANDS & FEET, and the early signs of nerve fibre dysfunction in the 

hand in people with diabetes without symptoms of DSPN in hands are findings of great 

significance. The development of diabetes at a younger age is associated with more severe 

complications, including DSPN.51 Already ~50% of patients with diabetes develop DSPN in their 

feet within their lifetime.52 As DSPN in hands is a progression from DSPN in feet and due to an 

earlier onset of diabetes in life,30 the prevalence of DSPN in hands is likely to increase 

substantially overtime if no action is taken. DSPN in hands may become an endemic complication 

of diabetes.  

A rise in DSPN in hands would be worrisome as the somatosensory profile indicates 

similarities in small and large nerve fibre dysfunction in hands (in people with DSPN HANDS & FEET) 

compared to feet (in people with DSPN FEET ONLY). People with DSPN in feet have significantly 

poorer quality of live and lower productivity.53 In this study, we have shown that presenting 

DSPN in hands has an impact on the quality of life and hand function. Elevated levels of 

hyperglycemia (HbA1c>7%),54 hypertension (supine blood pressures above 130/80 mmHg)55 and 

obesity (BMI above 30.0)56 were indistinctly present in people with DSPN HANDS & FEET and 

DSPN FEET ONLY. Yet, DSPN HANDS & FEET experienced more intense pain as reflected by the NRS scores 

and DN4 questionnaires. Neuropathic pain has been previously linked to poorer quality of life57,58 

and hand function.22,59 The significantly elevated pain levels in DSPN HANDS & FEET could have 

contributed to this outcome. 
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Whereas DSPN in feet contributes substantially to healthcare costs,60 including foot 

ulceration and amputation,61 the impact of DSPN in hands has not been explored yet. Although 

a troubling new entity,62 (non-tropical) diabetic hand syndrome is still rare, and hand ulcers will 

remain a lot less prevalent than foot ulcers.63 Yet, the impact of DSPN in hands should not be 

underestimated. The hand has a larger cortical representation than the foot and a more 

specialised role in tactile perception64�t67. In a multimodal MRI clinical study,68 people with 

painful DSPN showed decreased somatosensory cortical thickness and a remapping of sensory 

processing. The loss in cortical thickness was linked to the severity of the neuropathy (e.g., 

presence of pain with sensory loss). The impact of these processing changes in people DSPN in 

hands and feet has not been explored. 

This study present several limitations. The occurrence of DSPN in hands alongside carpal 

tunnel syndrome (CTS), a compressive mononeuropathy affecting the median nerve, can 

simultaneously be present in up to 22.4% of people with DSPN.69 Interestingly, the presence of 

bilateral CTS is a frequent finding.70 Unfortunately, there is no gold standard to differentiate CTS 

from DSPN. The diagnosis of CTS in underlying DSPN is challenging because DSPN can obscure 

the electrophysiological findings of CTS, especially in advanced DSPN. Another limitation of this 

study is the combination of people with type 1 and type 2 diabetes besides their different 

pathophysiological mechanisms.71 Finally, people with painful and non-painful DSPN were 

combined in the groups of participants with DSPN HANDS & FEET and DSPN FEET ONLY. People in 

DSPN HANDS & FEET reported more intense pain than people with DSPN FEET ONLY, which may 

contribute to some of the differences that we observed between the groups. 

The somatosensory dysfunction in hands observed in this study affects optimal 

dexterity,72 which is crucial for hand function, including evaluating glycaemic levels in the self-

management of diabetes.59 Difficulty to check glycaemic levels may hamper glycaemic control 

and exacerbate DSPN.22,30 Given the potential economic and health burden previously discussed, 

primary and secondary prevention of DSPN in hands will become essential. Many risk factors for 

the development of DSPN in people with type 1 and type 2 diabetes are reversible, 73�t75 such as 

elevated levels of hyperglycemia,54 hypertension55 and obesity.56 Modification of these risk 

factors may prevent the development and progression into severe states in people with painless 

DSPN76,77 and with less certainty, in people with painful DSPN.78 
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Sup. Table 1. Raw values for quantitative sensory testing.  
Parameters 
in hand 

 Healthy Diabetes 
DSPN 

FEET ONLY 
DSPN 

HANDS & FEET p value 

 
N = 31 

 
N = 35 

 
N = 31 

 
N =28 

 
 

CDT (Z-
score) 

 0.05 (-
0.66, 0.60) 

-0.02 (-1.26, 
0.56) 

-0.66 (-1.52, 
0.44)   

-1.81 (-2.79, 
-0.43) 

< 0.0011-4,2-

4,3-4 

CDT Normal 30 (96.8%) 32 (91.4%)  25 (80.7%) 17(60.2%)  
< 0.00141-

4,2-4  Abnormal 
(loss: <-2) 

1 (3.2%) 3 (8.6%) 6 (19.3%) 11 (39.8%) 

WDT (Z-
score) 

 0.06 (-
0.57, 0.81) 

-0.01 (-0.90, 
0.44) 

-1.42 (-1.83, 
-0.62) 

-1.45 (-2.34, 
-0.40) 

< 0.0011-3,1-

4,2-3,2-4 
WDT Normal 30 (96.8%) 31(88.6%) 25 (80.7%) 14(64.3%) 

0.00771-4,2-4 
 Abnormal 

(loss: <-2) 
1 (3.2%) 4 (11.4%) 6 (19.3%) 10(35.7%) 

TSL (Z-
score) 

 -0.08 (-
0.60, 0.88) 

-0.17 (-1.11, 
0.36) 

-1.47 (-2.10, 
-0.43) 

-1.84 (-2.57, 
-0.79) 

< 0.0011-3,1-

4,2-3,2-4 
TSL Normal 31(100%) 31(88.6%) 21(64.7%) 13(46.4%) 

< 0.0011-2,1-

3,1-4,2-3,2-4,3-4 
 

Abnormal 
gain (>2) 

0(0%) 0(0%) 0(0%) 1(3.6%) 

 Abnormal 
(loss: <-2) 

0(0%) 4 (11.4%) 10(32.3%) 14(50%) 

CPT (Z-
score) 

 0.27 (-
0.83, 0.88) 

0.48 (-0.38, 
1.01) 

0.09 (-0.95, 
1.17) 

-0.43 (-1.14, 
0.60) 

0.13 

CPT Normal 31(100%) 35(100.0%) 31 (100%) 28(100%) 0.99 
HPT (Z-
score) 

 0.11 (-
0.85, 0.95) 

0.18 (-0.25, 
1.14) 

-0.86 (-1.29, 
0.04) 

-1.08 (-1.56, 
0.12) 

< 0.0011-3,1-

4,2-3,2-4 
HPT Normal 31(100%) 33 (94.3%) 31 (100%) 28(100%) 

0.25  Abnormal 
gain (>2) 

0(0%) 2 (5.7%) 0(0%) 0(0%) 

MDT (Z-
score) 

 0.18 (-
0.71, 0.72) 

-1.20 (-2.18, 
0.47) 

-2.18 (-2.38, 
-1.34) 

-2.18 (-2.40, 
-1.84) 

< 0.0011-2,1-

3,1-4,2-3,2-4 

MDT Normal 29(93.5%) 24(68.6%) 12 (38.7%) 8(28.6%) 
< 0.0011-2,1-

3,1-4,2-3,2-4,3-4 

 
Abnormal 
loss (<-2) 

2(6.5%) 11 (31.4%) 19 (61.3%) 20(71.4%)  

MPT (Z-
score) 

 -0.07 (-
0.52, 0.29) 

0.01 (-0.35, 
0.51) 

-0.33 (-0.84, 
0.19) 

-0.33 (-1.17, 
0.71) 

0.18 

MPT Normal 31(100%) 35(100.0%) 30(96.8%) 27(96.4%) 0.47 

 
Abnormal 
loss (<-2) 

0(0%) 0(0%) 1(3.2%) 1(3.6%)  

MPS (Z-
score) 

 -0.08 (-
0.81, 0.44) 

0.91 (-0.67, 
2.28) 

0.02 (-0.69, 
0.84) 

0.26 (-0.70, 
1.06) 

0.53 

MPS Normal 30 (96.8%) 23(65.7%) 25 (80.7%) 23(82.1%) 
0.0120-1 

 Abnormal 
gain (>2) 

1 (3.2%) 12(34.3%) 6 (19.3%) 5(17.9%) 

PPT TE (Z-
score) 

 -0.04 (-0.64, 
0.86)  

0.32 (-0.71, 
1.29) 

0.49 (-0.81, 
0.85) 

-0.39 (-1.44, 
0.50) 

0.31 

PPT TE Normal 29(93.5%) 31(88.6%) 29(93.5%) 22(78.6%) 
0.40  Abnormal 

(gain: >2) 
2(6.5%) 3 (8.6%) 2(6.5%) 3(10.7%) 

 
Abnormal 
loss (<-2) 

0(0%) 1(2.9%) 0(0%) 3(10.7%)  
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Parameters 
in hand 

 Healthy Diabetes 
DSPN 

FEET ONLY 
DSPN 

HANDS & FEET p value 

PPT UT (Z-
score) 

 0.17 (-0.75, 
0.58) 

-0.00 (-0.77, 
1.22) 

-0.32 (-0.69, 
0.21) 

-0.73 (-1.41, 
-0.10) 

0.0031-4,2-3,2-

4 
PPT UT Normal 29(93.6%) 30(85.7%) 31 (100%) 25(89.3%) 

0.00552-4 
 

Abnormal 
(gain: >2) 

1 (3.2%) 5(14.3%) 0(0%) 0(0%) 

 Abnormal 
(loss: <-2) 

1 (3.2%) 0(0%) 0(0%) 3(10.7%) 

VDT III-MCP 
(Z-score) 

 0.18 (0.18, 
0.18) 

0.18 (0.18, 
0.18) 

0.18 (-9.82, 
0.18) 

0.18 (-9.82, 
0.18) 

< 0.0011-3,1-

4,2-3,2-4 
VDT III-MCP Normal 31(100%) 30(85.7%) 18 (58.1%) 25(53.6%) 

< 0.0011-2,1-

3,1-4,2-3,2-4,3-4  Abnormal 
(loss: <-2) 

0(0%) 5(14.3%) 13 (41.9%) 13(46.4%) 

VDT US (Z-
score) 

 
0.16 (0.16, 
0.16) 

0.16 (0.16, 
0.16) 

0.16 (-9.08, 
0.16) 

0.16 (0.16, 
0.16) 

0.0121-3,2-3 

VDT US Normal 30 (96.8%) 27(77.1%) 19(61.3%) 22(78.6%) 
0.00521-2,1-

3,1-4 

 
Abnormal 
(loss: <-2) 

1 (3.2%) 8(22.9%) 12(38.7%) 6(21.4%)  

DMA 
Normal 
(absent) 

31(100%) 33 (94.3%) 26(83.9%)b 26(92.9%) 0.061 

 Abnormal 
(present) 

0(0%) 2 (5.7%) 5(16.1%) 2(7.1%) 0.093 

PHS 
Normal 
(absent) 

31(100%) 33(91.4%) 26(80.6%) 26(77.4%) 0.059 

 
Abnormal 
(at least one 
abnormity) 

0(0%) 2(8.6%) 5(19.4%) 2(22.6%) 0.00891-3,1-4 

QST 
summary* 

Normal (no 
abnormities
) 

23(74.2%) 8(22.9%) 3(9.7%) 1(3.6%) 
< 0.0011-2,1-

3,1-4,2-3,2-4,3-4 

 
Abnormal 
(at least one 
abnormity) 

8(25.8%) 27(77.1%) 28(90.3%) 27(96.4%)  

Continuous parameters are summarized as median (5th�t95th percentile range). Categorical parameters 
are expressed as absolute and relative frequencies. P-value represents the comparison between the 
groups (one-way ANOVA test for continuous variables and post-�Z�}�����š���•�š�•���>�^�����š���•�š�•�W���&�]�•�Z���Œ�[�•�����Æ�����š���š���•�š���(�}�Œ��
categorical variables with pairwise tests of independence): 1 �t healthy controls, 2 �t diabetes, 3 �t DSPN 
feet, 4 �t DSPN feet and hands. 
*Hypoesthesia to thermal or mechanical stimuli (i.e. loss of detection in CDT, WDT, TSL, MDT and VDT) 
and/or hyper or hypoalgesia to thermal or mechanical stimuli (i.e., both gain or loss of function in HPT, 
CPT, MPT, MPS, DMA or PPT) and/or gain in WUR or PHS were taken into account in the definition of 
abnormity. 
DSPN, distal symmetrical polyneuropathy; QST, quantitative sensory testing; CDT, cold detection 
threshold; WDT, warm detection threshold; TSL, thermal sensory limen; CPT, cold pain threshold; HPT, 
heat pain threshold; PPT TE, pressure pain threshold thenar eminence; PPT UT, pressure pain threshold 
upper trapezius; MPT, mechanical pain threshold; MPS, mechanical pain sensitivity; MDT, mechanical 
detection threshold; VDT III-MCP, vibration detection threshold third metacarpophalangeal; VDT US, 
vibration detection threshold ulnar styloid; DMA, dynamic mechanical allodynia; PHS, paradoxical heat 
sensation 
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Sup. Table 2.  Raw quantitative sensory testing values in sensitivity analysis.  

Parameters in hand Controls 
(N=31) 

 

Diabetes 
(N=35) 

 

DSPN 
FEET ONLY 

(N=31) 
 

DSPN 
HANDS & FEET 

(N=24) 
 

p value 

    

CDT (Z-score) 
0.047 (-
0.66,0.60) 

-0.017 (-
1.3,0.56) 

-0.66 (-
1.5,0.44) 

-1.9 (-3.0,-
0.63) 

< 0.0011-4,2-

4,3-4 
CDT Normal 30 (96.8%) 32 (91.4%) 25 (81 %) 14 (58 %) 

< 0.00111-4,2-

4   
Abnormal (loss: <-
2) 

1 (3.2%) 3 (8.6%) 6 (19 %) 10 (42 %) 

WDT (Z-score) 
0.056 (-
0.57,0.81) 

-0.013 (-
0.90,0.44) 

-1.4 (-1.8,-
0.62) 

-1.4 (-2.2,-
0.40) 

< 0.0011-3,1-

4,2-3,2-4 
WDT Normal 30 (96.8%) 31(88.6%) 25 (81 %) 16 (77 %) 

0.0181-4 
  

Abnormal (loss: <-
2) 

1 (3.2%) 4 (11.4%) 6 (19 %) 8 (33 %) 

TSL (Z-score) 
-0.080 (-
0.60,0.88) 

-0.17 (-
1.1,0.36) 

-1.5 (-2.1,-
0.43) 

-1.8 (-2.6,-
0.79) 

< 0.0011-3,1-

4,2-3,2-4 
TSL Normal 31(100%) 31(88.6%) 21 (65 %) 11 (46 %) 

< 0.0011-2,1-

3,1-4,2-3,2-4,3-4 

 Abnormal gain (>2) 0(0%) 0(0%) 0(0%) 1 (4%) 

 Abnormal (loss: <-
2) 

0(0%) 0(0%) 10 (32 %) 12 (50 %) 

CPT (Z-score) 
0.27 (-
0.83,0.88) 

0.48 (-
0.38,1.0) 

0.085 (-
0.95,1.2) 

-0.52 (-
1.4,0.26) 

0.063 

CPT Normal 31 (100 %) 35 (100 %) 31 (100 %) 24 (100 %) 0.99 

HPT (Z-score) 
0.11 (-
0.85,0.95) 

0.18 (-
0.25,1.1) 

-0.86 (-
1.3,0.044) 

-1.2 (-
1.6,0.45) 

0.00181-3,1-

4,2-3,2-4 
HPT Normal 31 (100 %) 33 (94 %) 31 (100 %) 26 (100 %) 

0.25  Abnormal gain (>2) 0 (0 %) 2 (6 %) 0 (0 %) 0 (0 %) 

MDT (Z-score) 
0.18 (-
0.71,0.72) 

-1.2 (-
2.2,0.47) 

-2.2 (-2.4,-
1.3) 

-2.2 (-2.6,-
1.9) 

< 0.0011-2,1-

3,1-4,2-3,2-4 

MDT Normal 29 (94 %) 24 (69 %) 12 (39 %) 6 (25 %) 
< 0.0011-2,1-

3,1-4,2-3,2-4,3-4 
  Abnormal loss (<-2) 2 (6 %) 11 (31 %) 19 (61 %) 18 (75 %)   

MPT (Z-score) 
-0.067 (-
0.52,0.29) 

0.011 (-
0.35,0.51) 

-0.33 (-
0.84,0.19) 

-0.33 (-
1.2,0.27) 

0.25 

MPT Normal 31 (100 %) 35 (100 %) 30 (97 %) 23 (96 %) 0.45 
  Abnormal loss (<-2) 0 (0 %) 0 (0 %) 1 (3 %) 1 (4 %)   

MPS (Z-score) 
-0.084 (-
0.81,0.44) 

0.91 (-
0.67,2.3) 

0.021 (-
0.69,0.84) 

0.30 (-
0.67,1.5) 

0.0361-2 

MPS Normal 30 (97 %) 23 (66 %) 25 (81 %) 19 (79 %) 
0.0131-2  Abnormal gain (>2) 1 (3 %) 12 (34 %) 6 (19 %) 5 (21 %) 

PPT TE (Z-score) 
-0.043 (-
0.64,0.86) 

0.32 (-
0.71,1.3) 

0.49 (-
0.81,0.85) 

-0.16 (-
1.5,0.64) 

0.61 

PPT TE Normal 29 (94 %) 31 (89 %) 29 (93 %) 18 (74 %) 
0.25  Abnormal (gain: 

>2) 
2 (6 %) 3 (9 %) 2 (7 %) 3 (13 %) 

  Abnormal loss (<-2) 0 (0 %) 1 (3 %) 0 (0 %) 3 (13 %)   

PPT UT (Z-score) 
0.17 (-
0.75,0.58) 

-0.0043 (-
0.77,1.2) 

-0.32 (-
0.69,0.21) 

-0.54 (-
1.4,0.019) 

0.00651-4,2-

3,2-4 
PPT UT Normal 29 (94 %) 30 (86 %) 31 (100 %) 21 (87 %) 

0.00462-4 
 Abnormal (gain: 

>2) 
1 (3 %) 5 (14 %) 0 (0 %) 0 (0 %) 

  
Abnormal (loss: <-
2) 

1 (3 %) 0 (0 %) 0 (0 %) 3 (13 %) 

VDT III-MCP (Z-score) 
0.18 
(0.18,0.18) 

0.18 
(0.18,0.18) 

0.18 (-
9.8,0.18) 

0.18 (-
9.8,0.18) 

< 0.0011-3,1-

4,2-3,2-4 
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VDT III-
MCP 

Normal 31 (100 %) 30 (86 %) 18 (58 %) 14 (58 %) 
< 0.0011-3,1-

4,2-3,2-4 
  

Abnormal (loss: <-
2) 

0 (0 %) 5 (14 %) 13 (42 %) 10 (42 %) 

VDT US (Z-score) 
0.16 
(0.16,0.16) 

0.16 
(0.16,0.16) 

0.16 (-
9.1,0.16) 

0.16 
(0.16,0.16
) 

 0.0201-3,2-3 

VDT US Normal 30 (97 %) 27 (77 %) 19 (61 %) 20 (83 %) 0.00431-3 

  
Abnormal (loss: <-
2) 

1 (3 %) 8 (23 %) 12 (39 %) 4 (17%)   

DMA Normal (absent) 31 (100 %) 33 (94 %) 26 (84 %) 22 (92 %) 0.093 

  
Abnormal 
(present) 

0 (0 %) 2 (6 %) 5 (16 %) 2 (8 %)   

PHS Normal (absent) 31 (100 %) 32 (91 %) 26 (81 %) 18 (75%) 0.058 

  
Abnormal (at least 
one abnormity) 

0 (0 %) 3 (9 %) 5 (19 %) 6 (25%) 0.0101-4  

QST 
summary
*  

Normal (no 
abnormities) 

23(74.2%) 8(22.9%) 3(10%) 0 (0%) 
< 0.0011-2,1-

3,1-4,2-3,2-4,3-4 

  
Abnormal (at least 
one abnormity) 

8(25.8%) 27(77.1%) 28 (90%) 24 (100%)   

Continuous parameters are summarised as median (5th�t95th percentile range). Categorical parameters 
are expressed as absolute and relative frequencies. P-values represent the comparison between the 
groups (for continuous variables: one-way ANOVA and post-hoc LSD tests; for categorical variables: 
�&�]�•�Z���Œ�[�•�� ���Æ�����š�� �š���•�š�� �Á�]�š�Z�� �‰���]�Œ�Á�]�•���� �š���•�š�•�� �}�(�� �]�v�����‰���v�����v�����•�X�� �í�W�� �Z�����o�š�Z�Ç�� ���}�v�š�Œ�}�o�•; 2: people with diabetes 
without DSPN; 3:  people with DSPN in feet; 4: people with DSPN in hands and feet. *Hypoesthesia to 
thermal or mechanical stimuli (i.e., loss of detection in CDT, WDT, TSL, MDT and VDT) and/or hyperalgesia 
or hypoalgesia to thermal or mechanical stimuli (i.e., both gain or loss of function in HPT, CPT, MPT, MPS, 
DMA or PPT) and/or gain in PHS was taken into account in the definition of abnormity. DSPN: distal 
symmetrical polyneuropathy; QST: quantitative sensory testing; CDT: cold detection threshold; WDT: 
warm detection threshold; TSL: thermal sensory limen; CPT: cold pain threshold; HPT: heat pain threshold; 
PPT: pressure pain threshold; MPT: mechanical pain threshold; MPS: mechanical pain sensitivity; MDT: 
mechanical detection threshold; VDT: vibration detection threshold; US: ulnar styloid; DMA: dynamic 
mechanical allodynia; PHS: paradoxical heat sensation; TE: thenar eminence; UT: upper trapezius muscle; 
MCP III: third metacarpophalangeal joint. 
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Abstract 

Background. Diffusion weighted imaging (DWI) has revealed microstructural changes in 

lower limb nerves in people with diabetic neuropathy (DSPN). The use of tensor (DTI) and non-

tensor metrics in DWI are yet to be explored in the upper limbs. 

Methods. This cross-sectional study aimed to quantify and compare the microstructure 

of the median and ulnar nerve in healthy participants (n=10), people with diabetes without DSPN 

(n=10), people with DSPN in the lower limbs only (DSPN FEET ONLY; n=12), and people with DSPN in 

the upper and lower limbs (DSPN HANDS & FEET; n=9). DSPN was assessed with electrodiagnosis and 

corneal confocal microscopy. Linear mixed-models were used to quantify tensor and non-tensor 

derived metrics (i.e., dispersion and complexity) in median and ulnar nerves across the groups, 

and to evaluate potential differences in metrics between wrist and elbow in a distal-to-proximal 

pattern. 

Findings. Median and, to a lesser extent, ulnar nerves presented microstructure 

abnormalities in people with DSPN HANDS & FEET and in DSPN FEET ONLY detected by tensor metrics. A 

distal-to-proximal pattern was more predominant in the median nerve. Dispersion could detect 

early microstructural changes in people with diabetes without DSPN. 

Interpretation. Changes in the upper limb nerves microstructure occur in DSPN, even 

before symptoms were reported in hands. This could explain the changes in function associated 

to DSPN. Non-tensor metrics may help in the understanding of the microstructural changes 

present in peripheral nerves. 
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Introduction 

Distal symmetrical polyneuropathy (DSPN) is the most common complication in diabetes 

and is responsible for increased morbidity and mortality.1,2 Despite being the most prevalent 

neuropathy worldwide,3,4 its natural course is not fully understood.5 DSPN is considered a 

length-dependent sensoriomotor disease that manifests itself as a loss of sensation in the toes 

that progresses to the lower legs and hands in more severe cases (i.e., in a stocking and glove 

distribution). Symptoms, such as numbness, tingling and/or pain, are typical, whereas weakness 

may only be reported in more severe cases.6 

The underlying pathophysiology of DSPN is complex and remains debated.5 Prolonged 

elevated blood glucose levels can lead to cellular damage to neurons, glial cells, and 

microvasculature endothelial cells.7,8 Oxidative stress, mitochondrial dysfunction, and long-term 

inflammatory responses are present, and may be perpetuated by the involvement of 

macrophages.7,9 The process of degeneration and the difficulties in neuronal regeneration due 

to diabetes seems to induce microstructural changes in peripheral nerves that lead to an initial 

axonal loss followed by demyelination.10,11  

Diffusion Magnetic Resonance Imaging (Diffusion MRI) is a non-invasive quantitative 

method to reveal microstructural alterations in the nervous system.12,13 Diffusion MRI is based 

�}�v�� �]�v���]�Œ�����š�� �u�����•�µ�Œ���u���v�š�� �}�(�� �š�Z���� �Á���š���Œ�� �u�}�o�����µ�o���•�[�� �u�}�š�]�}�v�U14 which is influenced by the 

characteristics and architecture of the surrounding tissues. In the peripheral nervous system, 

changes in the water diffusion properties have been observed in motor15,16 and sensorimotor 

neuropathies.17�t21 In people with DSPN, diffusion tensor model metrics for the sciatic and tibial 

nerves, such as fractional anisotropy (FA) and mean diffusivity (MD), were decreased compared 

to healthy controls.22 While lower FA values for the sciatic nerve correlated with poorer hand 

function in people with diabetes,23 the microstructure of upper limb nerves has not yet been 

evaluated in people with diabetes.  

Changes in nerve function and structure may be detected before symptoms of DSPN are 

present.24,25 Therefore, microstructural changes in upper limb nerves may be present not only 

in people with DSPN symptoms in their hands, but also already in people whose DSPN symptoms 

only occur in their feet, or even in people with diabetes without any DSPN symptoms. Due to 

the inherent nature of DSPN as a length-dependent disease, these changes may be greater in 

magnitude in the distal rather than proximal parts of nerves. Further, use of diffusion MRI in 

studies of peripheral nerves has thus far been limited to the diffusion tensor model. In contrast, 

diffusion MRI studies of the central nervous system regularly utilise more advanced higher-order 

diffusion models (i.e., constrained spherical deconvolution).26 Although the applicability of these 
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higher-order diffusion models has not yet been tested in the peripheral nervous system, they 

may have advantages for the characterisation of the microstructure of peripheral nerves. 

The aims of this study were therefore to use diffusion MRI to (1) quantify and compare 

the microstructure of the median and ulnar nerve in healthy people, people with diabetes 

without DSPN, people with DSPN in the lower limbs only, and people with DSPN in the upper 

and lower limbs; (2) evaluate whether differences in nerve microstructure are observable to a 

greater extent distally (i.e., at the wrist) compared to more proximally (i.e., at the elbow); (3) 

test the utility of quantitative metrics from a non-tensor diffusion model to quantify the 

microstructure of peripheral nerves. 

 

Methods 

 In this cross-sectional study, diffusion MRI scans were obtained from a subset of people 

who participated in a large initiative (The DIANE Project). The overall aim of The DIANE Project 

is to comprehensively assess upper limb nerve function and morphology to better understand 

DSPN, especially DSPN in hands. For this study, we compared the microstructural properties of 

the median and ulnar nerve across four groups of participants: (1) healthy people without 

diabetes, (2) people with diabetes without DSPN, (3) people with DSPN in feet but not in hands 

(DSPN FEET ONLY), and (4) people with DSPN in hands and feet (DSPN HANDS & FEET). For diagnostic and 

categorisation purposes, the clinical presentation, electrodiagnostic tests and in vivo corneal 

confocal microscopy were assessed. The study was approved by the Ethics Committee of Griffith 

University (2018/669) and Queensland University of Technology (1800001224). All participants 

provided written consent prior to engagement in the study. 

 

Participants 

 The inclusion criteria for the participants were being 18 years or older and fitting 

comfortably in a 70cm wide-bore MRI scanner. Exclusion criteria were claustrophobia, self-

reported conditions that can mimic DSPN (e.g., hypothyroidism, vitamin B12 deficiency, 

degenerative disc disease or nerve root compression), unilateral symptoms suggestive of a 

neuropathy other than DSPN, trauma-related nerve injuries, self-reported psychiatric disorders, 

fibromyalgia, irritable bowel syndrome, chronic fatigue syndrome, complex regional pain 

syndrome, a history of malignancy or chemotherapy, cataract surgery in the past year, hard 

contact lenses, medication for glaucoma, or having had laser eye surgery.  
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Groups and allocation criteria 

Participants were allocated to one of the following groups: 1) healthy participants; 2) 

people with diabetes without DSPN; 3) DSPN FEET ONLY; or 4) DSPN HANDS & FEET. The presence of 

diabetes (type 1 or 2) was assessed using the level of glycated haemoglobin HbA1c >6.0%27 was 

used as a classification criterion. The diagnosis of DSPN was confirmed according to the following 

criteria: (1) a clinical presentation indicative of DSPN, and (2) an abnormal electrodiagnostic test 

and/or reduced corneal nerve fibre length in a corneal confocal microscopy assessment. To 

exclude DSPN, people had to meet the following criteria: (1) no clinical presentation indicative 

of DSPN, (2) normal electrodiagnosis, and (3) normal corneal confocal microscopy.  

Criterion 1: Clinical presentation indicative of DSPN 

Bilateral symptoms (such as numbness, tingling, pins and needles, and burning or aching 

pain) in the distal parts of the limbs were considered a clinical presentation suggestive of DSPN. 

Participants drew their symptoms on a body chart. If DSPN symptoms were restricted to the 

lower limbs, patients with diabetes met the clinical presentation criterion to be allocated to the 

DSPN FEET ONLY group. If DSPN symptoms were present in both lower and upper limbs, patients 

with diabetes met the clinical presentation criterion to be allocated to the DSPN HANDS & FEET 

group.  

Criterion 2: Electrodiagnosis 

Electrodiagnostic tests were performed with a neurodiagnostic system (Sierra Summit 

system, Cadwell, WA, USA). Sural sensory, fibular motor, tibial motor, median sensory and 

motor, and ulnar motor nerves were evaluated following recommendations by SENIAM28 and 

the American Academy of Neurology and American Association of Electrodiagnostic Medicine.29 

The criteria for an electrodiagnostic confirmation of DSPN was a reduced conduction velocity for 

the fibular motor nerve (less than 42m/s).30 

 

Criterion 3: Corneal confocal microscopy 

In vivo corneal confocal microscopy was performed to detect early neuropathy changes.30 

This method is objective and non-invasive. All participants underwent an examination of the 

sub-basal nerve plexus of the cornea using the Heidelberg Tomograph Rostock Cornea Module 

III (Heidelberg Engineering GmbH, Heidelberg, Germany and Heidelberg Engineering, Smithfield, 

RI, USA) according to published methods.31 Corneal nerve fibre length (CNFL), the total length of 

all nerve fibres and branches within the area of corneal tissue in mm/mm2, was quantified 

automatically using the ACCMetrics software (University of Manchester, Manchester, UK).32 An 
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experienced investigator blinded to group allocation selected five to eight images with non-

overlapping areas of the centre of the cornea to quantify CNFL. The optimal threshold for 

confirmation of DSPN was a CNFL of <12.5 mm/mm2 in people with type 1 diabetes and <12.3 

mm/mm2 in people with type 2 diabetes.30 

 

Clinical parameters 

Information about age, sex, BMI, ethnicity, type of diabetes, years with diabetes and years 

with DSPN, and percentage of HbA1c were recorded for all participants. The HbA1c test was 

carried out using a point-of-care test system (Afinion Test System, Abbott, Chicago, IL). 

 

Diffusion MRI  

Data acquisition 

MRI was performed on a 3-Tesla MR scanner (Philips Elition X, Best, The Netherlands) with 

dedicated 16-channel elbow and 8-channel wrist coils (Philips BIU, Best, The Netherlands). 

�W���Œ�š�]���]�‰���v�š�•�� �Á���Œ���� �•�����v�v������ �o�Ç�]�v�P�� �}�v�� �š�Z���]�Œ���������l�� �Á�]�š�Z�� �š�Z���� �Z���v���� ���Ç�� �š�Z���]�Œ���•�]������ �~�Z�Z�������� �(�]�Œ�•�š�� �•�µ�‰�]�v���[��

position). This position was well tolerated by all participants. Median and ulnar nerves were 

explored at both wrist and elbow locations on the right arm (Figure 10). The MR imaging protocol 

included 1) two-dimensional axial Turbo Spin Echo (TSE) images with an in-plane resolution of 2 

x 2mm, slice thickness of 2mm, and an inter-slice gap of 2mm; 2) a single-shot echo-planar 

imaging (ss-EPI) 2D sequence with three repetitions of 12 directions and 1 b = 0 s.mm-2 image 

(Table 7). Images were acquired as the Right-Anterior-Superior (RAS) convention. 
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Figure 10. Representative images illustrating the different MRI location acquisition and processing methods.  
 
(A) Diagram showing the area covered with the MRI scanning at the elbow and wrist (between dotted lines). T1-weigthed (T1w) sequence of the elbow (B) and wrist 
(C). Inserts show magnified areas with the nerves highlighted in yellow: median nerve at the elbow (D) and wrist (F), and ulnar nerve at the elbow (E) and wrist (G). 
Diffusion-weighted images (DWI) (H: elbow; I: wrist). Diffusion-tensor images (DTI) (J: elbow; K: wrist). Constrained spherical deconvolution (CSD) (L: elbow; M: wrist). 
Magnified windows represent the median nerve (top) and ulnar nerve (bottom). (G). Diffusion-weighted images (H, elbow; I, wrist). Diffusion-tensor images (J, elbow; 
K, wrist). Constrained spherical deconvolution (L, elbow; M, wrist). Magnified windows represent the median nerve (top) and ulnar nerve (bottom). 
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Table 7. Scan parameters. 

 T1w ss-EPI 
Repetition time 0.6 9 
Echo time 14 ms 62 ms 
Flip angle 80 degrees 90 degrees 
Field of view 128 mm 128 mm 
Dimensionality 2D 2D 
Slice thickness 2 mm 2mm 
Number of slices 29 32 
In-plane resolution 0.4 x 0.4 mm 2 x 2 mm 
Echo spacing 0.21 ms 0.82 ms 
�w�����]�(�(�µ�•�]�}�v���š�]�u���� N/A 31 
�4�����]�(�(�µ�•�]�}�v���š�]�u���� N/A 18.9 
Fat suppression Fat suppression Fat saturation 
Parallel acquisition technique 2 2 
Bandwidth 346 px 2741Hz/px 
Number of gradient directions N/A 12 
b-value (s/mm²) N/A [0, 1200] 
Scan time single phase-encode blip 
(anterior posterior or posterior 
anterior)  N/A 5 min 38s 
Total scan time (min) 1 min 46s 11 min 37s 

T1w: anatomical T1 weighted morphological scans; ss-EPI: single-shot echo-planar imaging 
 

The phase-encoding direction was anterior-posterior. Additionally, a pair of b=0 images 

was acquired with phase encoding reversed to enable correction of susceptibility-induced 

distortion during image processing. Total scan time was ~15 min per location (wrist and elbow), 

with coil repositioning adding ~5 min. 

 

Diffusion MRI processing 

All MRI images were processed in a blind fashion for group assignment. Data were pre-

processed using MRtrix333�U�� �&�^�>�� �~�&�D�Z�/���[�•�� �•�}�(�š�Á���Œ���� �o�]���Œ���Œ�Ç�� �š�}�}�o�•�•34 and ANTs.35 The DTI images 

were denoised first (dwidenoise, MRtrix3)36 before performing diffusion image pre-processing 

correction (eddy, FSL) with inhomogeneity distortion correction (topup, FSL)37 and replacement 

of data within slices deemed as outliers.38 Finally, bias field correction was performed using the 

N4 algorithm (N4BiasFieldCorrection, ANTs) to eliminate low frequency intensity 

inhomogeneities across the image.39 The output images were visually inspected after pre-

processing for quality control.  

The diffusion tensor was computed on this pre-processed image using iterated weighted 

least-squares (dwi2tensor, MRtrix3).14,40 Maps of tensor-derived parameters14,40 were generated 

for FA, RD and Axial Diffusivity (AD). Apparent Diffusion Coefficient (ADC) was calculated based 
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on a mono-exponential fit to the trace-weighted data (mean image intensity per unique b-

value). 

In addition to metrics from the tensor model, we investigated the use of two voxel-wise 

quantitative metrics utilising the Constrained Spherical Deconvolution (CSD) model.26,41 

�Z���]�•�‰���Œ�•�]�}�v�[�����]�u�•���š�}���‹�µ���v�š�]�(�Ç���š�Z�������Æ�š���v�š���š�}���Á�Z�]���Z���š�Z�����µ�v�����Œ�o�Ç�]�v�P���v���Œ�À���•���Á�]�š�Z�]�v���������µ�v���o�������Œ�����v�}�š��

all coherently oriented. It is computed as the ratio of the integral to peak amplitude of the 

dominant fibre orientation.42 �Z���}�u�‰�o���Æ�]�š�Ç�[�����]�u�•���š�}���‹�µ���v�š�]�(�Ç���š�Z�������Æ�š���v�š���š�}���Á�Z�]���Z���š�Z�����µ�v�����Œ�o�Ç�]�v�P��

fibrous geometry contains bundles in multiple discrete orientations. Its computation relates to 

the proportion of fibre density that is not attributed to the dominant fibre orientation.43 We 

investigated the properties of these metrics for different selections of response functions for 

spherical deconvolution (with the group averaged response function(s) being used in each 

case)44�W�� �~�í�•�� �}�v�o�Ç�� �š�Z���� �Z�t�D-�o�]�l���[�� �Œ���•�‰�}�v�•���� �(�µ�v���š�]�}�v�� �(�Œ�}�u�� ���v�� ���µ�š�}�u���š������ �Œ���•�‰�}�v�•���� �(�µ�v���š�]�}�v��

estimation algorithm using both b=0 and b=1200 data;45,46 �~�î�•�����}�š�Z���š�Z�����Z�t�D-�o�]�l���[�����v�����Z���^�&-�o�]�l���[��

response functions in a Multi-Shell Multi-Tissue spherical deconvolution framework using both 

b=0 and b=1200 data;41 (3) an Apodized Disc Function (aDF) using b=1200 data only. Results from 

�Z���]�•�‰���Œ�•�]�}�v�������&���˜�����^�&-�o�]�l�����Z�&�[�U���Œ���(���Œ�Œ�������]�v���š�Z�����š���Æ�š�����•���Z���]�•�‰���Œ�•�]�}�v�[�V�����v�����Z���}�u�‰�o���Æ�]�š�Ç���t�D-like RF 

& CSF-�o�]�l���� �Z�&�[�U�� �Œ���(���Œ�Œ������ ���•�� �Z���}�u�‰�o���Æ�]�š�Ç�[�U�� ���Œ���� �‰�Œ���•���v�š�����X�� �������]�š�]�}�v���o�� �]�v�(�}�Œ�u���š�]�}�v�� �}�v�� �•�µ�u�u���Œ�Ç��

measures of the full dataset is further discussed elsewhere (See Supplementary Information). 

Summary measures were extracted from the median and ulnar nerve at the elbow and 

wrist. The anatomical images of the elbow and wrist were co-registered to their respective 

diffusion corrected files to allow for a better identification of the median and ulnar nerve. Masks 

were generated on a per-subject basis by manually selecting within each image slice the voxel 

closest to the centre of the median and ulnar nerve. For each combination of quantitative 

metric, nerve, and anatomical location, the mean value of that metric within the corresponding 

mask was calculated. (Figure 10) 

 

Statistical analysis 

The statistical analysis was performed in R Studio v.3.6 (The R Foundation for Statistical 

Computing Platform).47 Demographic data were reported as mean and standard deviation (SD), 

and the comparison between groups was performed with a one-way analysis of variance 

(ANOVA). 

We used �š�Z�����Z�o�u���ð�[�U48 �Z�o�u���Œ�d���•�š�[�U49 and emmeans50 packages in R Studio to perform linear 

mixed effects analysis of the relationship between each metric, groups and the distal-to-

proximal effect of DSPN. Linear mixed effects models can account for repeated measures on 



 

79 | P a g e 

individual participants and missing data.51 Six MRIs from the elbow location had to be excluded 

due insufficient image acquisition as they presented with chemical shift artefacts (Figure 2).  

To assess changes in metrics between the groups, we fitted a linear mixed model for each 

tensor metric using group (healthy participants, people with diabetes without DSPN, 

DSPN FEET ONLY and DSPN HANDS & FEET) and location (elbow, wrist) as fixed effects with a random-

intercept model, allowing only for between-subject variance. Median and ulnar nerves were 

modelled separately. The assumptions of normality of residuals, homogeneity of variance and 

linearity were visually checked and revealed no obvious violations. P-values for t-statistics were 

obtained using the S���š�š���Œ�š�Z�Á���]�š���[�•�������P�Œ�����•���}�(���(�Œ�������}�u���u���š�Z�}���X52  

To test whether differences between groups depended on the location in each metric, we 

included the interaction group × location in the model. To assess their goodness of fit, p-values 

were obtained by likelihood ratio tests of the full model with the interaction in question against 

the model without the interaction. The Akaike Information Criterion (AIC; decreases with 

goodness of fit) was used as a guide during the process of model selection. If significant effects 

for the differences in the distal-to-proximal pattern between groups were found, pairwise post-

hoc comparisons were used. To avoid alpha error inflation, post-hoc test p-values were 

corrected using the Tukey method. We report the estimated slopes of each metric regression 

(�t) as the mean difference, with standard errors (SE), t (number of observations) and p values. 

�/�v���š�Z�����u�}�����o�����}�u�‰���Œ�]�•�}�v�U���š�Z�����–2-distributed likelihood ratios and their associated p-values are 

reported. 

 

Results 

Participants and groups 

  Forty-one participants were included in this study (healthy participants: N=10; 

diabetes without DSPN: N=10, DSPN FEET ONLY: N=12; DSPN HANDS & FEET: N=9). Figure 11 represents 

the flow of participants and the number of elbow scans that were excluded per group.  

People with DSPN HANDS & FEET were older (p=0.022) and people with DSPN FEET ONLY 

presented with higher BMI (p<0.001) than people with diabetes without DSPN. Poorer HbA1c 

levels were present in DSPN FEET ONLY followed by DSPN HANDS & FEET. Interestingly, the 

DSPN HANDS & FEET group only consisted of people with type II diabetes whereas type I was 

predominant in the group with diabetes without DSPN (p=0.002). The demographic 

characteristics along with their electrodiagnostic and corneal confocal test results are 

summarised in Table 8. 
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Figure 11. Flow chart of participants in Diffusion-Weighted Imaging study.  
DSPN, distal symmetrical polyneuropathy; HbA1c, glycated haemoglobin test; CV, conduction velocity; 
CNFL, corneal nerve fibre length; IVCM, in vivo confocal microscopy; MRI, magnetic resonance imaging; 
DWI, diffusion weighted imaging. 
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Table 8. Overview of demographic characteristics per group. 

 
Healthy 

participants 
(n=10) 

Diabetes 
no DSPN 
(n=10) 

DSPN 
FEET ONLY 

(n=12) 

DSPN 
HANDS & FEET 

(n=9) 

ANOVA 
results 

Pairwise 
differences 

Age 51.8 (14.7) 44.5 (20.1) 60.4 (10.4) 62.9 (7.7) 0.022 2-4* 
Female 3 (30%) 3 (30%) 3 (25%) 2 (22%) 0.97  

BMI (kg/m2) 24.5 (1.7) 28.5 (6.8) 35.0 (8.2) 29.0 (4.5) 0.028 1-3**  
Ethnicity: 

      
Asian 3 (30%) 0 (0%) 0 (0%) 0 (0%) 

  
Mixed 1 (10%) 0 (0%) 0 (0%) 1 (11%) 

  
White 6 (60%) 10 (100%) 10 (83%) 7 (78%) 

  
Indigenous Australian 0 (0%) 0 (0%) 0 (0%) 1 (11%) 

  
Not reported 0 (0%) 0 (0%) 2 (17%) 0 (0%) 

  
Type II diabetes 0 (0%) 2 (20%) 7 (58%) 9 (100%) 0.002 2-4*,2-3*,3-4* 
Years diabetes N/A 14.3 (9.1) 14.7 (9.1) 8.8 (6.8) 0.18  

Years DSPN N/A N/A 3.2 (5.1) 4.9 (6.2) 0.51  

HbA1c (%) 5.4 (0.3) 6.7 (1.6) 8.4 (1.4) 7.8 (2.1) 0.0019 1-3**, 1-4*        
Electrodiagnostic tests:     

Sural SNAP (µV) 8.1 (3.3) 10.4 (4.9) 7.8 (6.9) 4.6 (2.3) 0.086  

Abnormal (<4 µV) 0 (0%) 0 (0%) 1 (8%) 3 (33%)   
Sural SCV (m/s) 38 (12.7) 34.7 (10.7) 31.3 (11.3) 35.1 (11) 0.46  

Abnormal (<37 m/s) 3 (30%) 3 (30%) 1 (70%) 6 (60%)  
 

Fibular CMAP (mV) N/A N/A N/A N/A   
Abnormal (<4.0 mV)      
Fibular MCV (m/s) 52.6 (8.4) 46.1 (12.2) 38.9 (9.8) 42.1 (8.2) 0.0087 1-3* 
Abnormal (<42 m/s) 1 (10%) 3 (30%) 7 (70%) 5 (50%)   
Tibial CMAP  (mV) 10.1 (4.8) 6.6 (5.2) 5.1 (3.4) 4.6 (4.9) 0.0068 1-4* 
Abnormal (<4.4mV) 2 (20%) 5 (50%) 6 (60%) 7 (70%)   
Tibial MCV (m/s) 49 (6.5) 47.6 (9.7) 42.5 (4.7) 41.4 (12) 0.023 1-4* 
Abnormal (<39 m/s) 1 (10%) 2 (20%) 3 (30%) 5 (50%)   
Median CMAP (mV) 4.2 (0.9) 4.6 (2.1) 5.9 (2.1) 4.4 (1.9) 0.8  

Abnormal (<4.1 mV) 1 (10%) 3 (30%) 2 (20%) 3 (30%)  
 

Median MCV (m/s) 64 (1.4) 71.1 (7.6) 64.4 (6.2) 62 (10.1) 0.12  

Abnormal (<49 m/s) 0 (0%) 0 (0%) 0 (0%) 0 (0%)  
 

Median SNAP (µV) 8.5 (6.4) 19.7 (14.3) 12.3 (16.6) 5.8 (1.9) 0.23  

Abnormal (<10 µV) 1 (10%) 1 (10%) 8 (80%) 6 (60%)  
 

Median SCV (m/s) 44.5 (1) 46.3 (8) 38.1 (10.4) 41.5 (4.8) 0.25  

Abnormal (<44 m/s) 1 (10%) 2 (20%) 8 (80%) 3 (30%)   
Ulnar SNAP (µV) 17 (0) 28.1 (14.9) 15.8 (12.1) 10 (4.3) 0.4  

Abnormal (<10.0 mV) 0 (0%) 0 (0%) 2 (20%) 4 (40%)  
 

Ulnar SCV (m/s) 48.3 (0) 48.7 (7.8) 39.9 (13) 35.9 (7.4) 0.022 1-4* 
Abnormal (<45 m/s) 0 (0%) 2 (20%) 4 (40%) 6 (60%)          

IVCM:       
CNFL (mm/mm2) 14.8 (2.4) 13.3 (3.8) 10.8 (2.7) 12.2 (3.9) 0.059  

Data shown as mean (standard deviation) and analysed by a one-way ANOVA (ANOVA results), with paired 
t-tests Bonferroni correction (pairwise differences). Categorical data are reported as frequencies 
(percentages). Pairwise differences indicate significant p values between group pairs: 1: Healthy 
participants; 2: diabetes no DSPN; 3: DSPN in feet only; 4: DSPN in hands & feet. *p, 0.05; **p, 0.01; ***p, 
0.001. DSPN: distal symmetrical polyneuropathy; BMI: body mass index; HbA1c: glycated haemoglobin; 
SNAP: sensory nerve action potential; µV, microvolts; SCV: sensory conduction velocity; m/s: metres per 
second; CMAP: compound muscle action potentials; MCV: motor conduction velocity; IVCM: in vivo 
corneal confocal microscopy; CNFL: corneal nerve fibre length. Due to a technical error, the fibular CMAP 
could not be determined accurately. 
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Microstructural changes in median and ulnar nerves 

Tensor-derived metrics 

The changes in the tensor metrics were observed in the expected direction, suggesting 

�š�Z���š�����]�������š���•���Z���•�����v�����(�(�����š���}�v���š�Z�����v���Œ�À���•�[���u�]���Œ�}�•�š�Œ�µ���š�µ�Œ�����]�v���š�Z�����u�����]���v���v���Œ�À�������µ�š���v�}�š���(�}�Œ���š�Z����

ulnar nerve, as shown in Figure 12. Moreover, the changes were detected in groups with no 

symptoms in hands, which could indicate early stages of DSPN. The estimates for these 

comparisons are presented in Table 9 and raw mean and standard deviations are presented in 

the Supplementary Table 2.  

DSPN HANDS & FEET did not show any significant differences compared to any of the groups 

for any tensor-derived metric in either median (all p>0.20) or ulnar nerve (all p>0.13). 

For the median nerve, DSPN FEET ONLY showed a reduced FA (�t=0.10 (0.031); t(76)=3.25; 

p=0.013) compared to healthy participants. Moreover, AD was reduced in DSPN FEET ONLY 

compared to healthy participants (�t=0.00025 (0.000082); t(76)=3.05; p=0.021) and to people 

with diabetes without DSN (�t=0.00025 (0.000082); t(76)=3.05; p=0.021). ADC and RD did not 

differ in any group comparison (all p>0.29). 

For the ulnar nerve, no differences were found in any other group comparison in any of 

the tensor-derived metrics (all p>0.070).  

 

Non-tensor metrics 

The changes in the non-tensor metrics may reflect the DSPN processes of degeneration 

and regeneration depicting a more prominent population of disorganised nerve fibres in 

DSPN FEET ONLY in median and ulnar nerves, as shown in Figure 12. The estimates for these 

comparisons are presented in Table 9 and raw mean and standard deviations are presented in 

the Supplementary Table 2.  

DSPN HANDS & FEET did not show any significant differences compared to any of the groups 

for any non-tensor derived metric for either median (all p>0.26) or ulnar nerve (all p>0.15). 

For the median nerve, DSPN FEET ONLY showed larger dispersion compared to healthy 

participants (�t=-0.41 (0.14); t(76)=-2.81; p=0.038). Complexity did not show any differences 

between group comparisons (all p >0.061). 

For the ulnar nerve, complexity was increased in DSPN FEET ONLY compared to healthy 

participants (�t=-0.087 (0.028); t(76)=-3.13; p=0.018).  



 

83 | P a g e 

Table 9. Estimates for tensor-derived metrics between groups. 
 

 
Estimates and standard error from linear mixed models with a random-intercept model, allowing only for between-subject variance, controlling for group and location 
(fixed effects). FA: fractional anisotropy; AD: axial diffusivity; RD: radial diffusivity; ADC: apparent diffusion coefficient; SE: standard error; df: degrees of freedom; t: t 
values; p: p values. Values in bold indicate statistical difference.

 Median  
FA AD RD ADC 

Predictors Estimate SE df t p Estimate SE df t p Estimate SE df t p Estimate SE df t p 

Healthy - Diabetes 0.063 0.032 35.4 1.99 0.213 0.0000001 0.000084 35.3 0.001 1.000 -0.00010 0.000060 35.0 -1.63 0.38 -0.000073 0.000056 35.1 -1.31 0.56 
Healthy - DSPN FEET ONLY 0.100 0.031 36.8 3.25 0.013 0.0002500 0.000082 36.7 3.053 0.021 -0.000034 0.000059 36.5 -0.58 0.94 0.000024 0.000054 36.6 0.45 0.97 

Healthy - DSPN HANDS & FEET 0.059 0.033 35.5 1.82 0.282 0.0000797 0.000087 35.5 0.920 0.794 -0.000050 0.000062 35.2 -0.80 0.85 -0.000026 0.000057 35.2 -0.45 0.97 

Diabetes - DSPN FEET ONLY 0.037 0.031 36.8 1.21 0.628 0.0002500 0.000082 36.7 3.052 0.021 0.000064 0.000059 36.5 1.09 0.70 0.000097 0.000054 36.6 1.80 0.29 
Diabetes - DSPN HANDS & FEET -0.004 0.033 35.5 -0.11 1.000 0.0000797 0.000087 35.5 0.919 0.795 0.000048 0.000062 35.2 0.78 0.86 0.000047 0.000057 35.2 0.82 0.84 

DSPN FEET ONLY - DSPN HANDS & FEET -0.041 0.032 36.8 -1.29 0.578 -0.000170 0.000084 36.8 -2.02 0.200 -0.000016 0.000060 36.6 -0.26 0.99 -0.000050 0.000056 36.6 -0.90 0.80 

 Ulnar  
FA AD RD ADC 

Predictors Estimate SE df t p Estimate SE df t p Estimate SE df t p Estimate SE df t p 

Healthy - Diabetes -0.006 0.023 34.4 -0.24 0.99 0.00004 0.000069 36.1 0.58 0.94 0.000027 0.000051 35.0 0.54 0.95 0.000052 0.000050 35.5 1.04 0.73 
Healthy - DSPN FEET ONLY 0.052 0.023 36.0 2.29 0.12 0.00012 0.000067 37.0 1.84 0.27 -0.000029 0.000049 36.5 -0.59 0.94 0.000023 0.000049 36.8 0.47 0.97 

Healthy - DSPN HANDS & FEET 0.017 0.024 34.5 0.71 0.89 -0.00003 0.000071 36.1 -0.43 0.97 -0.000052 0.000052 35.1 -1.00 0.75 -0.000027 0.000052 35.6 -0.52 0.95 
Diabetes - DSPN FEET ONLY 0.057 0.023 36.0 2.54 0.07 0.00008 0.000067 37.0 1.24 0.61 -0.000057 0.000049 36.5 -1.15 0.66 -0.000029 0.000049 36.8 -0.60 0.93 
Diabetes - DSPN HANDS & FEET 0.022 0.024 34.5 0.94 0.78 -0.00007 0.000071 36.1 -1.00 0.75 -0.000080 0.000052 35.1 -1.52 0.44 -0.000079 0.000052 35.6 -1.53 0.43 

DSPN FEET ONLY - DSPN HANDS & FEET -0.035 0.023 36.0 -1.51 0.44 -0.00015 0.000069 37.0 -2.23 0.13 -0.000023 0.000051 36.5 -0.45 0.97 -0.000050 0.000050 36.8 -0.99 0.76 
 Median Ulnar  

Dispersion Complexity Dispersion Complexity 

Predictors Estimate SE df t p Estimate SE df t p Estimate SE df t p Estimate SE df t p 

Healthy - Diabetes -0.04 0.15 34.4 -0.28 0.993 -0.079 0.036 35.0 -2.19 0.146 -0.028 0.14 34.4 -0.20 0.997 -0.013 0.028 34.4 -0.47 0.965 

Healthy - DSPN FEET ONLY -0.41 0.14 36.0 -2.81 0.038 -0.092 0.035 36.5 -2.61 0.061 -0.335 0.14 36.0 -2.40 0.095 -0.087 0.028 36.0 -3.13 0.018 
Healthy - DSPN HANDS & FEET -0.13 0.15 34.6 -0.84 0.836 -0.067 0.037 35.2 -1.79 0.295 -0.023 0.15 34.5 -0.15 0.999 -0.036 0.029 34.5 -1.23 0.613 

Diabetes - DSPN FEET ONLY -0.36 0.14 36.0 -2.53 0.072 -0.013 0.035 36.5 -0.35 0.985 -0.307 0.14 36.0 -2.20 0.143 -0.073 0.028 36.0 -2.64 0.056 

Diabetes - DSPN HANDS & FEET -0.09 0.15 34.6 -0.57 0.940 0.013 0.037 35.2 0.34 0.986 0.005 0.15 34.5 0.04 1.000 -0.023 0.029 34.5 -0.77 0.867 
DSPN FEET ONLY - DSPN HANDS & FEET 0.28 0.15 36.1 1.87 0.258 0.025 0.036 36.5 0.69 0.900 0.312 0.14 36.0 2.17 0.151 0.051 0.029 36.0 1.78 0.300 
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Figure 12. Adjusted means for tensor and non-tensor derived metrics for the four groups. 
 
Least-squared means with 95% confidence intervals from linear mixed-models per metric and nerve. P-
values for t-statistics were obtained using the �^���š�š���Œ�š�Z�Á���]�š���[�•�������P�Œ�����•���}�(���(�Œ�������}�u���u���š�Z�}�����]�v���]�����š�]�v�P���Ž�W��p 
< 0.05. DSPN, distal symmetrical polyneuropathy; FA, fractional anisotropy; ADC, apparent diffusion 
coefficient; RD, radial diffusivity; AD, axial diffusivity. 
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Distal-to-proximal differences in metrics  

Tensor-derived metrics 

Differences between elbow and wrist for all tensor-derived metrics in the median nerve 

were observed in the expected direction, suggesting a length-dependent effect of DSPN in nerve 

microstructure, as shown in Figure 13. DSPN HANDS & FEET was the most affected group when 

comparing elbow and wrist locations. Moreover, early changes in DSPN FEET ONLY could be already 

detected in the median and ulnar nerves. Estimates for the comparison between elbow and 

wrist per group and metric can be found in Table 10. 

For the median nerve, FA at the wrist was higher compared to the elbow in healthy 

participants (�t=-0.11 (0.031); t(76)=3.46; p=0.030), diabetes without DSPN (�t=-0.15 (0.031); 

t(76)=-4.88; p<0.0001) and in DSPN FEET ONLY (�t=-0.072 (0.031); t(76)=2.35; p=0.025); but not in 

DSPN HANDS & FEET (�t=0.058 (0.033); t(76)=1.75; p=0.090). The interaction between the location 

and groups was not significant (�–2 (3)=5.59; p=0.13), indicating that differences in FA between 

elbow and wrist are expected but not dependent on the groups. The absence of differences in 

FA values between locations in DSPN HANDS & FEET may reflect an alteration of the median nerve 

microstructure. 

ADC and RD were reduced at the wrist compared to the elbow in healthy participants 

(ADC: �t=0.00020 (0.000054); t(76)=3.47; p=0.0015; RD: �t=0.00020 (0.000061); t(76)=3.32; 

p=0.0022); and in people with diabetes without DSPN (ADC: �t=0.00017 (0.000054); t(76)=3.10; 

p=0.0040; RD: �t=0.00022 (0.000061); t(76)=3.65; p=0.0009). The differences between locations 

were dependent on the groups (�������W�� �~�–2 �~�ï�•�A�õ�ó�ì�X�î�ó�V�� �‰�D�ì�X�ì�ì�í�V�� �Z���W�� �–2 (3)=12.46; p=0.0060). 

Lower values are expected at the wrist compared to the elbow for ADC and RD. The detection 

of increased ADC and RD values at the wrist in DSPN HANDS & FEET, and, surprisingly, in DSPN FEET ONLY 

reflects the typical distal-to-proximal pattern observed in DSPN. Moreover, the presence of this 

distal to proximal pattern in DSPN FEET ONLY may reflect early stages of DSPN even without the 

presence of symptoms.  

DSPN HANDS & FEET showed larger AD values at the wrist compared to the elbow (�t=-0.00020 

(0.000092); t(76)=-2.14; p=0.040). This difference was dependent on the group (�–2 (3)=904.13; 

p<0.0001), suggesting an effect of DSPN in the microstructure of the median nerve in 

DSPN HANDS & FEET. 

In the ulnar nerve, FA was reduced at the wrist in DSPN FEET ONLY (�t=-0.068 (0.031); t(76)=-

2.21; p=0.034) and this difference was not dependent on the group �~�–2 (3)=4.04; p=0.26). This 

may also reflect early stages of DSPN in the ulnar nerve in people without symptoms in hands. 
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AD, RD, ADC showed no significant differences between the groups for the ulnar or median 

nerve in any metric (all p>0.10). 

 

Non-tensor metrics 

Differences in dispersion between elbow and wrist reflected the effect of diabetes on the 

�u�����]���v���v���Œ�À���[���u�]���Œ�}�•�š�Œ�µ���š�µ�Œ�����‰�Œ�����}�u�]�v���v�š�o�Ç�����š��the elbow, as shown in Figure 13. Estimates for 

the comparison between elbow and wrist per group and non-tensor metrics can be found in 

Table 10.  

For the median nerve, dispersion was reduced at the wrist compared to the elbow in 

people with diabetes without DSPN (�t=0.81 (0.20); t=4.08; p=0.0003), DSPN FEET ONLY (�t=0.84 

(0.19); t=4.40; p=0.0001) and DSPN HANDS & FEET (�t=0.64 (0.21); t=3.05; p=0.004). The difference 

between locations was largely explained by the groups, but not dependent on its interaction 

(�–2 (3)=6.60; p=0.086). There was no difference in complexity between wrist and elbow for any 

group comparison (p>0.42). Complexity and dispersion models for the ulnar nerves displayed a 

singularity fit, which is an indication of an over fitted model with limited data points. There is no 

consensus yet about how to deal with singularity.48,53,54  
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Figure 13.  Adjusted means for tensor and non-tensor derived metrics for the distal-to-
proximal analysis between groups.  
 
Values are least-squared means with 95% confidence intervals obtained from linear mixed-models per 
metric and nerve. P-values for the pairwise comparisons were corrected using the Tukey method, 
indicating *: p < 0.05; **: p < 0.01; ***: p < 0.001. DSPN: distal symmetrical polyneuropathy; FA: fractional 
anisotropy; ADC: apparent diffusion coefficient; RD: radial diffusivity; AD: axial diffusivity. 
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Table 10.  Estimates for tensor-derived metrics within groups and between locations 

 

Estimates and (standard error) from linear mixed models with a random-intercept model, allowing only for between-subject variance, controlling for the interaction 
between group and location (fixed effects). Each group is compared within itself. Reference location is elbow: healthy elbow, diabetes elbow, DSPN FEET ONLY elbow and 
DSPN HANDS & FEET  elbow. Values for dispersion and complexity displayed a singularity fit, thus, not in bold. FA, fractional anisotropy; AD, axial diffusivity; RD, radial 
diffusivity; ADC, apparent diffusion coefficient; SE, standard error; df, degrees of freedom; t, t values; p, p values.  

 

Median  
FA AD RD ADC 

Predictors Estimate SE df t p Estimate SE df t p Estimate SE df t p Estimate SE df t p 

Healthy wrist -0.11 0.031 33.0 -3.45 0.0015 0.000055 0.000087 33.2 0.63 0.535 0.00020 0.000061 33.1 3.32 0.0022 0.00019 0.000054 33.00 3.47 0.015 
Diabetes wrist -0.15 0.031 33.0 -4.88 <0.0001 -0.000074 0.000087 33.2 -0.85 0.404 0.00022 0.000061 33.1 3.65 0.0009 0.00017 0.000054 33.00 3.10 0.040 
DSPN FEET ONLY wrist -0.07 0.031 35.6 -2.35 0.025 -0.000014 0.000085 36.0 -0.16 0.871 0.00007 0.000059 35.7 1.26 0.2164 0.00007 0.000053 35.50 1.42 0.165 
DSPN HANDS & FEET  wrist -0.06 0.033 33.2 -1.75 0.090 -0.000197 0.000092 33.4 -2.14 0.040 -0.00007 0.000064 33.3 -1.03 0.3108 -0.00008 0.000057 33.10 -1.36 0.182 
                                          

Ulnar  
FA AD RD ADC 

Predictors Estimate SE df t p Estimate SE df t p Estimate SE df t p Estimate SE df t p 

Healthy wrist 0.011 0.032 34.2 0.33 0.742 -0.000019 0.000053 32.4 -0.35 0.73 -0.00010 0.000060 33.7 -1.69 0.10 -0.000027 0.000051 33.7 -0.52 0.61 
Diabetes wrist 0.001 0.032 34.2 0.02 0.987 0.000050 0.000053 32.4 0.95 0.35 -0.00004 0.000060 33.7 -0.74 0.46 -0.000016 0.000051 33.7 -0.31 0.76 
DSPN FEET ONLY wrist -0.068 0.031 37.6 -2.21 0.034 -0.000028 0.000052 34.2 -0.55 0.59 0.00004 0.000058 36.8 0.76 0.46 0.000030 0.000050 36.8 0.61 0.55 
DSPN HANDS & FEET  wrist -0.020 0.034 34.4 -0.60 0.553 -0.000032 0.000056 32.5 -0.58 0.57 -0.00005 0.000064 33.9 -0.82 0.42 -0.000018 0.000054 33.9 -0.34 0.74 

                     
 Median Ulnar  

Dispersion Complexity Dispersion Complexity 
Predictors Estimate SE df t p Estimate SE df t p Estimate SE df t p Estimate SE df t p 

Healthy wrist 0.22 0.20 34.1 1.12 0.2725 -0.036 0.0432 33.7 -0.82 0.42 0.040 0.19 34.3 0.21 0.8387 -0.145 0.039 34.3 -3.77 0.0006 
Diabetes wrist 0.81 0.20 34.1 4.08 0.0003 0.023 0.0432 33.7 0.53 0.60 0.656 0.19 34.3 3.38 0.0018 -0.083 0.039 34.3 -2.16 0.0382 
DSPN FEET ONLY wrist 0.84 0.19 37.5 4.40 0.0001 -0.012 0.0419 36.8 -0.28 0.78 0.796 0.19 37.7 4.26 0.0001 0.008 0.037 37.7 0.22 0.8261 
DSPN HANDS & FEET  wrist 0.64 0.21 34.4 3.05 0.0044 -0.015 0.0457 33.9 -0.34 0.74 0.662 0.21 34.5 3.23 0.0027 -0.109 0.041 34.5 -2.68 0.0112 
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Discussion 

Median and, to a lesser extent, ulnar nerves presented microstructure abnormalities in 

people with DSPN HANDS & FEET and in DSPN FEET ONLY. The microstructure abnormalities followed a 

distal-to-proximal pattern where the median nerve was more affected. These results confirm 

that changes in the upper limb nerves microstructure occur in DSPN, even before symptoms are 

reported in hands. Advanced diffusion non-tensor metrics, as opposed to tensor metrics, may 

have a role in unravelling the nature of these microstructural changes in the peripheral nerves 

as changes were detected as early as in people with diabetes without DSPN. 

The microstructure of the median nerve was altered in DSPN HANDS & FEET. The 

microstructure changes were more apparent when location was considered (i.e., elbow versus 

wrist), which revealed a length-dependent pattern that could be assessed. Structural changes in 

DSPN have been described distally before moving proximally,55 affecting nerve function.56 

Tensor and non-tensor metrics appeared to detect the degenerative process and the inefficient 

regeneration of the peripheral nerves that has been observed in histology studies. 57 Moreover, 

these microstructural changes could explain the deterioration in function previously observed 

in DSPN HANDS & FEET.58  

Microstructural changes were observed in DSPN FEET ONLY in the median and ulnar nerves 

before any symptoms in hands were manifested. Our finding using DWI is in line with a previous 

finding using biopsy, where a reduction in nerve fibre density was observed in people with DSPN 

who did not report any symptoms.59 A DTI study22 showed that microstructure abnormalities 

could be found proximally in the sciatic nerve in people with DSPN , suggesting a more 

widespread impact. The location of symptoms in people with DSPN was not reported so the 

proximal changes observed in the sciatic nerve could be influenced by the extension of 

symptoms. Our study complements the findings in the lower limbs suggesting that DSPN 

microstructural changes occurred in early stages in the upper limbs, before symptoms are 

reported. 

Whether the length-dependent pattern observed in DSPN HANDS & FEET and already in 

DSPN FEET ONLY was due to demyelination or axonal injury, as previously reported in the 

literature,18,23 cannot be concluded. Importantly, all participants in DSPN HANDS & FEET had type II 

diabetes whereas the frequency of type I and II diabetes were balanced in DSPN FEET ONLY. 

Interestingly, DSPN FEET ONLY presented with poorer HbA1C values. The predominant mechanisms 

of nerve damage in DSPN differ between type I and II diabetes. The predominant type of nerve 

lesion in DSPN in people with type I diabetes is associated with poorer glycemic control and loss 
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of nerve conduction.60 This could explain why DSPN FEET ONLY presented with poorer tensor and 

non-tensor metric results. 

Diffusion anisotropy can only be observed when there are microscopic sources of 

diffusion anisotropy and macroscopic homogeneity of the structures within a pixel,61 which is 

not the case in the tensor model. As it has not been possible to find a robust, quantitative 

relationship between a single microstructural property and parameters extracted from the 

tensor,62 non-tensor metrics were explored. The abnormalities detected by the novel non-tensor 

metrics reported a different effect compared to the tensor-metrics, which may add value to its 

calculation in the peripheral nervous system. In the central nervous system, non-tensor metric 

permits an individual analysis of two key contributing factors to FA: complexity (or density) and 

dispersion (or orientation).42 An increase in dispersion indicates axonal disorganisation, 

degeneration (white matter), or dendritic thinning (grey matter),42 whereas an increase in 

complexity indicates a crossing fibre configuration.43 In this study, the FA changes observed in 

median nerve could be tentatively explained by a predominantly increased dispersion at the 

elbow. This could reflect the damage to the peripheral nerves and the attenuated and 

unsuccessful regeneration of axons that occur in DSPN and already in diabetes without DSPN.63,64 

Our preliminary findings indicate that higher order diffusion models could be applied to uncover 

the underlying processes involved in the structural changes present in diabetes. Future studies 

should differentiate the findings between people with type 1 and type 2 diabetes. 
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Spherical deconvolution response functions 

The use of the spherical deconvolution model1 to derive a Fibre Orientation Distribution 

(FOD) (based on which the Dispersion and Complexity metrics are calculated)2 from Diffusion-

Weighted Imaging (DWI) data requires the definition of at least one Response Function (RF) to 

be utilised in the deconvolution:1 

�(�1�&
L �&�9�+�Û�?�5 �4�( 

 In practice, this function can be generated based on a forward model (e.g. a tensor model 

with a pre-specified Fractional Anisotropy (FA)), or estimated directly from the image data.1,3�t7 

These data are represented in the Spherical Harmonic (SH) basis to facilitate the deconvolution 

operation. 

In addition, the spherical deconvolution framework has been extended to permit the 

estimation of multiple Orientation Distribution Functions (ODFs), based on the presence of DWI 

data across multiple unique b-�À���o�µ���•�� �~�^�•�Z���o�o�•�_�•�� ���v����the specification of multiple RFs 

corresponding to different tissues: so-�����o�o�������^�D�µ�o�š�]-Shell Multi-�d�]�•�•�µ�����•�‰�Z���Œ�]�����o���������}�v�À�}�o�µ�š�]�}�v�_�X6 

This process is demonstrated below for the specific case of two distinct tissues A and B, for two 

unique diffusion sensitisation strengths b=0 and b>0: 
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Matrices C perform spherical convolution of an ODF to produce the projected DWI signal 

within a given b-value shell, based on the pre-specified RF for a given tissue. 

Given the absence of prior utilisation of this model in the context of peripheral nerve 

characterisation, and the prior knowledge that the attributes of the calculated ODF(s) can be 

strongly influenced by the chosen RF(s),6,8 we chose to explore the utility of these voxel-wise 

quantitative parameters when calculated from FODs that were produced using a range of RF 

configurations: 

�x For the fibre response function, one of the following was used: 
o �����^�t�Z�]�š��-matter-�o�]�l���_�����v�]�•�}�š�Œ�}�‰�]�����Z�&�U�����•�š�]�u���š�������]�v�����������š��-driven fashion from 

the DWI data;4,5 
o An Apodized Disc Function (aDF). 

This is generated numerically as the flattest disc shape attainable at a given 
maximal spherical harmonic degree lmax with minimisation of Gibbs ringing 
(based on the same numerical optimisation9 as that used for the definition of 
Apodized Point Spread Functions (aPSFs), which are utilised in the reorientation 
of FODs).10 
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�x For the fluid response function, either: 
o �h�•�����š�Z�����^���^�&-�o�]�l���_���]�•�}�š�Œ�}�‰�]�����Z�&�����•�š�]�u���š�������]�v�����������š��-driven fashion from the DWI 

data;4 
o Do not use a second RF. 

This resulted in a total of four RF configurations. In all cases, the population average RF(s) 

were used for performing spherical deconvolution in all participants.10 �d�Z���� �^���]�•�‰���Œ�•�]�}�v�_�� ���v����

�^���}�u�‰�o���Æ�]�š�Ç�_�� �u�����•�µ�Œ���•�� �Á���Œ���� �(�]�v���o�o�Ç�� �����o���µ�o���š������ �����•������ �}�v�� �•���P�u���v�š���š�]�}�v�� �}�(�� �š�Z����resulting fibre 

ODFs,11 with the former being calculated based on the largest fibre population in each image 

voxel. 

The results presented in the main article were restricted to: 

�x Dispersion: Dispersion aDF & CSF-like RF 
�x Complexity: Complexity WM-like RF & CSF-like RF 

Results for both metrics, for all evaluated RF configurations, are presented below. 

Supplementary tables 

Sup. Table 3. Raw means (SD) (Coefficient of variation, %) for tensor derived metrics for the 
median and ulnar nerves measured at the elbow and wrist.  
  

Healthy 
participants 

(N=10) 

Diabetes without DSPN 
(N=10) 

DSPN FEET ONLY 

(N=12) 
DSPN HANDS & FEET 

(N=9) 

Median     
Wrist     

FA 0.47 (0.076) (20.05) 0.43 (0.14) (22.7) 0.36 (0.063) (19.44) 0.39 (0.049) (34.98) 
ADC 0.0012 (0.00013) (7.23) 0.0012 (0.00012) (14.4) 0.0012 (0.00018) (11.81) 0.0013 (0.00011) (10.43) 
RD 0.00091 (0.00015) (10.28) 0.0010 (0.00019) (16.91) 0.0010 (0.00015) (13.39) 0.0011 (0.00011) (20.09) 
AD  0.0019 (0.00022) (7.12) 0.0020 (0.00022) (12.1) 0.0017 (0.00030) (11.41) 0.0020 (0.0000093) (10.54) 

 Elbow     
FA 0.37 (0.095) (9.97) 0.28 (0.093) (33.17) 0.29 (0.070) (33.06) 0.33 (0.061) (13.75) 
ADC 0.0014 (0.00024) (13.72) 0.0014 (0.00012) (7.46) 0.0013 (0.00012) (12.06) 0.0012 (0.00011) (12.99) 
RD 0.0011 (0.00025) (15.40) 0.0012 (0.00014) (14.74) 0.0011 (0.00013) (14.81) 0.0010 (0.00013) (10.80) 
AD  0.0020 (0.00028) (13.34) 0.0019 (0.00026) (15.63) 0.0017 (0.0018) (20.75) 0.0018 (0.00012) (14.72) 

Ulnar     
Wrist     

FA 0.33 (0.038) (29.98) 0.34 (0.073) (40.08) 0.31 (0.071) (28.03) 0.33 (0.059) (19.92) 
ADC 0.0012 (0.00013) (10.19) 0.0011 (0.00015) (13.98) 0.0012 (0.00014) (16.45) 0.0012 (0.00011) (12.77) 
RD 0.0011 (0.00011) (9.81) 0.0010 (0.00015) (18.65) 0.0010 (0.00015) 20.63) 0.0011 (0.00015) (14.61) 
AD  0.0017 (0.00019) (15.27) 0.0016 (0.00020) (16.72) 0.0016 (0.00015) (15.90) 0.0017 (0.00012) (10.96) 

 Elbow     
FA 0.34 (0.082) (26.43) 0.34 (0.099) (20.81) 0.24 (0.069) (18.55) 0.31 (0.057) (27.49) 
ADC 0.0012 (0.000019) (18.37) 0.0011 (0.000082) (8.37) 0.0012 (0.00011) (9.98) 0.0012 (0.00016) (10.93) 
RD 0.00095 (0.00021) (22.95) 0.00095 (0.00011) (11.67) 0.0011 (0.00011) (12.99) 0.0010 (0.00015) (14.16) 
AD  0.0017 (0.00020) (15.63) 0.0017 (0.00016) (5.71) 0.0016 (0.00016) (6.90) 0.0017 (0.00019) (8.86) 

Data shown as mean (standard deviation). SD: standard deviation; DSPN: distal symmetrical 
polyneuropathy; FA: fractional anisotropy; ADC: apparent diffusion coefficient; RD: radial diffusivity; AD: 
axial diffusivity. Coefficient of variation: ratio of the standard deviation to the mean. 
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Sup. Table 4. Raw means (SD) (Coefficient of variation, %) for non-tensor derived metrics for 
the median and ulnar nerves measured at the elbow and wrist. 

    
Healthy 

participants 
(N=10) 

Diabetes 
without DSPN 

(N=10) 

DSPN FEET 

ONLY 
(N=12) 

DSPN HANDS & 

FEET 
(N=9) 

Median  
    

Wrist      

Dispersion 

WM-like RF & CSF-like RF 
0.81 (0.32) 

(35.74) 
0.60 (0.33)  

(39.13) 
0.54 (0.32) 

(60.90) 
0.71 (0.34) 

(33.16) 

WM-like RF in isolation 
0.81 (0.27) 

(26.53) 
0.64 (0.29) 

(32.71) 
0.62 (0.27) 

(44.45) 
0.78 (0.27) 

(31.26) 

aDF & CSF-like RF 
2.81 (0.43) 

(18.12) 
2.57 (0.54) 

(12.52) 
2.93 (0.53) 

(19.56) 
2.74 (0.40) 

(9.90) 

aDF in isolation 
2.05 (0.57) 

(29.05) 
1.93 (0.56) 

(20.39) 
2.25 (0.64)  

(28.35) 
1.88 (0.50) 

(17.94) 
      

Complexity 

WM-like RF & CSF-like RF 
0.18 (0.10) 

(34.99) 
0.24 (0.13) 

(36.63) 
0.26 (0.08) 

(26.09) 
0.24 (0.05) 

(47.80) 

WM-like RF in isolation 
0.26 (0.11) 

(29.05) 
0.30 (0.18) 

(35.93) 
0.38 (0.08) 

(23.24) 
0.33 (0.07) 

(51.60) 

aDF & CSF-like RF  
0.32 (0.14) 

(32.00) 
0.36 (0.17) 

(35.75) 
0.43 (0.12) 

(28.31) 
0.07 (0.35) 

(35.70) 

aDF in isolation 
0.46 (0.12) 

(28.51) 
0.50 (0.16) 

(23.97) 
0.54 (0.11) 

(19.27) 
0.52 (0.09) 

(21.34) 
      

Elbow  
    

Dispersion 

WM-like RF & CSF-like RF 
0.80 (0.21) 

(36.64) 
0.89 (0.08) 

(36.43) 
0.81 (0.31) 

(44.55) 
0.73 (0.35) 

(46.29) 

WM-like RF in isolation 
0.86 (0.13) 

(23.99) 
0.91 (0.07) 

(30.41) 
0.81 (0.24) 

(44.07) 
0.76 (0.34) 

(33.97) 

aDF & CSF-like RF 
3.03 (0.42) 

(17.01) 
3.38 (0.39) 

(9.99) 
3.77 (0.26) 

(23.91) 
3.38 (0.45) 

(7.06) 

aDF in isolation 
2.68 (0.34) 

(22.56) 
3.07 (0.29) 

(16.41) 
3.36 (0.30) 

(30.41) 
3.10 (0.49) 

(20.57) 
      

Complexity 

WM-like RF & CSF-like RF 
0.15 (0.10) 

(30.27) 
0.26 (0.16) 

(40.61) 
0.25 (0.09) 

(29.71) 
0.23 (0.07) 

(21.87) 

WM-like RF in isolation 
0.30 (0.17) 

(15.68) 
0.42 (0.16) 

(40.97) 
0.41 (0.14) 

(34.11) 
0.31 (0.09) 

(19.16) 

aDF & CSF-like RF 
0.29 (0.14) 

(16.01) 
0.34 (0.14) 

(34.47) 
0.31 (0.11) 

(24.50) 
0.30 (0.10) 

(20.73) 

aDF in isolation 
0.41 (0.16) 

(14.47) 
0.45 (0.12) 

(16.20) 
0.40 (0.11) 

(15.39) 
0.40 (0.09) 

(9.67) 

      
Ulnar      
Wrist      

Dispersion 

WM-like RF & CSF-like RF 
0.88 (0.19) 

(39.46) 
0.73 (0.27) 

(22.75) 
0.72 (0.27) 

(29.48) 
0.81 (0.21) 

(33.60) 

WM-like RF in isolation 
0.91 (0.15) 

(31.30) 
0.80 (0.21) 

(21.08) 
0.76 (0.25) 

(25.05) 
0.86 (0.15) 

(30.44) 

aDF & CSF-like RF 
2.99 (0.44) 

(11.02) 
2.73 (0.60) 

(16.24) 
2.98 (0.36) 

(17.48) 
2.72 (0.39) 

(10.82) 

aDF in isolation 
2.35 (0.53) 

(12.98) 
2.24 (0.51) 

(14.00) 
2.40 (0.45) 

(16.38) 
2.05 (0.42) 

(13.70) 
      

Complexity 

WM-like RF & CSF-like RF 
0.31 (0.05) 

(53.62) 
0.30 (0.07) 

(68.43) 
0.33 (0.08) 

(56.92) 
0.33 (0.05) 

(39.780 

WM-like RF in isolation 
0.41 (0.05) 

(42.15) 
 0.43 (0.11) 

(50.27) 
0.46 (0.09) 

(45.14) 
0.43 (0.07) 

(26.11) 

aDF & CSF-like RF 
0 (4150).44 

(0.08) 
0.47 (0.10) 

(52.49) 
0.51 (0.07) 

(38.57) 
0.48 (0.08) 

(30.2) 

aDF in isolation 
0.55 (0.08) 

(32.58) 
0.58 (0.08) 

(37.54) 
0.59 (0.06) 

(29.12) 
0.60 (0.09) 

(19.98) 
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 Elbow      

Dispersion 

WM-like RF & CSF-like RF 
0.74 (0.28) 

(22.96) 
0.90 (0.06) 

(32.82) 
0.79 (0.28) 

(39.99) 
0.71 (0.35) 

(34.75) 

WM-like RF in isolation 
0.75 (0.21) 

(11.11) 
0.92 (0.07) 

(23.54) 
0.77 (0.24) 

(37.33) 
0.77 (0.28) 

(21.27) 

aDF & CSF-like RF 
3.03 (0.42) 

(12.96) 
3.38 (0.39) 

(11.11) 
3.77 (0.26) 

(10.06) 
3.38 (0.45) 

(18.39) 

aDF in isolation 
3.25 (0.42) 

(21.05) 
3.27 (0.39) 

(11.05) 
3.71 (0.44) 

(14.70) 
3.61 (0.32) 

(25.92) 
      

Complexity 

WM-like RF & CSF-like RF 
0.17 (0.06) 

(54.04) 
0.21 (0.13) 

(39.64) 
0.34 (0.12) 

(38.07) 
0.22 (0.06) 

(36.05) 

WM-like RF in isolation 
0.31 (0.10) 

(50.82) 
0.31 (0.16) 

(35.03) 
0.48 (0.13) 

(27.41) 
0.34 (0.10) 

(25.36) 

aDF & CSF-like RF 
0.22 (0.07) 

(44.66) 
0.25 (0.14) 

(45.75) 
0.32 (0.09) 

(37.65) 
0.22 (0.10) 

(33.82) 

aDF in isolation 
0.33 (0.08) 

(39.65) 
0.34 (0.14) 

(29.64) 
0.41 (0.10) 

(32.01) 
0.32 (0.08) 

(22.88) 
Data shown as mean (standard deviation. DSPN: distal symmetrical polyneuropathy; FA: fractional 
anisotropy; ADC: apparent diffusion coefficient; RD: radial diffusivity; AD: axial diffusivity. Coefficient of 
variation: ratio of the standard deviation to the mean. 
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Abstract 

Background. Elastography is a non-invasive method to evaluate the mechanical 

properties of peripheral nerves. How these mechanical properties may alter in people with 

diabetes with and without distal symmetrical polyneuropathy (DSPN) is largely unknown.  

Methods. This cross-sectional study aimed to quantify and compare nerve mechanical 

properties and morphology in the sural, tibial and median nerve in healthy participants (n=27), 

people with diabetes without DSPN (n=20), people with DSPN in the lower limbs only 

(DSPN FEET ONLY; n=19), and people with DSPN in the upper and lower limbs (DSPN HANDS & FEET; 

n=21). Diagnosis of DSPN was confirmed with electrodiagnosis and corneal confocal microscopy. 

Linear mixed models were used to detect differences in sural, tibial and median nerve shear-

wave velocities between groups and between joint positions which change nerve tension, and 

to evaluate differences in nerve cross-sectional area and thickness. 

Findings. Sural and tibial nerve shear-wave velocities were increased in people with  

DSPN HANDS & FEET (all p<0.001), but only sural nerve shear-wave velocity increased in DSPN FEET ONLY 

(p=0.004). No changes were observed for the median nerve between groups (all p>0.44). Joint 

position influenced shear-wave velocities in each nerve (all p<0.001). Cross-sectional area of the 

sural nerve was increased in DSPN FEET ONLY (p=0.022) whereas tibial nerve was larger in 

DSPN HANDS & FEET (p=0.007). Tibial nerve thickness was increased in people with DSPN HANDS & FEET 

and in DSPN FEET ONLY (p<0.001). Median nerve thickness was increased in people with 

DSPN HANDS & FEET (p=0.008).  

Interpretation. Shear-wave elastography can be used to assess the mechanical properties 

of peripheral nerves in people with diabetes with and without DSPN. Lower limb nerves become 

stiffer in people with DSPN in their feet, but no changes were observed for the median nerve in 

people with DSPN in their hands. Although this is a cross-sectional study, the findings are in line 

with the progressive nature of DSPN. Standardisation of joint position is important when 

assessing shear-wave velocities in nerves. Nerve cross-sectional area and thickness also need to 

be considered in the interpretation of shear-wave velocities. 
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University PhD scholarship. 
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Introduction 

Diabetes and its complications are a global health problem with a major impact on quality 

of life.1,2 Among all complications, distal symmetrical polyneuropathy (DSPN) is the most 

prevalent.3,4 DSPN is a bilateral sensoriomotor polyneuropathy that preferentially targets 

sensory axons and to a lesser extent motor axons.5 In the course of DSPN, small-diameter nerve 

fibres are typically affected first followed by large-diameter nerve fibres. This results in 

symptoms, such as numbness, tingling or pain, and later on weakness, which are initially present 

in feet only but progress in a length-dependent pattern to the lower legs and hands in later 

stages of DSPN.6  

The underlying pathophysiology of DSPN is complex and yet to be fully understood.5 

Chronic hyperglycemia in combination with factors, such as obesity and impaired neurotrophic 

support, trigger oxidative stress and inflammation that leads to cellular dysfunction.5 This 

degenerative process along with an inefficient regeneration and a microcirculatory dysfunction 

ultimately alters the structural and histological intraneural environment of the peripheral 

nerves.7 Although DSPN is not considered a demyelinating neuropathy, Schwann cells are also 

affected in diabetes.8 Schwann cells and axons are enwrapped in continuous basal lamina, a 

specialised type of extracellular matrix whose collagen network content and the axonal 

microtubule cytoskeleton significantly contribute to the local peripheral nerve tissue stiffness.9  

Even though changes in the mechanical properties of peripheral nerves have been 

documented in DSPN,10,11 deeper insights how diabetes affects sensory and mixed nerves, and 

upper limb nerves is needed. Traditional B-mode ultrasound imaging enables an in vivo and non-

invasive assessment of nerve structure in terms of morphology and size. Differences in nerve 

cross-sectional area have been demonstrated in people with DSPN for the sural,12 median13 and 

tibial13�t15 nerve, but these findings are conflicted as a mix of increases and decreases in cross 

sectional areas have been reported inconsistently. The absence of an adequate diagnosis of 

DSPN in several studies13�t15 complicates the interpretation of these findings.  

Recently, ultrasound shear-wave elastography has been used to quantify the shear-wave 

velocity in peripheral nerves as a proxy measure of tissue stiffness and tissue tension.16 Unlike 

other imaging methods, ultrasound shear-wave elastography has high spatial and temporal 

resolution capabilities and has the potential to be used for diagnostic purposes.17 In diabetes, 

an increase in stiffness has been observed using shear-wave ultrasound in mixed nerves (i.e., 

tibial and median nerve).15,18,19 Moreover, the level of stiffness in the tibial nerve may relate to 

the severity of DSPN.15 However, limb position was not carefully standardised and controlled in 
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many of these studies15,18,19 which may have influenced shear-wave elastography measures as 

joint position has a strong influence on nerve tension.20 

Since the microstructure of peripheral nerves (i.e., cellular and extracellular matrix) is 

altered in DSPN, the ability of the nerve to sustain different degrees of mechanical stress may 

be related to the severity of the clinical presentation. Therefore, the aims of this study were (1) 

to compare differences in nerve shear-wave velocities of the sural, tibial and median nerve in 

people with diabetes, with and without DSPN, and healthy participants; 2) to compare the 

mechanical properties of the sural, tibial and median nerve in a relaxed and preloaded position; 

and 3) to compare differences in cross-sectional area and thickness in the sural, tibial and 

median nerve between groups.  

 

Methods 

This study was part of a large initiative (The DIANE Project) aiming to better understand 

peripheral nerve impairment in DSPN. Here we investigate the role of shear-wave velocity, a 

surrogate measure of tissue stiffness, as a potential non-invasive assessment method for 

diabetic neuropathy. All participants provided written consent prior to engagement in this study, 

which was approved by the Ethics Committee of Griffith University (2018/669). 

Participants 

Participants were assigned to one of four groups: (1) healthy people without diabetes, (2) 

people with diabetes without DSPN, (3) people with diabetes and DSPN in lower limbs but not 

in upper limbs (DSPN FEET ONLY), and (4) people with diabetes and DSPN in lower and upper limbs 

(DSPN HANDS & FEET). Participants were classified according to their clinical presentation, 

electrodiagnostic test results and corneal confocal microscopy evaluation, as per previous 

recommendations.21 

Inclusion criteria for this study were being at least 18 years old and have a pain-free range 

of motion of the wrist and ankle joint. Exclusion criteria were conditions that can mimic DSPN 

(e.g., hypothyroidism, vitamin B12 deficiency, degenerative disc disease or nerve root 

compression); unilateral symptoms indicative of neuropathy; trauma-related nerve injuries; self-

reported psychiatric disorders, fibromyalgia; irritable bowel syndrome; chronic fatigue 

syndrome; complex regional pain syndrome; a history of malignancy or chemotherapy; surgery 

in the upper or lower limbs in the preceding two years, pregnancy, or any other systemic 

neurological or rheumatological disease. People with eye conditions that affect in vivo corneal 
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confocal microscopy were also excluded (e.g., cataract surgery in the past year, hard contact 

lenses, medication for glaucoma, or laser eye surgery).  

 

Group allocation 

The allocation of the participants to one of the four groups described above (i.e., healthy 

participants, participants with diabetes, DSPN FEET ONLY, or DSPN HANDS & FEET) was based on 

hyperglycemia levels, a diagnosis of DSPN and the distribution of symptoms if DSPN was present.  

The average blood glucose level was evaluated with a point-of care HbA1c test (Afinion 

Test System, Abbott, Chicago, IL). To be considered as having diabetes, participants had to meet 

the criterion of a HbA1C value �H6.0%.22 Healthy participants were required to have a HbA1C 

value <6.0% to be included.  

The diagnosis of DSPN was based on the following criteria: (1) a clinical presentation 

compatible with DSPN, and (2) a confirmatory electrodiagnosis and/or a confirmatory corneal 

confocal microscopy. Participants in either the group of healthy participants or participants with 

diabetes without DSPN had to meet the following criteria: (1) no clinical presentation indicative 

of DSPN, (2) normal electrodiagnosis, and (3) normal corneal confocal microscopy.  

Criterion 1: Clinical presentation indicative of DSPN 

Participants were asked to draw their symptoms on a body chart. Bilateral numbness, 

tingling, burning or pain, in a distal-to proximal pattern is suggestive of DSPN in people with 

diabetes.21 If these symptoms were only present in the lower limbs, they met the clinical 

presentation criterion for DSPN FEET ONLY. If these symptoms were present in lower and upper 

limbs, they met the clinical presentation criterion for DSPN HANDS & FEET. If participants with or 

without diabetes presented with unilateral symptoms indicative of neuropathy, they were 

excluded from the study. 

Criterion 2: Electrodiagnostic study 

The electrodiagnostic study was performed according to the recommendations for a 

confirmation diagnosis of DSPN.23,24 It is the confirmatory test most commonly used in DSPN, as 

it is widely available and allows for an accurate evaluation of large-diameter nerve fibre 

function.21,25 The electrodiagnostic tests were performed with a Sierra Summit (Cadwell, WA, 

USA) following recommendations of SENIAM26 and the AANEM.27  

DSPN was confirmed if the conduction velocity of the fibular nerve was <42m/s.28 

Additional motor and sensory nerve conduction studies in the lower and upper limb were 

performed for sample characterisation. 
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Criterion 3: In vivo corneal confocal microscopy 

In vivo corneal confocal microscopy is an objective, rapid, non-invasive imaging technique 

to identify early small-diameter nerve fibre neuropathy.28 The corneal sub-basal nerve plexus 

was assessed with a Heidelberg Tomograph Rostock Cornea Module III (Heidelberg Engineering 

GmbH, Heidelberg, Germany and Heidelberg Engineering, Smithfield, RI, USA), according to 

published methods.29 Five to eight images were manually selected for analysis using ACCMetrics 

software (University of Manchester, Manchester, UK).30 For each image, the length of the 

corneal nerves was automatically quantified and averaged to obtain a representative value. 

DSPN was confirmed if the corneal nerve fibre length, as an average of all selected images, was 

less than 12.5 mm/mm2 in participants with type 1 diabetes or less than 12.3 mm/mm2 in type 

2 diabetes.28 Healthy participants had to present a corneal nerve fibre length equal or superior 

than 12.5 mm/mm2 to be included. 

Additional clinical information 

All participants underwent an interview to document sex, age, Body Mass Index (BMI), 

ethnicity, years with diabetes, type of diabetes, and years with symptoms of DSPN. Pain intensity 

was assessed using an 11-point Numerical Rating Scale (NRS; 0: no pain; 10: worst pain 

imaginable). Current pain, and least, worst and average pain in the preceding week were 

registered.  

 

Shear-wave elastography  

Data acquisition 

The shear-wave velocity, thickness and cross-sectional area of the tibial, sural, and median 

nerve were assessed using a MACH 30 Aixplorer ultrasound system (Supersonic Imagine, Aix-en-

Provence, France) coupled with a 6-�î�ì�� �D�,�Ì�� �o�]�v�����Œ���š�Œ���v�•���µ�����Œ���~�^�µ�‰���Œ�>�]�v�����Œ�¡���^�>�,�î�ì-6, Aix-en-

Provence, France). Cross-sectional areas were obtained in B-mode while shear-wave velocities 

and thickness were assessed in shear-wave elastography mode. Ultrasound shear-wave velocity 

has been shown to provide an accurate estimation of the mechanical properties (i.e., stiffness 

and passive tension) of anisotropic neuromusculoskeletal tissues, including peripheral nerves.31 

Briefly, shear-wave velocity (Vs) is directly linked to the shear modulus (µ) as follows: µ=�ŒVs2, 

where �Œ is the estimated density of soft tissues (1,000 kg/m3). In an isotropic and homogenous 

�u�����]�µ�u�U���š�Z�����z�}�µ�v�P�[�•���u�}���µ�o�µ�•���~���•�������v�����������‰�‰�Œ�}�Æ�]�u���š���������•���š�Z�Œ�������š�]�u���•���š�Z�����•�Z�����Œ���u�}���µ�o�µ�•���~µ), 

such as: E=3 µ.   
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Shear-wave velocity video clips were recorded for 10s per nerve (sural, tibial and median 

nerve) in both a relaxed and preloaded position (i.e., a position that tensioned the nerve). The 

following acquisition parameters were used: penetration mode: 100% opacity, medium 

temporal smoothing, and intermediate spatial smoothing of 5/9. The maps of the shear modulus 

were obtained at ~1Hz with a spatial resolution of 1x1mm. The shear-wave velocity range values 

were 0�t18.3 m/s. During some median nerve assessments, this range was increased up to 20 

m/s due to saturation at lower speeds (i.e., >50% of the SWE window). The ultrasound 

transducer was held manually with minimal tissue compression and aligned parallel to the nerve 

fibres to account for tissue anisotropy.32 The sonographer had more than seven years of 

experience in elastography and scanning peripheral nerves and was blinded for the group 

allocation during the assessment.   

The left sural and tibial nerve were assessed with the participant lying prone on a 

treatment plinth with the feet just over the edge of the plinth to allow the ankle to rest in a 

relaxed position. Two anatomical landmarks were identified to measure the lower leg length: 1) 

the inferior border of the medial malleolus at the ankle; and 2) the medial femoral condyle. A 

skin marker was used to mark the location at 10% of the lower leg length proximal to the medial 

malleolus, and was used to align the centre of the probe (Figure 14) to measure the tibial nerve. 

The sural nerve was measured on the lateral side of the lower leg, at the corresponding level. 

Shear-wave elastography clips were recorded with the ankle in a relaxed position (i.e., with the 

nerve in a more relaxed length), followed by the tension position with the ankle at 0°. Ankle 

angles were measured using the following landmarks: 5th metatarsal bone and head of the fibula, 

with the axis of rotation at the lateral malleolus.  

The right median nerve was assessed with the participant lying supine on a treatment 

plinth with the arm supported in a custom-made adjustable frame. The position of the shoulder 

girdle was standardised with a load cell that applied a caudal force over the acromion of 3 

Newton.33 The shoulder was positioned at 45° abduction, measured with a standard goniometer, 

with the elbow in extension. The length of the forearm was measured from the distal wrist 

crease to the elbow crease. A skin mark was made at 30% of the total forearm length, proximal 

to the distal wrist crease. Shear-wave velocity of the median nerve was measured at this location 

with the wrist in a neutral position first (relaxed), and then in 45° wrist extension (tension) 

(Figure 14).  

Nerve thickness was assessed to evaluate differences across groups and to control for the 

influence that thin and small structures may have on shear-wave velocity.34,35 Nerve thickness 

was measured on the first frame of each shear-wave velocity clip, per nerve and position. Three 

additional B-mode images were captured in a transverse view to quantify the differences in 

cross-sectional area between groups per nerve and position.  
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Data post-processing 

All videos and images were de-identified and exported as DICOM files for analysis. The 

person who analysed the images was blinded to the group allocation.  

The shear-wave elastography videos were analysed using ElastoGUI (Laboratory MIP, 

University of Nantes, France). In the first video frame, a region of interest (ROI) containing the 

largest nerve area possible within the nerve boundaries (i.e., epineurium) was traced. Shear-

wave velocity values within each ROI were averaged to obtain a representative value per frame. 

Mean shear-wave velocity extracted from each frame was then averaged over approximately 10 

consecutive frames (10s clip) and this value was used for statistical analysis. The area of the ROIs 

was also calculated and averaged over consecutive images. The percentage of signal void (pixels 

within shear-wave elastography map without shear-wave velocity value) was quantified for each 

nerve ROI.  

Cross-sectional area and nerve thickness were evaluated using Osirix software (v 12.0.3, 

Bernex, Switzerland). The cross-sectional area was drawn around the epineurium of the nerve 

with the hand-free tool. Each of the three images were processed once and averaged per nerve 

and location for further statistical analysis. Thickness was assessed with a ROI that draws a long 

line from which two perpendicular lines emerged. This line was drawn along the upper margin 

of the nerve epineurium, and the two perpendicular lines were adjusted to the lower border of 

the epineurium. Two measures of thickness (one per each perpendicular line) were obtained 

and averaged for the statistical analysis. 

Statistical analysis 

Demographic data were reported as mean and standard deviation (SD). Differences in 

demographics, cross-sectional area and thickness were compared between groups with a one-

way analysis of variance (ANOVA) with one between-group factor with four levels (healthy 

participants, diabetes without DSPN, DSPN FEET ONLY and DSPN HANDS & FEET). Bonferroni post-hoc 

tests were used for pairwise comparisons when the ANOVA analysis revealed an overall 

significant difference between the groups. Categorical variables were compared with a chi-

squared test, with post-hoc analysis based on residuals if significant differences were detected. 

Signal void was dichotomised and considered as present if it affected more than 5% of pixels 

within the ROI. Differences between groups were compared using Pearson chi-squared test. 

Two linear mixed models were used to (1) analyse whether changes in shear-wave velocity 

in nerves (i.e., tibial, sural and median nerve) differed between groups; and to (2) assess whether 

differences in shear-wave velocity depended on different groups and nerve position, we fitted 

separate linear mixed models for each nerve (sural, tibial, and median). In both models, average 
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shear-wave velocity was the outcome measure and each participant was treated as a random 

factor in an intercept-only model. To analyse changes in shear-wave velocity between nerves, 

nerve (sural, tibial, median), nerve position (relaxed, tension), group (healthy, diabetes without 

DSPN, DSPN FEET ONLY and DSPN HANDS & FEET), and thickness were included as fixed effects. Nerve 

and group were introduced with an interaction. To analyse differences in shear-wave velocity 

with nerve position, the fixed effects considered were group (healthy participants, diabetes, 

DSPN FEET ONLY and DSPN HANDS & FEET), position (relaxed, tension), and thickness. Group and position 

were included as interaction terms to determine if the potential changes in shear-wave velocity 

differed by group and joint position.  

The assumptions of normality of residuals, homogeneity of variance and linearity were 

checked visually. No obvious violations were observed. To assess the goodness of fit of each 

model, the model with interaction was compared to a null model and to a model without the 

interaction of interest. P-values were obtained by likelihood ratio tests. The Akaike Information 

Criterion (AIC; decreases with goodness of fit) was used as a guide for model selection. 

P-values for t-�•�š���š�]�•�š�]���•�� �Á���Œ���� �}���š���]�v������ �µ�•�]�v�P�� �š�Z���� �^���š�š���Œ�š�Z�Á���]�š���[�•�� �����P�Œ�����•�� �}�(�� �(�Œ�������}�u��

method.36 If significant effects were found in any of the models, pairwise post-hoc comparisons 

were used. P-values were corrected using the Tukey method. We report the estimated slopes of 

each metric regression (�t) with standard errors (SE), t (number of observations) and p values.  

The statistical analysis was performed in R Studio v.3.6 (The R Foundation for Statistical 

Computing)37 �µ�•�]�v�P���š�Z�����^�o�u���ð�_�U38�^�o�u���Œ�d���•�š�_�U39 and emmeans40 for linear mixed model analyses. 

 

Results 

Participants and groups 

Seventy-seven participants met the selection criteria for the different groups (healthy 

participants: n=27; people with diabetes: n=20; DSPN FEET ONLY: n=19; and DSPN HANDS & FEET: n=21) 

(Figure 14). People with DSPN HANDS & FEET and DSPN FEET ONLY were older (p<0.001) and presented 

with higher BMI (p<0.001) than healthy participants. They also had poorer HbA1c levels 

compared to people with diabetes without DSPN and healthy participants (p<0.001). The 

demographic characteristics, the results of their electrodiagnostic tests and in vivo confocal 

microscopy for group classification are reported in Table 11.  

None of the participant in each of the groups presented more than 5% of pixels 

saturation within the ROI for any nerve (healthy participants= 0.0 (0.01) %; people with 

diabetes= 0.0 (0.01) %; DSPN FEET ONLY= 0.0 (0.01) %; and DSPN HANDS & FEET = 0.0 (0.02) %). 
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Figure 14. Flow chart of participants in shear-wave elastography study. 
 
DSPN, distal symmetrical polyneuropathy; HbA1c, glycated haemoglobin test; CV, conduction velocity; 
CCM, in vivo confocal microscopy; CNFL, corneal nerve fibre length.  
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Table 11. Overview of demographic characteristics in shear-wave elastography study.  

 
Data shown as mean (standard deviation) and analysed by a one-way ANOVA (ANOVA results), with paired 
t-tests Bonferroni correction (pairwise differences). Categorical data are reported as frequencies   
(percentages) and compared with a chi-squared test with a post hoc analysis based on its residuals. 
Pairwise differences indicate significant p values between group pairs: 1: Healthy participants; 2: diabetes 
no DSPN; 3: DSPN in feet only; 4: DSPN in hands & feet. *p, 0.05; **p, 0.01; ***p, 0.001. DSPN: distal 
symmetrical polyneuropathy; BMI: body mass index; HbA1c: glycated haemoglobin; SNAP: sensory nerve 
action potential; µV, microvolts; SCV: sensory conduction velocity; m/s: metres per second; CMAP: 
compound muscle action potentials; MCV: motor conduction velocity; IVCM: in vivo corneal confocal 
microscopy; CNFL, corneal nerve fibre length. Due to a technical error, the fibular CMAP could not be 
determined accurately. 

  
Healthy 

participants 
(n=27) 

Diabetes  
without DSPN 

(n=20) 

DSPN 
FEET ONLY 

(n=19) 

DSPN 
HANDS & FEET  

(n=21) 

p-value 

Age 51 (15.7) 52 (15) 61 (10.1) 62 (7.7) <0.0011-3,1-4 
Female 16 (59%) 8 (38.1%) 6 (32%) 12 (57%) 0.18 
BMI (kg/m2) 23.5 (2.6) 28.1 (5.7) 30.9 (3.4) 29.4 (4.3) <0.0011-3,1-4 
Ethnicity: 

     

   Asian 3 (11%) 5 (25%)  0 (0%) 0 (0%) 
 

   Mixed 1 (4%) 1 (5%) 1 (5%) 1 (5%) 
 

   White 23 (85%) 13 (65%) 17 (89%) 19 (90%) 
 

   Indigenous Australian 0 (0%) 0 (0%) 1 (5%) 1 (5%) 
 

   Not reported - 1 (5%) - -  
Type II diabetes 0 (0%) 14 (70%) 16 (84%) 19 (91%) 0.29 
Years diabetes - 11 (1.0) 15 (9.5) 7.9 (6.7) 0.61 
Years DSPN - - 1.8 (2.2) 3.4 (4.3) 0.19 
HbA1c (%) 5.4 (0.3) 6.6 (0.8) 7.8 (1.3) 8.0 (1.9) <0.0011-2,1-3,1-4,2-3,2-4 
Ankle, relaxed (degrees) 26.1 (3.9) 26.3 (5.8) 27.0 (6.6) 27.2 (5.0) 0.17 
      
Electrodiagnostic tests:      
Sural SNAP (µV) 

Mean (SD) 
Abnormal (<4 µV) 

     
8.0 (5.8) 
4 (15%) 

8.3 (4.1) 
2 (10%) 

4.4 (2) 
5 (26%) 

5.1 (2.9) 
7 (33%) 

0.00841-3,2-3 

 
Sural SCV (m/s) 

Mean (SD) 
Abnormal (<37 m/s) 

     
42.9 (8.2) 
5 (19%) 

39.5 (10.1) 
6 (29%) 

37.3 (7.8) 
7 (37%) 

35.8 (13) 
9 (43%) 

0.095 
 

Fibular CMAP (mV) 
Mean (SD) 
Abnormal (<4.0 mV) 

- - - -  

- - - -  

Fibular MCV (m/s) 
Mean (SD) 
Abnormal (<42 m/s) 

     
54.4 (6.2) 

0 (0%) 
52.2 (8.7) 
2 (10%) 

42.7 (6.4) 
7 (37%) 

43 (4.6) 
8 (38%) 

<0.0011-3,1-4,2-3,2-4 

 
Tibial CMAP (mV) 

Mean (SD) 
Abnormal (<4.4mV) 

     
11.5 (3.8) 

0 (0%) 
9.2 (4.2) 
3 (15%) 

5 (3.8) 
8 (42%) 

4.3 (2.3) 
12 (57%) 

<0.0011-3,1-4,2-3,2-4 

 
Tibial MCV (m/s) 

Mean (SD) 
Abnormal (<39 m/s) 

     
51.3 (5.2) 

0 (0%) 
50.5 (8.1) 

1 (5%) 
41.7 (10.2) 

8 (42%) 
43 (6.8) 
5 (24%) 

<0.0011-3,1-4,2-3,2-4 

 
Median CMAP (mV) 

Mean (SD) 
Abnormal (<4.1 mV) 

     
7.5 (2.6) 
1 (4%) 

4.9 (1.0) 
2 (10%) 

4.7 (1.5) 
6 (32%) 

4.6 (1.5) 
8 (38%) 

<0.0011-2,1-3,1-4 

 
Median MCV (m/s) 

Mean (SD) 
Abnormal (<49 m/s) 

     
74 (7) 
0 (0%) 

70.1 (6.0) 
0 (0%) 

62.3 (6.3) 
0 (0%) 

64.5 (7.1) 
0 (0%) 

<0.0011-3,1-4 

 
Median SNAP (µV) 

Mean (SD) 
Abnormal (<10 µV) 

     
30 (19) 
2 (7%) 

12.2 (6.2) 
4 (20%) 

9.9 (8.2) 
9 (47%) 

5.3 (2.7) 
17 (81%) 

<0.0011-2,1-3,1-4 

 
Median SCV (m/s) 

Mean (SD) 
Abnormal (<44 m/s) 

     
44.4 (6.9) 
4 (15%) 

46.9 (7.8) 
2 (10%) 

41.8 (6.2) 
10 (53%) 

35.3 (8.7) 
14 (67%) 

0.00221-4,2-4 

 
Ulnar SNAP (µV) 

Mean (SD) 
Abnormal (<10.0 mV) 

     
30 (18.1) 
1 (4%) 

17.6 (10.8) 
2 (10%) 

14.9 (10.8) 
7 (37%) 

10.2 (5) 
10 (48%) 

<0.0011-3,1-4 

 
Ulnar SCV (m/s) 

Mean (SD) 
Abnormal (<45 m/s) 

     

49.3 (7.6) 
2 (7%) 

50 (5.6) 
2 (10%) 

44.4 (8.1) 
7 (37%) 

40.9 (14.2) 
9 (43%) 

0.095 
 

      
IVCM:      
    CNFL (mm/mm2) 16.2 (2.2) 14.4 (3.8) 11.8 (4.2) 10.5 (3.5) <0.0011-3,1-4,2-4 
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Differences in shear-wave velocities between nerves 

The differences in shear-wave velocities for sural, tibial and median nerves were 

dependent on the groups (�–2 (6) =20.59, p=0.0022). Sural and tibial nerves had significantly lower 

shear-wave velocities compared to the median nerve (all groups p<0.001). The estimates and 

the standard errors for the comparison between nerves across groups are presented in Table 

12. Raw mean (SD) values are presented in Supplementary Table 4. 

In the sural nerve, DSPN HANDS & FEET presented the highest shear-wave velocities (�t=-2.57 

(0.50), t(228)=-5.13, p<0.0001), followed by DSPN FEET ONLY (�t=-1.76 (0.51), t(226)=-3.43, p=0.004) 

when compared to healthy controls, as shown in Figure 15. Regarding the tibial nerve, only 

DSPN HANDS & FEET presented significantly higher shear-wave velocity than healthy controls (�t=-

1.89 (0.50), t(226)=-3.78, p=0.001). This suggests that shear-wave velocity of the sensory sural 

nerve are affected first, followed by the tibial nerve in DSPN. Also, the changes in shear-wave 

velocities reflected the increasing severity of the clinical presentation. 

 
Table 12. Estimates for shear-wave velocity between nerves and across groups 
 
Predictors Estimate SE df t P 

Sural:      
Controls - Diabetes -0.80 0.50 223 -1.59 0.387 
Controls - DSPN FEET ONLY -1.76 0.51 226 -3.43 0.004 
Controls - DSPN HANDS & FEET -2.57 0.50 228 -5.13 <.0001 
Diabetes - DSPN FEET ONLY -0.96 0.54 220 -1.77 0.293 
Diabetes - DSPN HANDS & FEET -1.77 0.54 223 -3.32 0.006 
DSPN FEET ONLY - DSPN HANDS & FEET -0.82 0.54 224 -1.50 0.438 

      
Tibial:      
Controls - Diabetes -1.04 0.50 221 -2.08 0.164 
Controls - DSPN FEET ONLY -0.71 0.51 218 -1.40 0.503 
Controls - DSPN HANDS & FEET -1.89 0.50 226 -3.78 0.001 
Diabetes - DSPN FEET ONLY 0.33 0.55 226 0.61 0.929 
Diabetes - DSPN HANDS & FEET -0.85 0.55 236 -1.55 0.409 
DSPN FEET ONLY - DSPN HANDS & FEET -1.18 0.54 222 -2.19 0.129 

      
Median:      
Controls - Diabetes -0.44 0.50 128 -0.89 0.812 

Controls - DSPN FEET ONLY -0.76 0.50 217 -1.50 0.440 
Controls - DSPN HANDS & FEET -0.45 0.49 218 -0.92 0.796 
Diabetes - DSPN FEET ONLY -0.31 0.54 218 -0.58 0.938 
Diabetes - DSPN HANDS & FEET -0.01 0.53 221 -0.02 1.000 

DSPN FEET ONLY - DSPN HANDS & FEET 0.31 0.54 218 0.57 0.940 
Values are estimates and standard error from linear mixed models with a random-intercept model, 
allowing only for between-subject variance. Values adjusted for thickness, ankle angle (for tibial and sural) 
and nerve position (tension, relaxed); and the interaction between group and nerve (fixed effects). Each 
group is compared within itself. SE, standard error; df, degrees of freedom; t, t values; p, p values. 
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Figure 15. Comparison of shear-wave velocities between nerves and across groups. 
Values are least-squared means with 95% confidence intervals from linear mixed-model. P-values for the pairwise comparisons were corrected using the Tukey method, indicating 
*: p < 0.05; **: p < 0.01,***: p < 0.001. P-values on top indicate the pairwise comparison between groups for the relaxed position. DSPN, distal symmetrical polyneuropathy.
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Differences in shear-wave velocity between relaxed and tension 
positions per nerve 

There was an interaction between group and joint position for �š�Z�����u�����]���v���v���Œ�À�����~�–2 (3) 

=8.74, p=0.033); but not for sural (�–2 (3) =0.68, p=0.88�•���}�Œ���š�]���]���o���v���Œ�À���•���~�–2 (3) =4.89, p=0.18).  

Tension position increased shear-wave velocity in sural (�t=2.05 (0.19), t(168)=10.56, p 

<0.0001) and tibial nerves (�t=1.71 (0.16), t(172)=10.64, p <0.0001). In the median nerve, the 

difference in shear-wave velocities between tension and relaxed position was largest in healthy 

�‰���Œ�š�]���]�‰���v�š�•���~�t=4.59 (0.35), t(174)=13.21, p <0.0001), and the magnitude of this difference was 

reduced across the groups (diabetes: �t=3.66 (0.41), t(174)=9.02, p <0.0001; DSPN FEET ONLY: 

�t=3.78 (0.41), t(174)=9.13, p <0.0001; DSPN HANDS & FEET: �t=3.07 (0.39), t(174)=7.79, p <0.0001). 

There were no differences in shear-wave velocity in the relaxed position across groups (all 

p>0.11).  

This suggests that sural, tibial and medial nerve shear-wave velocities increased when the 

nerve was assessed in a tension position, revealing that the joint position influenced this 

measure. In the median nerve, the changes in shear-wave velocities observed between nerve 

positions were progressively decreasing across groups being lowest for DSPN HANDS & FEET, which 

may indicate a progressive deterioration due to DSPN. 

 

Differences in cross-sectional areas and thickness between groups 

Sural nerve cross-sectional was increased in DSPN FEET ONLY compared to people with 

diabetes without DSPN (p=0.022). Tibial nerve cross-sectional area was larger in DSPN HANDS & FEET 

compared to healthy people (p=0.041) and people with diabetes without DSPN (p=0.007). No 

differences were observed for the median nerve (p=0.41), as shown in Figure 16 and Table 13. 

 

Figure 16. Boxplot with cross sectional areas of sural, tibial and median nerves across groups. 
Results of the one-way analysis of variance (ANOVA). P-values for the pairwise comparisons were 
corrected using the Tukey method, indicating *: p < 0.05; **: p <0.01. CSA, cross sectional areas. 
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Tibial nerve thickness was increased in people with DSPN HANDS & FEET compared to healthy 

people and people with diabetes without DSPN; and in DSPN FEET ONLY compared to people with 

diabetes without DSPN (p<0.001). Median nerve thickness was increased in people with 

DSPN HANDS & FEET compared to people with diabetes without DSPN (p=0.008). There were no 

changes in thickness for the sural nerve. The thickness characteristics per nerve and group are 

reported in Table 13.  

 
Table 13.  Cross-sectional areas and thickness per nerve 

Thickness (mm)  
Healthy 

participants 
(n=27) 

Diabetes 
without 
DSPN 
(n=20) 

DSPN 
FEET ONLY 

(n=19) 

DSPN 
HANDS & FEET 

(n=21) 

ANOVA results 

CSA (mm2):      
Sural 3.7 (2.1) 2.7 (1.0) 4.6 (2.3) 3.5 (2.1) 0.0222-3 

Tibial 14.8 (3.9) 13.1 (6.4) 18.0 (6.0) 20.6 (11.3) 0.0051-4,2-4 
Median 11.6 (4.3) 10.6 (3.6) 11.8 (3.1) 12.3 (5.8) 0.41 
      
Thickness 
(mm):      
Sural 1.23 (0.45) 1.12 (0.24) 1.23 (0.30) 1.36 (0.45) 0.058 
Tibial 2.45 (0.52) 2.15 (0.38) 2.62 (0.58) 2.76 (0.68) <0.0011-4,2-3,2-4 

Median 2.29 (0.39) 2.12 (0.31) 2.28 (0.46) 2.44 (0.46) 0.0082-4 

Data shown as mean (standard deviation) and analysed by one-way ANOVAs (ANOVA results). 
CSA, cross sectional areas. 

 

Discussion 

This shear-wave elastography study revealed some interesting findings regarding the 

mechanical properties of peripheral nerves in people with diabetes with and without DSPN. The 

pattern of increased nerve stiffness in people with DSPN was most pronounced for the sural 

nerve, which is purely a sensory nerve. Some differences could still be observed for the tibial 

nerve, which is a mixed (motor and sensory) nerve, but the pattern was absent for the median 

nerve.  

Higher shear-wave velocities in the sural and tibial nerve in people with DSPN could reflect 

the increase in connective tissue in the epineurium (i.e., the outer layer of connective tissue 

surrounding the peripheral nerve), which has been observed in sural nerve biopsies in people 

with diabetes.10,11 The finding that the shear-wave velocities in the sural nerve were more 

affected than in the tibial nerve in people with DSPN is in line with electrodiagnostic findings 

where the sural nerve presents more conduction abnormalities than the tibial nerve.41 Previous 

elastography studies have detected increased nerve stiffness with increasing severity of DSPN 

in the tibial nerve15,18,19 but also in the median nerve.18,19 Our lack of findings in the median nerve 

in people with DSPN in hands could be related to better controlled HbA1c levels in our 
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participants (mean (SD): 9.6 (0.3)% versus 8.0 (1.9) % in our study), which has been identified as 

a key factor in reducing neuropathic complications in small and large-diameter nerve fibres.42 

Another factor might have been that the duration of DSPN in hands was relatively short (3.4 (4.3 

SD) years).  

Shear-wave velocity in a nerve was influenced by the position of the joint when assessing 

the sural, tibial and median nerve. Shear-wave velocities were increased in positions where the 

tension in the nerve was increased compared to relaxed positions. This indicates the importance 

of standardisation of limb positions when assessing shear-wave elastography of peripheral 

nerves. Differences in nerve tension in the chosen positions may also contribute to our lack of 

findings for the median nerve. The selected relaxed position for the median nerve preloaded the 

median nerve and brachial plexus43 probably to a larger extent than the relaxed position for the 

tibial and sural nerve.44  

Differences in cross sectional areas did not follow a clear pattern of an increase or 

decrease along with the severity of the clinical presentation of DSPN. Previous studies have 

demonstrated either an increase15,45�t47 or a decrease in nerve cross sectional areas in people 

with DSPN.14,48 Interestingly, the healthy participants in our study had larger cross-sectional 

areas compared to other studies (median nerve: 11.6 (4.3) mm2 vs 9.4 (1.8) mm2; 18 tibial nerve: 

14.8 (3.9) mm2 vs 11.1 (1.5) mm2).18 The different locations reported in the literature to scan the 

median nerve (e.g., 15 cm proximal to the transverse carpal ligament,46 5 cm proximal to the 

wrist 45 or just proximal to the transverse carpal ligament)48 and the tibial nerve (e.g., 3 cm 

proximal to the medial malleolus14,15,47,48 or just below the division of the sciatic nerve) may 

explain these differences. Moreover, our sample was relatively small and participants in the 

different groups were not matched for age, BMI and HbA1c levels. This may have impacted on 

our results. 

Regarding nerve thickness, people with DSPN showed an increased thickness in the tibial 

and median nerve. Previous studies have shown a slight increase in sural nerve thickness in 

people with diabetes compared to healthy participants.12,49 In those studies, 12,49 thickness was 

measured in a transverse plane as a ratio between nerve height (long axis) and width (short 

axis). In our study, thickness was measured with the probe aligned parallel to the nerve fibres 

(longitudinal plane) and only height was considered. Slight variations in the placement of the 

probe may have influenced our thickness assessment. According to the available evidence, the 

differences in people with and without DSPN based solely on cross sectional areas and thickness 

may be subjected to considerable bias.  

The interpretation of findings in shear-wave velocity as differences in elastic modulus has 

limitations. We observed an increased in tibial nerve thickness along with an increase in shear-

wave velocities in people with DSPN HANDS & FEET. Previous studies50,51 indicated that larger 
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thickness can lead to higher shear-wave velocities in tendons due guided wave propagation, 

independent of any change in actual tissue elasticity. Although these studies have not yet been 

performed in peripheral nerves, we suspect nerves would also be affected by this phenomenon. 

Thus, we cannot confidently assume that the elastic properties of the tibial nerve were altered 

in people with DSPN HANDS & FEET. It is important to note that other studies15,18,19 did not control for 

nerve thickness. 

In conclusion, shear-wave elastography provides a non-invasive insight in the changes in 

the mechanical properties of peripheral nerves in  people with DSPN. Longitudinal studies could 

provide further understanding on the progressive nerve deterioration and the effect of 

therapeutic interventions in people with diabetes with and without DSPN. 
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Sup. Table 5. Raw means (SD) (Coefficient of variation, %) for shear-wave velocities (m/s) for 
the sural, tibial and median nerves in relaxed and tension positions. 
 

 Healthy participants  
(n=27) 

Diabetes without DSPN 
 (n=20) 

DSPN FEET ONLY  
(n=19) 

DSPN HANDS & FEET  
(n=21) 

Relaxed: Mean(SD) % CV Mean(SD) % CV Mean(SD) % CV Mean(SD) % CV 

   Sural 4.17 (1.25) 28.36 5.20 (0.70) 30.35 5.89 (1.85) 21.4 6.92 (1.91) 31.04 

   Tibial 5.69 (1.61) 29.89 6.66 (2.02) 13.52 6.81 (1.46) 31.46 7.68 (2.38) 27.58 

   Median 8.22 (1.71) 20.83 9.32 (2.52) 27 9.54 (2.58) 27.04 9.87 (2.22) 22.47 

Tension:         

   Sural 5.99 (1.67) 27.84 6.68 (1.22) 18.19 7.95 (2.55) 32.03 8.30 (2.02) 24.29 

   Tibial 7.26 (1.88) 25.91 8.19 (1.90) 23.21 7.79 (2.13) 27.28 8.94 (2.58) 28.82 

   Median 13.2 (2.49) 18.84 12.8 (2.62) 20.35 13.4 (2.52) 18.83 12.8 (2.87) 22.42 

DSPN: dystal symmetrical polyneuropathy; SD: standard deviation; CV: coefficient of variation 
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Abstract   

Background: Diabetic neuropathies are a common complication in patients with diabetes. 

Changes in nerve function and central pain processing can be quantified by assessing pain 

thresholds and pain modulation mechanisms. 

Aim: To summarize the literature which compares pain thresholds and pain modulation 

mechanisms in people with diabetes without neuropathies, with non-painful diabetic 

neuropathies and with painful diabetic neuropathies, and in people without diabetes. 

Methods: A systematic review and meta-analysis will be conducted. Terms related to 

diabetes, pain thresholds and pain modulation mechanisms will be combined in a structured 

search in MEDLINE, CINAHL, EMBASE, the Cochrane Library, SPORTDiscus, Web of Science and 

PEDro. Publications on adults (18 years and older) with diabetes and at least one pain threshold 

measure following thermal, mechanical or electrical stimuli and/or at least one pain modulation 

mechanisms (temporal summation or conditioned pain modulation) with a comparison group 

will be considered. There will be no restriction regarding language or year of publication. One 

investigator will screen records based on title and abstract. Two independent investigators will 

select full-text papers and assess risk of bias using a modified Downs and Black checklist. 

Potential disagreements will be resolved with a third investigator. One investigator will extract 

all data and a second investigator will extract data for 20% of the papers to verify accuracy of 

the process. A sensitivity analysis for publication bias will be conducted.  

Discussion: This systematic review and meta-analysis will summarize the evidence on pain 

threshold profiles and pain modulation mechanisms in people with diabetes without and with 

neuropathies (both painful and non-painful). This will provide more insight in the clinical 

presentation and progression of diabetic neuropathies.  

Systematic review registration: CRD42018088173 

Keywords: polyneuropathy, metabolic disease, somatosensory threshold. 
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Background  

Diabetes is a common metabolic disease and a major public health problem that affects 

8.5% of the total adult population 1. Chronic hyperglycemia associated with diabetes often leads 

to complications, such as diabetic neuropathy 2. Diabetic neuropathy is responsible for the 

greatest morbidity in terms of depression, anxiety, loss of sleep, and noncompliance with 

treatment 3,4. Diabetic neuropathy can manifest itself as a mononeuropathy, entrapment 

syndrome or distal symmetric polyneuropathy (DSPN), which is the most common subtype 5. 

DSPN is defined as a chronic, bilateral, length-dependent sensorimotor neuropathy 

compromising multiple nerves 6,7. For 10 to 26% of people with DSPN the neuropathy is painful 

8. While the total annual direct medical costs per patient with diabetes in the USA was $ 6,632, 

the amount increased substantially for patients with DSPN ($ 12,492) and even further for 

patients with painful DSPN ($ 27,931), especially if painful DSPN is severe ($ 30,755) 9. 

Although the pathogenesis of DSPN is not fully understood 10,11, a combination of axonal 

injury and microvessel dysfunction are suggested as pathomechanisms that damage neurons 

directly and indirectly 12,13. The abnormalities that characterise DSPN are present in the large-

diameter nerve fibres (responsible for sensations, such as touch and vibration) and/or the small-

diameter nerve fibres (responsible for thermal perception, pain and autonomic function) 14.  

The severity of abnormal sensations in DSPN can be explored using bedside assessment 

of sensory signs, electrodiagnostic tests, skin biopsy and Quantitative Sensory Testing (QST)15. 

QST is a psychophysical tool that can quantify gain (positive phenomena) or loss of 

�•�}�u���š�}�•���v�•�}�Œ�Ç���(�µ�v���š�]�}�v���~�v���P���š�]�À�����‰�Z���v�}�u���v���•���]�v�����t�U�����w�����v���������(�]���Œ���•���µ�•�]�v�P�����}�v�š�Œ�}�o�o�������•�š�]�u�µ�o�]��

16�t18. Moreover, it offers the opportunity to test central integration (e.g., temporal and spatial 

summation) and descending control (e.g., conditioned pain modulation) 19.  

Because diabetes is a progressive chronic disease, it is anticipated that a considerable 

number of people with diabetes may have changes in nerve function and central pain processing 

even before symptoms occur and before the diagnosis of DSPN is made. It is important to 

understand whether there is a disease progression regarding pain perception and pain 

modulation in people with diabetes without and with DSPN (both painful and non-painful). Early 

detection of the abnormalities in nerve function and central pain processing may help with 

prevention of the complications of the disease. This is important because the presence of pain 

and allodynia impact substantially on the quality of life of patients with diabetes 8,20,21. Although 

multiple papers have been published on pain perception and pain modulation in diabetes, no 

systematic review has summarized the information. Therefore, this protocol aims to summarize 

and compare the evidence regarding pain thresholds and pain modulation mechanisms between 

people with diabetes with and without painful or non-painful DSPN, and healthy individuals. 
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Methods 

This protocol was developed according to the PRISMA-P statement 22. The Cochrane 

Handbook for Systematic Reviews of Interventions was used as a guideline 23. The protocol has 

been registered at the International Prospective Register of Systematic Reviews 

(CRD42018088173). 

 

Eligibility criteria 

Participants 

Studies will be eligible for inclusion when conducted in adults (i.e., at least 18 years of 

age), diagnosed with diabetes type I or II, with or without DSPN, and include at least one 

outcome related to detecting pain thresholds and/or at least one pain modulation mechanism. 

Studies will be excluded if participants are children or adolescents (i.e., under 18 years of age), 

have a diagnosis of another type of diabetes (e.g., gestational diabetes), only evaluate sensory 

characteristics of the cranial nerves (e.g., diabetic retinopathy or trigeminal neuralgia) or the 

diagnosis is not diabetes. Assessment of study participants will not be limited to a specific 

setting.  

 

Variables of interest 

Variables that measure pain thresholds and pain modulation will be included. Pain 

thresholds include cold pain threshold, heat pain threshold, pressure pain threshold, pain 

threshold by means of electrical stimulation and/or contact heat evoked potentials. Pain 

modulation focuses on pain facilitation (temporal summation) and/or pain inhibition 

(conditioned pain modulation). As pain processing implies a wide range of variables to be 

described at the same level of importance, no prioritization of outcomes will be performed. 

Cold pain threshold and heat pain threshold consist on applying a warm or cool stimulus 

on a localised area on the skin while increasing the intensity of the stimulus until the participant 

indicates the transition from a feeling of a warm or cool sensations into a feeling of heat or cold 

with discomfort or pain. Pressure pain threshold and pain threshold by electrical stimulus are 

determined following similar principles using mechanical or electrical stimuli. To determine 

contact heat evoked potentials, heat pulses with adjustable peak temperatures are rapidly 

delivered on the skin to stimulate cutaneous small-���]���u���š���Œ���v���Œ�À�����(�]���Œ���•���~���w�����v���������(�]���Œ���•�•�X���d�Z����

evoked potentials are recorded in terms of peak latencies and amplitudes from the scalp via 
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electroencephalogram 24. In contrast to heat pain threshold, contact heat evoked potentials 

�Z���À���� �š�Z���� �����À���v�š���P���� �š�Z���š�� �š�Z���� �}�µ�š���}�u���� �]�•�� �v�}�š�� �Œ���o�]���v�š�� �}�v�� �š�Z���� �‰���Œ�š�]���]�‰���v�š�[�•�� �Œ���•�‰�}�v�•���� ���v����

subjectivity.   

Temporal summation evaluates pain facilitation. The pain intensity associated with a 

single stimulus is compared to the pain intensity following a train of 10 stimuli 16. Conditioned 

pain modulation evaluates the strength of endogenous pain inhibition. One noxious stimulus 

(e.g., emersion of a body part in cold water as in the cold pressor test 25)  is used as a conditioning 

stimulus to induce reduction in pain perception by the test stimulus (e.g., pressure pain 

threshold). The test stimulus is evaluated before, during and possibly after the application of the 

conditioning stimulus.  

The German Research Network on Neuropathic Pain established standardised protocols 

for all measurements listed above. A more detailed description of these procedures can be 

found elsewhere 16,19.  

 

Comparison 

The variables of interest have to be measured in at least two different groups to allow 

comparison of the characteristics between populations. The studies must have included a 

comparison group, either healthy controls or participants with diabetes. Comparison groups will 

be: (1) patients with diabetes, when there is a group of patients with diabetes with distal 

symmetric polyneuropathy; (2) patients with diabetes and non-painful DSPN if there is a group 

of patients with diabetes with painful DSPN; and (3) healthy participants, when there is a group 

of patients with diabetes and/or diabetes with painful and/or non-painful DSPN. 

 

Outcomes  

Outcomes will be reported based on the differences in pain thresholds and pain 

modulation from the group of patients with diabetes against the comparison group, measured 

using a quantified tool (e.g., quantitative sensory testing). 

 

Study design 

Studies will be eligible if (1) they are observational studies (cohort, case-control) or 

experimenta�o�l���o�]�v�]�����o���š�Œ�]���o�•�V�����v�����~�î�•���������}�u�‰���Œ�]�•�}�v���P�Œ�}�µ�‰���]�•���‰�Œ���•���v�š���]�v���š�Z�����•�š�µ���Ç���~�•�������Z���}�u�‰���Œ�]�•�}�v�[��

section for more details). 
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Information sources 

The following electronic databases will be screened for this systematic review: MEDLINE 

(via EBSCO), CINAHL (via EBSCO), EMBASE (via Elsevier), the Cochrane Library, SPORTDiscus, 

Web of Science and PEDro. Reference lists from the included papers will be screened for 

additional potential eligible studies. Records in any language and published until March 2018 

will be considered. 

 

Search strategy 

The search strategy was developed in collaboration with a health liaison librarian, with 

input from the authors and findings from preliminary searches 23. The final search will be 

implemented in one day using the same strategy which will be adapted to the specific syntax of 

each database. An example of a search string is presented in Table 14. 

 

Study records 

Data management 

References will be exported to Mendeley (version 1.18, Elsevier, The Netherlands) to 

check for duplicate publications. The final list will be exported to the web-based software 

platform Covidence (www.covidence.org) to perform the screening of the references. 
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Table 14.  Search strings for MEDLINE and EMBASE.  
  MEDLINE (via EBSCOhost). 
Diabetes 
string 

#1 Diabet* 

#2 (MH "Diabetes Mellitus+") 
 #3 (MH "Diabetes Mellitus, Type 2+") 
 #4 (MH "Diabetes Mellitus, Type 1+") 
 #5 #1 OR #2 OR #3 OR #4 

Quantitative 
sensory 
testing string 

#6 'dynamic mechanical allodynia' OR 'cold detection threshold' OR 'cold pain threshold' OR 'heat pain 
threshold' OR 'mechanical detection threshold' OR 'mechanical pain sensitivity' OR 'mechanical pain 
threshold' OR 'paradoxical heat sensation' OR 'pressure pain threshold' OR 'quantitative sensory test*'  
OR 'thermal sensory limen' OR 'vibration detection threshold' OR 'warm detection threshold' OR 'wind-
up ratio' OR 'pain threshold' OR 'pain detection' OR 'cold pressor' OR 'cold pressor test' OR 'pain 
modulation' OR 'conditioned pain modulation' OR 'dnic' OR 'descending noxious inhibitory control' OR 
'paradoxical cold sensation' OR �Z�š�Z���Œ�u���o pain �u�}�����o�]�š�]���•�[ OR �Z�‰���Œ�����‰�š�]�}�v thre�•�Z�}�o���[ OR �Z�š�Z���Œ�u���o 
vibratory �š���•�š�]�v�P�[ OR �Z�����•�š�Z���•�]�}�u���š���Œ�[ OR �Z�š�Z���Œ�u�}�š���•�š�[ OR �Z�s�}�v Frey �u�}�v�}�(�]�o���u���v�š�•�[ OR �Z�^���u�u���• 
Weinstein �u�}�v�}�(�]�o���u���v�š�•�[ OR �Z�‰�Œ���•�•�µ�Œ�� ���o�P�}�u���š���Œ�[ OR �Z�����o�]���Œ���š���� �‰�]�v�•�[ OR �Z�š�µ�v�]�v�P �(�}�Œ�l�[ OR �Z�š���u�‰�}�Œ���o 
�•�µ�u�u���š�]�}�v�[ OR �Z�•�}�u���š�}�•���v�•�}�Œ�Ç �‰�Z���v�}�š�Ç�‰���[ OR �Z���]�}�š�Z���•�]�}�u���š���Œ�[ OR �Z�À�]���Œ�}�u���š���Œ�[ OR �Z�P�Œ�������� tuning 
�(�}�Œ�l�[ OR �Z�š�Z���Œ�u���o �š�Z�Œ���•�Z�}�o���[ OR �Z�š�Z���Œ�u���o �����š�����š�]�}�v�[ OR �Z�š�Z���Œ�u���o �š�}�o���Œ���v�����[�V OR �Z�š�Z���Œ�u���o �‰���]�v�[ OR 
�Z�Á���Œ�u�š�Z �����š�����š�]�}�v�[ OR �Z�Á���Œ�u�š�Z �š�Z�Œ���•�Z�}�o���[ OR �Z�Á���Œ�u�š�Z �‰���]�v�[ OR �Z�Á���Œ�u�š�Z �š�}�o���Œ���v�����[ OR �Z�Á���Œ�u�š�Z 
�•���v�•���š�]�}�v�[ OR �Z���}ld �����š�����š�]�}�v�[ OR �Z���}�o�� �š�Z�Œ���•�Z�}�o���[ OR �Z���}�o�� �‰���]�v�[ OR �Z���}�o�� �š�}�o���Œ���v�����[ OR �Z���}�o�� �•���v�•���š�]�}�v�[ 
OR �Z�Z�����š �����š�����š�]�}�v�[ OR �Z�Z�����š �š�Z�Œ���•�Z�}�o���[ OR �Z�Z�����š �‰���]�v�[ OR �Z�Z�����š �š�}�o���Œ���v�����[ OR �Z�Z�����š �•���v�•���š�]�}�v�[ OR 
�Z�À�]���Œ���š�]�}�v �����š�����š�]�}�v�[ OR �Z�À�]���Œ���š�]�}�v �š�Z�Œ���•�Z�}�o���[ OR �Z�À�]���Œ���š�]�}�v �‰���]�v�[ OR �Z�À�]���Œ���š�]�}�v �š�}�o���Œ���v�����[ OR �Z�À�]���Œ���š�]�}�v 
�•���v�•���š�]�}�v�[ OR �Z�‰�Œ���•�•�µ�Œ�� �����š�����š�]�}�v�[ OR �Z�‰�Œ���•�•�µ�Œ�� �š�Z�Œ���•�Z�}�o���[ OR �Z�‰�Œ���•�•�µ�Œ�� �‰���]�v�[ OR �Z�‰�Œ���•�•�µ�Œ�� �š�}�o���Œ���v�����[ 
OR �Z�‰�Œ���•�•�µ�Œ�� �•���v�•���š�]�}�v�[ OR �Z�u�����Z���v�]�����o �����š�����š�]�}�v�[ OR �Z�u�����Z���v�]�����o �š�Z�Œ���•�Z�}�o���[ OR �Z�u�����Z���v�]�����o �‰���]�v�[ OR 
�Z�u�����Z���v�]�����o toler���v�����[ OR �Z�u�����Z���v�]�����o �•���v�•���š�]�}�v�[ 

Final Search  #5 AND #7 �t Limiters Human 

  EMBASE (via Elsevier) 
Diabetes 
string 

#1 Diabet* 
#2 �~�Z���]�������š���•���u���o�o�]�š�µ�•�[�l���Æ�‰�• 

 #3 #1 OR #2  
Quantitative 
sensory 
testing string 

#4 ('dynamic mechanical allodynia':ti,ab,kw) OR ('cold detection threshold':ti,ab,kw) OR ('cold pain 
threshold':ti,ab,kw) OR ('heat pain threshold':ti,ab,kw) OR ('mechanical detection threshold':ti,ab,kw) 
OR ('mechanical pain sensitivity':ti,ab,kw) OR ('mechanical pain threshold':ti,ab,kw) OR ('paradoxical 
heat sensation':ti,ab,kw) OR ('pressure pain threshold':ti,ab,kw) OR ('quantitative sensory 
test*':ti,ab,kw) OR ('thermal sensory limen':ti,ab,kw) OR ('vibration detection threshold':ti,ab,kw) OR 
('warm detection threshold':ti,ab,kw) OR ('wind-up ratio':ti,ab,kw) OR ('pain threshold':ti,ab,kw) OR 
('pain detection':ti,ab,kw) OR ('cold pressor':ti,ab,kw) OR ('cold pressor test':ti,ab,kw) OR ('pain 
modulation':ti,ab,kw) OR ('conditioned pain modulation':ti,ab,kw) OR ('dnic':ti,ab,kw) OR ('descending 
noxi�}�µ�•�� �]�v�Z�]���]�š�}�Œ�Ç�� ���}�v�š�Œ�}�o�–�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�–�‰���Œ�����}�Æ�]�����o�� ���}�o���� �•���v�•���š�]�}�v�–�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�š�Z���Œ�u���o�� �‰���]�v��
�u�}�����o�]�š�]���•�[�W�š�]�U�����U�l�Á�•���K�Z���~�Z�‰���Œ�����‰�š�]�}�v���š�Z�Œ���•�Z�}�o���[�W�š�]�U�����U�l�Á�•���K�Z���~�Z�š�Z���Œ�u���o���À�]���Œ���š�}�Œ�Ç���š���•�š�]�v�P�[�W�š�]�U�����U�l�Á�•���K�Z��
�~�Z�����•�š�Z���•�]�}�u���š���Œ�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�š�Z���Œ�u�}�š���•�š�[�W�š�]�U�����U�l�Á�•�� �K�Z �~�Z�s�}�v�� �&�Œ���Ç�� �u�}�v�}�(�]�o���u���v�š�•�[�W�š�]�U�����U�l�Á�•�� �K�Z��
�~�Z�^���u�u���•�� �t���]�v�•�š���]�v�� �u�}�v�}�(�]�o���u���v�š�•�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�‰�Œ���•�•�µ�Œ���� ���o�P�}�u���š���Œ�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�����o�]���Œ���š������
�‰�]�v�•�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�š�µ�v�]�v�P�� �(�}�Œ�l�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�š���u�‰�}�Œ���o�� �•�µ�u�u���š�]�}�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�•�}�u���š�}�•���v�•�}�Œ�Ç��
�‰�Z���v�}�š�Ç�‰���[�W�š�]�U�����U�l�Á�•�� �K�Z �~�Z���]�}�š�Z���•�]�}�u���š���Œ�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�À�]���Œ�}�u���š���Œ�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�P�Œ���������� �š�µ�v�]�v�P��
�(�}�Œ�l�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�š�Z���Œ�u���o�� �š�Z�Œ���•�Z�}�o���[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�š�Z���Œ�u���o�� �����š�����š�]�}�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�š�Z���Œ�u���o��
�š�}�o���Œ���v�����[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�š�Z���Œ�u���o�� �‰���]�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�Á���Œ�u�š�Z�� �����š�����š�]�}�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�Á���Œ�u�š�Z��
�š�Z�Œ���•�Z�}�o���[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�Á���Œ�u�š�Z�� �‰���]�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�Á���Œ�u�š�Z�� �š�}�o���Œ���v�����[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�Á���Œ�u�š�Z��
�•���v�•���š�]�}�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z���}�o���� �����š�����š�]�}�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z���}�o���� �š�Z�Œ���•�Z�}�o���[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z���}�o����
�‰���]�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z���}�o���� �š�}�o���Œ���v�����[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z���}�o���� �•���v�•���š�]�}�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�Z�����š��
�����š�����š�]�}�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�Z�����š�� �š�Z�Œ���•�Z�}�o���[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�Z�����š�� �‰���]�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�Z�����š��
�š�}�o���Œ���v�����[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�Z�����š�� �•���v�•���š�]�}�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�À�]���Œ���š�]�}�v�� �����š�����š�]�}�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�À�]���Œ���š�]�}�v��
�š�Z�Œ���•�Z�}�o���[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�À�]���Œ���š�]�}�v �‰���]�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�À�]���Œ���š�]�}�v�� �š�}�o���Œ���v�����[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�À�]���Œ���š�]�}�v��
�•���v�•���š�]�}�v�[�W�š�]�U�����U�l�Á�•���K�Z���~�Z�‰�Œ���•�•�µ�Œ���������š�����š�]�}�v�[�W�š�]�U�����U�l�Á�•���K�Z���~�Z�‰�Œ���•�•�µ�Œ�����š�Z�Œ���•�Z�}�o���[�W�š�]�U�����U�l�Á�•���K�Z���~�Z�‰�Œ���•�•�µ�Œ����
�‰���]�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�‰�Œ���•�•�µ�Œ���� �š�}�o���Œ���v�����[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�‰�Œ���•�•�µ�Œ���� �•���v�•���š�]�}�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�u�����Z���v�]�����o��
�����š�����š�]�}�v�[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�u�����Z���v�]�����o�� �š�Z�Œ���•�Z�}�o���[�W�š�]�U�����U�l�Á�•�� �K�Z�� �~�Z�u�����Z���v�]�����o�� �‰���]�v�[�W�š�]�U�����U�l�Á�•�� �K�Z��
�~�Z�u�����Z���v�]�����o���š�}�o���Œ���v�����[�W�š�]�U�����U�l�Á�•���K�Z���~�Z�u�����Z���v�]�����o���•���v�•���š�]�}�v�[�W�š�]�U�����U�l�Á�• 

Final Search  #3 AND #4 �t Limiters Human 

 
Strings will be adapted to different databases. 

 

Selection process 

One investigator will perform title and abstract screening to exclude irrelevant studies for 

this systematic review. Two investigators will read full-text papers, and decide independently 

which papers should be included according to the inclusion and exclusion criteria. If a 
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disagreement occurs, the two investigators will discuss eligibility and if the disagreement cannot 

be resolved, a third investigator will be consulted. Reasons for exclusion for full-text screening 

will be stated and reported using a PRISMA flow diagram 26. Agreement on full-text selection will 

be measured using a Kappa statistic. 

 

Data collection process 

Data will be extracted by one investigator in a pre-defined data extraction form. Table 15 

shows the first section of the form. The accuracy of the data extraction will be verified by 

comparing the results with the data extraction by a second investigator, who will independently 

extract the data in a randomly selected subset of papers (20% of the total). Data will be collected 

for (1) paper information (author, year); (2) participant information (sample size, age, gender, 

body mass index, type of diabetes, years since diagnosis of diabetes, diagnosis of neuropathy, 

health-related quality of life outcomes (disability and quality of life) ); (3) study design; (4) pain 

thresholds (cold pain threshold, heat pain threshold, pressure pain threshold, pain threshold by 

means of electrical stimulation and contact heat evoked potentials); and (5) pain modulation 

mechanisms (temporal summation and conditioned pain modulation). 

 

Risk of bias in individual studies 

Two investigators will analyse the risk of bias from individual studies using the Downs and 

Black checklist 27. This checklist was developed for health care interventions to assess the 

methodological quality of randomised controlled trials and non-randomised studies. It assesses 

27 items categorised into (1) reporting; (2) external validity; (3) internal validity - bias; (4) 

Internal validity - confounding (selection bias); and (5) power. For the purpose of this systematic 

review, items 5, 9, 10, 11, 12, 14, 17, 19, 23, 24, 26 and 27 will not be considered as they address 

aspects related to longitudinal or intervention studies. The maximum final score will therefore 

be 14 (Table 16). Discrepancies between the investigators will be resolved by discussion, and 

when necessary, a third investigator will be involved.
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Table 15.  Section of the data extraction form. 
 

BMI, Body Mass Index; HRQo, Health-Related Quality of Life. 
 

Paper information   Diabetes group  Comparison group 

Authors 
(Year) 

 

Design  
Sample 
size 

(n) 

Age 
(y) 

Gender 
(f/m) 

BMI 
(kg/m2) 

Type of 
diabetes 
and 
duration 

Diagnose 
of 
neuropathy 

Outcome 
evaluated 

HRQoL  
Sample 
size 
(n) 

Age 
(y) 

Gender 
(f/m) 

BMI 
(kg/m2) 

Type of 
diabetes 
and 
duration 

Diagnose 
of 
neuropathy 

Outcome 
evaluated 

HRQoL 
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Table 16.  Downs and Black modified critical appraisal tool.  
 

Criteria Clarification Score 

1. Is the hypothesis / aim / 
objective of the study clearly 
described? 
 

�d�Z�����Á�}�Œ�����^���]�u�_���•�Z�}�µ�o�����������•�‰�����]�(�]�������]�v���š�Z�����‰���‰���Œ�X Yes:  1 
No:   0 

2. Are the main outcomes to be 
measured clearly described in 
the Introduction or Methods 
section? 
 

If the main outcomes are first mentioned in the 
Results section, the question should be answered 
no. 

Yes: 1 
No:  0 

3. Are the characteristics of the 
patients included in the study 
clearly described? 
 

Case studies need to specify source of patient. Yes: 1 
No:  0 

4. Are the main findings of the 
study clearly described? 
 
 
 
 

Simple outcome data (including denominators and 
numerators) should be reported for all major 
findings so that the reader can check the major 
analyses and conclusions. (This question does not 
cover statistical tests which are considered below). 

Yes: 1 
No:  0 

5. Does the study provide 
estimates of the random 
variability in the data for the 
main outcomes? 

In non-normally distributed data the inter-quartile 
range of results should be reported. In normally 
distributed data the standard error, standard 
deviation or confidence intervals should be 
reported.  

Yes: 1 
No:  0 

 
6. Have all important adverse 
events that may be a 
consequence of the 
intervention been reported? 

 
This should be answered yes if the study 
demonstrates that there was a comprehensive 
attempt to measure adverse events. The study 
�u�µ�•�š���Z���À�����Z�����À���Œ�•���[���š�Ç�‰�����]�v�X 

Yes: 1 
No:  0 

 
7. Were the staff, places, and 
facilities where the patients 
were treated, representative of 
the treatment the majority of 
patients receive? 

 
For the question to be answered yes, the study 
should demonstrate that the intervention was 
representative of that in use in the source 
population, and state the name of the hospital and 
country. The question should be answered no if, for 
example, the intervention was undertaken in a 
specialist centre unrepresentative of the hospitals 
most of the source population would attend. 

 
Yes: 1 
No:  0 

 
 
 
 
 
 

8. Was an attempt made to 
blind those measuring the main 
outcomes of the intervention? 

 Yes: 1 
No:  0 
Unable to 
determine: 0 
 

9. If any of the results of the 
�•�š�µ���Ç�� �Á���Œ���� �����•������ �}�v�� �^�����š����
���Œ�����P�]�v�P�_�U���Á���•���š�Z�]�•���u�����������o�����Œ�M 
 

Any analyses that had not been planned at the 
outset of the study should be clearly indicated. If no 
retrospective unplanned subgroup analyses were 
reported, then answer yes. 

Yes: 1 
No:  0 
Unable to 
determine: 0 
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10. Were the statistical tests 
used to assess the main 
outcomes appropriate? 

The statistical techniques used must be appropriate 
to the data. For example nonparametric methods 
should be used for small sample sizes. Where little 
statistical analysis has been undertaken but where 
there is no evidence of bias, the question should be 
answered yes. If the distribution of the data 
(normal or not) is not described it must be assumed 
that the estimates used were appropriate and the 
question should be answered yes. 
 

Yes: 1 
No:  0 
Unable to 
determine: 0 

11. Were the main outcome 
measures used accurate (valid 
and reliable)? 

For studies where the outcome measures are 
clearly described, the question should be answered 
yes. For studies which refer to other work or that 
demonstrates the outcome measures are accurate, 
the question should be answered as yes. 
 

Yes: 1 
No:  0 
Unable to 
determine: 0 

12. Were the patients in 
different intervention groups 
(trials and cohort studies) or 
were the cases and controls 
(case-control studies) recruited 
from the same population? 

For example, patients for all comparison groups 
should be selected from the same hospital. The 
question should be answered unable to determine 
for cohort and case control studies where there is 
no information concerning the source of patients 
included in the study. 
 

Yes: 1 
No:  0 
Unable to 
determine: 0 

13. Were study subjects in 
different intervention groups 
(trials and cohort studies) or 
were the cases and controls 
(case-control studies) recruited 
over the same period of time? 
 

For a study which does not specify the time period 
over which patients were recruited, the question 
should be answered as unable to determine. 

Yes: 1 
No:  0 
Unable to 
determine: 0 

14. Was there adequate 
adjustment for confounding in 
the analyses from which the 
main findings were drawn? 

This question should be answered no for trials if: 
the main conclusions of the study were based on 
analyses of treatment rather than intention to 
treat; the distribution of known confounders in the 
different treatment groups was not described; or 
the distribution of known confounders differed 
between the treatment groups but was not taken 
into account in the analyses. In nonrandomised 
studies if the effect of the main confounders was 
not investigated or confounding was demonstrated 
but no adjustment was made in the final analyses 
the question should be answered as no. If not 
mentioned from being assessed, then answer no. 

Yes: 1 
No:  0 
Unable to 
determine: 0 
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Data synthesis 

A quantitative synthesis will be performed with the results from different pain thresholds 

and/or pain modulation mechanisms in each study, grouped as described above in the 

�Z���}�u�‰���Œ�]�•�}�v�[�� �•�����š�]�}�v�X�� �d�Z���� �Œ���•�µ�o�š�•�� �Á�]�o�o�� ������ �‰�}�}�o������ �µ�•�]�v�P�� ���� �Œ���v���}�u-effects meta-analysis when 

appropriate. The summary statistic for each study will be the adjusted mean with 95% 

confidence intervals for each outcome of interest and two-sided p-values. Consistency of the 

data will be analysed using I2 ���v�������}���Z�Œ���v���[�•���Y�X���D���š��-analysis will be performed using R studio 

(Version 1.1.453, R Core team, 2018). If a quantitative synthesis is not possible, a narrative 

synthesis will be performed. 

Publication bias will be explored when at least 10 studies are included for meta-analysis 

to assure sufficient test power 28 �Á�]�š�Z�����P�P���Œ�[�•���š���•�š�����v�����š�Z�����Œ���•�µ�o�š�•���Á�]�o�o���������‰�Œ���•���v�š�������]�v�������(�µ�v�v���o��

plot 29. 

 

Discussion 

In people with DSPN, two different profiles have been described according to gain-of-

function or loss-of-function abnormalities in pain perception 30,31. The most common profile was 

�š�Z���� �^�������(�(���Œ���v�š�]���š�]�}�v�_�� �‰�Œ�}�(�]�o���U�� ���Z���Œ�����š���Œ�]�Ì������ ���Ç�� �o�}�•�•-of-function abnormalities manifested as 

thermal or mechanical hypoesthesia, or both (e.g, increased cold and/ or warmth detection 

threshold) 30,31�X�� �d�Z���� �}�š�Z���Œ�� ���o�µ�•�š���Œ�� �}�(�� �‰���š�]���v�š�•�� �Á�]�š�Z�� ���^�W�E�� �Á���•�� �����š���P�}�Œ�]�Ì������ ���•�� �š�Z���� �^�]�Œ�Œ�]�š�����o����

�v�}���]�����‰�š�}�Œ�_�� �‰�Œ�}�(�]�o���U�� �Á�Z���Œ���� �•�u���o�o-diameter nerve fibre function (cold detection threshold, 

warmth detection threshold and pinprick sensitivity) is preserved and hyperalgesia is present 

(e.g., diminished cold pain threshold, heat pain threshold or pain pressure threshold) 30,31. 

Although both ���o�µ�•�š���Œ�•�� �Á���Œ���� �]�����v�š�]�(�]������ �]�v�� �š�Z���� �š�Á�}�� �•�š�µ���]���•�U�� �š�Z���� �‰�Œ���À���o���v������ �}�(�� �š�Z���� �^�]�Œ�Œ�]�š�����o����

�v�}���]�����‰�š�}�Œ�_���‰�Œ�}�(�]�o�������]�(�(���Œ���������}�v�•�]�����Œ�����o�Ç���~�í�ï�X�ò�9��31 vs 6.3% 30). This systematic review and meta-

analysis will summarize and compare the information regarding pain perception and modulation 

in people with diabetes, with or without DSPN, and healthy individuals. Our results will add a 

deeper insight into the clusters of people with DSPN previously identified in the literature 30�t32.  
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CHAPTER 7 

���o�š���Œ�������‰���]�v���‰�Œ�}�����•�•�]�v�P���]�v���‰���š�]���v�š�•���Á�]�š�Z��
�š�Ç�‰�����í�����v�����î�����]�������š���•�W�� 
�•�Ç�•�š���u���š�]�����Œ���À�]���Á�����v�����u���š���r���v���o�Ç�•�]�•���}�(��
�‰���]�v�������š�����š�]�}�v���š�Z�Œ���•�Z�}�o���•�����v�����‰���]�v��
�u�}���µ�o���š�]�}�v���u�����Z���v�]�•�u�• 
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Abstract 

The first signs of diabetic neuropathy typically result from small-diameter nerve fibre 

dysfunction. This review synthesised the evidence for small-diameter nerve fibre neuropathy 

measured via quantitative sensory testing (QST) in patients with diabetes with and without 

painful and non-painful neuropathies. Electronic databases were searched to identify studies in 

patients with diabetes with at least one QST measure reflecting small-diameter nerve fibre 

function (thermal or electrical pain detection threshold, contact heat-evoked potentials, 

temporal summation or conditioned pain modulation). Four groups were compared: patients 

with diabetes (1) without neuropathy, (2) with non-painful diabetic neuropathy, (3) with painful 

diabetic neuropathy and (4) healthy individuals. Recommended methods were used for article 

identification, selection, risk of bias assessment, data extraction and analysis. For the meta-

analyses, data were pooled using random-effects models. Twenty-seven studies with 2422 

participants met selection criteria; 18 studies were included in the meta-analysis. Patients with 

diabetes without symptoms of neuropathy already showed loss of nerve function for heat (SMD: 

0.52; p<0.001), cold (SMD: -0.71; p=0.01) and electrical pain thresholds (SMD: 1.26; p=0.01). 

Patients with non-painful neuropathy had greater loss of function in heat pain threshold (SMD: 

0.75; p=0.01) and electrical stimuli (SMD: 0.55; p= 0.03) compared to patients with diabetes 

without neuropathy. Patients with painful diabetic neuropathy exhibited a greater loss of 

function in heat pain threshold (SMD: 0.55; p=0.005) compared to patients with non-painful 

diabetic neuropathy. Small-diameter nerve fibre function deteriorates progressively in patients 

with diabetes. Because the dysfunction is already present before symptoms occur, early 

detection is possible, which may assist in prevention and effective management of diabetic 

neuropathy. 

Key words: Diabetic neuropathy; Nerve function; Pain threshold; Pain modulation. 
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Introduction 

Diabetes affects 8.5% of the total adult population.1 Elevated sugar levels over time can 

produce tissue damage at different levels to the nervous system. Among the various forms of 

diabetic neuropathy, distal symmetrical polyneuropathy (DSPN) is the most common long-term 

diabetic complication, affecting up to 50% of patients with diabetes.2 Of those with DSPN, 13% 

report pain associated with the DSPN,3 which impacts on their daily activities and quality of life. 

DSPN is defined as a bilateral, length-dependent sensorimotor neuropathy.4 Typically, 

symptoms of DSPN are initially localised at the toes, before progressively affecting feet and 

lower legs. DSPN in hands is less common, and generally manifests itself after DSPN has 

developed in the lower limbs. Other forms of diabetic neuropathy may coexist, like 

cardiovascular autonomic neuropathy (CAN) or atypical forms of diabetic neuropathy (e.g. 

carpal tunnel syndrome).5 

DSPN affects multiple nerves and various nerve fibre types.4 Sensory nerve fibres are 

typically affected before motor nerve fibres.6 In the early stages, small-diameter sensory nerve 

�(�]���Œ���•���Œ���•�‰�}�v�•�]���o�����(�}�Œ���š�Z���Œ�u���o�U�����o�����š�Œ�]�����o�����v�����‰���]�v���‰���Œ�����‰�š�]�}�v���~�]�X���X�U�����w�����v������-fibres) are affected.7 

As DSPN progresses, large-diameter sensory nerve fibres responsible for touch and vibration 

�‰���Œ�����‰�š�]�}�v���~�]�X���X�U�����t�����v�������v���(�]���Œ���•�•�����Œ�������(�(�����š�����X8 This may manifest itself clinically as either loss 

of nerve function resulting in hypoalgesia (small-diameter nerve fibres) or hypoesthesia (large-

diameter nerve fibres) or gain of function, resulting in pain (small-diameter nerve fibres) or 

paraesthesia (large-���]���u���š���Œ���v���Œ�À�����(�]���Œ���•�•�X���D�}�š�}�Œ���v���µ�Œ�}�‰���š�Z�Ç���~���r���(�]���Œ���•�•���u���Ç���Œ���•�µ�o�š���]�v���u�µ�•���o����

weakness and may contribute to muscle cramps.8  

Small fibre neuropathy can manifest as spontaneous and stimulus-evoked distal pain, 

deep aching and sensory loss.9 Patients with small fibre neuropathy are at increased risk for foot 

ulcerations and amputations.10 In the last 10 to 15 years, there is a growing interest in small fibre 

neuropathy in various pathologies, such as carpal tunnel syndrome 11 and complex regional pain 

syndrome.12 Similarly, various methods have been employed to assess small-diameter nerve 

pathology in diabetes.6 Available techniques include skin biopsy, and corneal confocal 

microscopy to assess morphological changes. To evaluate function, quantitative sensory testing 

(QST), laser-evoked potentials and sudomotor function can be assessed. Static QST measures 

are used to quantify gain and/or loss of somatosensory function in small-diameter and large-

diameter nerve fibres. Dynamic QST measures are used to gain insights in altered pain 

processing in the central nervous system, such as facilitation (e.g., temporal and spatial 

summation) and inhibition (e.g., conditioned pain modulation). 

As DSPN significantly increases the morbidity of diabetes,13 early detection and 

management of small fibre neuropathy is of cardinal importance. Multiple studies have used 
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QST to document small fibre neuropathies in patients with diabetes with and without DSPN, 

e.g., 14�t19. As findings from individual studies are sometimes conflicting and unable to provide a 

comprehensive insight, a systematic review and meta-analysis is required. Therefore, the aim of 

this study was to review and summarise the evidence on altered pain thresholds and pain 

modulation in patients with diabetes without and with DSPN (both painful and non-painful). 

 

Research design and methods 

This systematic review and meta-analysis is reported in accordance with the Preferred 

Reporting Items for Systematic reviews and Meta-Analysis (PRISMA) statement.20 The review 

has been registered in PROSPERO (CRD42018088173) and the protocol is available online.21 

 

Eligibility criteria 

Studies were considered for inclusion in this review if they met the following criteria: (1) 

Cohort studies, case-control studies or clinical trials conducted in adults (i.e., at least 18 years of 

age), diagnosed with diabetes (type I or II), without or with DSPN (painful or non-painful), with 

or without a healthy pain-free control group; (2) The study included at least one outcome related 

to detecting pain thresholds and/or pain modulation; and (3) The study included at least one of 

the following comparisons: patients with diabetes without DSPN versus patients with non-

painful DSPN; patients with non-painful DSPN versus patients with painful DSPN; or patients 

with diabetes with or without DSPN versus healthy controls.  

 

Outcome measures  

Pain thresholds for the sensory modalities of interest (i.e., heat, cold, pressure, pain by 

means of electrical stimulation and contact heat-evoked potentials) and pain modulation 

measures (i.e., temporal summation or conditioned pain modulation) were extracted. Only 

quantitative outcomes were considered. If different body locations where measured within the 

same study (e.g., great toe and arch of the foot), the location most commonly used among all 

the studies was selected. 
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Data sources and searches  

Combinations of controlled vocabulary, medical subject headings (MeSH) and free-text 

terms were developed in collaboration with a university health liaison librarian. MEDLINE (via 

EBSCO), CINAHL (via EBSCO), EMBASE (via Elsevier), the Cochrane Library, SPORTDiscus, Web of 

Science and PEDro were searched from their respective inception dates to 16th March 2019. 

Reference lists from the included papers were screened for additional potentially eligible 

studies. Studies published in a peer-reviewed journal in any language, or any type of publication 

status were considered. An example of the search string can be found in the protocol paper.21  

 

Study selection 

Records were imported to Covidence (Veritas Health Innovation, Australia)22 for 

screening. One investigator (ESS) screened title and abstracts and two independent investigators 

(ESS and MS) screened full-text records. When there was disagreement, the two investigators 

discussed the eligibility and if the disagreement could not be resolved, a third investigator (LB) 

�Á���•�� ���}�v�•�µ�o�š�����X�� �h�v�Á���]�P�Z�š������ ���}�Z���v�[�•�� �l���‰�‰���� �~�ƒ�•�� ���}���(�(�]���]���v�š�� �Á���•�� �����o���µ�o���š������ �š�}�� �‹�µ���v�š�]�(�Ç�� �š�Z����

agreement in full-text selection between the reviewers. Agreement was scored as fair (0.40-

0.59), good (0.60-0.74) or excellent (>0.75).23 

 

Data collection process 

The data were extracted by one investigator (ESS). The accuracy of the data extraction 

was verified by a second investigator (MS) who independently extracted data from a randomly 

selected subset of papers (20% of the total). The level of agreement for extracted mean, 

standard deviation (SD) and sample size was calculated using a two-way random single measures 

Intraclass Correlation Coefficient (ICC2,1). Data were extracted from each paper for (1) 

manuscript information (author, year); (2) study design; (3) patient information (sample size, 

age, sex, body mass index, type of diabetes, years since diabetes diagnosis, presence and type 

of neuropathy, disability and quality of life; (4) pain thresholds (cold pain threshold, heat pain 

threshold, pressure pain threshold, pain threshold by means of electrical stimuation and contact 

heat-evoked potentials); and (5) pain modulation variables (temporal summation and 

conditioned pain modulation). 
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Risk of bias in individual studies 

Two investigators (ESS and MS) analysed the risk of bias in each paper using the Downs 

and Black checklist.24 This checklist was developed for health care interventions to assess the 

methodological quality of randomised controlled trials and non-randomised studies. It assesses 

27 items categorised into (1) reporting; (2) external validity; (3) internal validity - bias; (4) 

internal validity - confounding (selection bias); and (5) power. For the purpose of this systematic 

review, items 5, 9, 10, 11, 12, 14, 17, 19, 23, 24, 26 and 27 were not considered as they address 

aspects related to longitudinal or interventional studies. The maximum final score of the 

abbreviated checklist was therefore 14. Discrepancies in quality rating between the 

investigators were resolved by discussion, and when necessary, a third investigator (LB) was 

consulted. Reliability for risk of bias was assessed using an ICC2,1 with 95% confidence intervals  

(95% CI).  

 

Synthesis of results 

A quantitative synthesis (meta-analysis) was performed when possible. The results were 

pooled using a random-effects meta-analysis when appropriate. The summary statistic 

calculated for each study was the standardised mean difference (SMD) with 95% confidence 

intervals (95% CI) for each outcome of interest. When outcomes were reported in subgroups 

(e.g., for diabetes type I and type 2), data were combined by calculating the weighted average. 

Heterogeneity between studies was analysed using I2 statistic. I2 values were interpreted 

according to the cut-off points of 25% (low heterogeneity), 50% (moderate heterogeneity) and 

75% (high heterogeneity).23 

Meta-regression analysis was planned to examine whether group differences were 

influenced by risk of bias measured with the Downs and Black checklist. Studies with a score < 7 

�Á���Œ�������}�v�•�]�����Œ�������o�}�Á���Œ�]�•�l���}�(�����]���•�����v�����•�š�µ���]���•���Á�]�š�Z�������•���}�Œ�����H���ó���Z�]�P�Z���Œ�]�•�l���}�(�����]���•�X�������u���š��-regression 

was only considered when at least 10 studies were available for analysis.23 

Meta-analytical comparison of the different pain threshold between the subgroups of 

�‰���š�]���v�š�•�� �Á���•�� �‰���Œ�(�}�Œ�u������ �µ�•�]�v�P�� �š�Z���� �[�u���š���(�}�Œ�[�� �‰�����l���P���� �(�Œ�}�u�� �š�Z���� �Z-project (Version 2.0-0, 

www.metafor-project.org).25 If a quantitative synthesis was not possible due to a lack of 

available data or authors failing to respond when additional information was required, a 

narrative synthesis was performed instead. 

 

�ó 
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Results 

Study characteristics 

Initial searches yielded 3841 unique records. After screening title and abstract, 359 full 

texts were reviewed, 27 papers were included in the qualitative synthesis and 18 in the meta-

analysis (Supplementary Fig. 1). Agreement between the two raters regarding the study 

�•���o�����š�]�}�v���Á���•�����Æ�����o�o���v�š�U���Á�]�š�Z���������}�Z���v���ƒ���}�(���ì�|�ô�ò���~�‰�D�ì�X�ì�ì�í�V���õ�ñ�9�����/���ì�X�ñ�ô�U���í�X�í�ð�•�X�����P�Œ�����u���v�š���}�v�������š����

���Æ�š�Œ�����š�]�}�v���Á���•�����Æ�����o�o���v�š���(�}�Œ�����o�o���u�����•�µ�Œ���•���~�/�����î�U�í���H���ì�X�õ�ñ�V���õ�ñ�9�����/��0.88,0.99). 

The included studies were published between 1987 and 16th March 2019, with 60% of 

the papers published in the past 10 years. Eight studies were cohort studies 14,26�t32 and 19 studies 

were cross-sectional studies 16�t19,33�t47. Seven studies 14,31,37,38,41�t43 included a group of patients 

with painful DSPN (n= 384), 23 studies 14,16�t19,26�t35,39�t41,43�t47 included a group of patients with non-

painful DSPN (n=754), 13 studies 18,19,29,30,33�t37,44�t47 included a group of patients with diabetes 

without DSPN (n= 635) and 24 studies 16�t19,26�t28,30�t46 included a group of healthy individuals 

(n=615). Nine studies included only participants with type II diabetes, 17�t19,34,36,37,41,42,44, eleven 

included both participants with type I and type II diabetes,14,16,26�t28,30�t32,39,41,43 and seven studies 

did not report the type of diabetes. 29,33,35,38,45�t47 Based on the studies that reported the type of 

diabetes, 17.6% were patients with type I diabetes. The participants from one study 40 were not 

included due to a mismatch between the data reported in the text compared to the tables, and 

we were unable to receive clarification from the authors which data were correct. 

The mean (SD) age, sex (% females) and mean (SD) duration of diabetes for the different 

groups were: painful DSPN: 57.8 (10.9) years, 39.8% females, 18.1 (8.9) years; non-painful DSPN: 

58.4 (10.7) years, 34.5% females, 17.9 (10.3) years; diabetes without DSPN: 49.7 (9.2) years, 

56.2% females, 9.4 (4.8) years; and healthy: 48.1 (12.2) years, 53.0% females. Three studies 

17,32,46 reported results on health-related quality of life using an adapted version of the 

Neurological Symptoms Score,48 or the SF-36. Patients with DSPN showed a lower health-related 

quality of life compared to patients with diabetes without DSPN and compared to healthy 

participants. 

The criteria to diagnose diabetic neuropathy differed between studies. Eight studies 

14,17,28,30,31,42,43,46 used confirmatory tests for neuropathy,6 such as intra-epidermal nerve fibre 

density14,31,42 or electrodiagnostic tests 14,17,28,30,31,43,46. Five studies included patients with 

possible or probable DSPN based on questionnaires such as the Leeds Assessment of 

Neuropathic Symptoms and Signs (LANSS),19 the Toronto Clinical Scoring system,18 the Michigan 

Neuropathy Screening Index,34 or the American Diabetes Association criteria.29,32 Other tests 

used were based on perception thresholds (e.g., tuning fork), a combination of perception 
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thresholds,16,26,27,38,41 or bedside neurological examination (e.g., ankle reflexes and expert 

criteria) 33,35,39,45 (Supplementary Table 1). 

The pain detection thresholds measured were: heat pain threshold (17 studies),14,18,19,28�t

31,36,37,39�t41,43�t47 cold pain threshold (9 studies),14,19,29,31,36,37,40,46,47 pressure pain threshold (5 

studies), 14,16,26,27,31 contact heat-evoked potentials (3 studies),17,35,42 and pain threshold by 

means of electrical stimulation (2 studies).33,34 Two studies reported temporal summation 32,38 

and one study 38 measured conditioned pain modulation.(Supplementary Table 1). 

 

Risk of bias within studies 

The mean Downs and Black score across studies was 9, ranging from 6 to 11. The item 

least frequently listed related to reporting adverse events. Many studies failed to provide 

information about the recruitment of participants (period of time or whether all participants 

were recruited from the same population) or blinding of the measurements (Supplementary 

Table 2). Agreement between the two raters for the Downs and Black scores was excellent, with 

�������}�Z���v���ƒ���}�(���ì�X�ô�î���~�‰�D�ì�X�ì�ì�í�V���õ�ñ�9�����/���ì�X�ó�í-0.93).  

 

Synthesis of results 

Heat pain threshold 

Pooled data from seven studies 18,19,36,37,44�t46 showed that patients with diabetes without 

DSPN (n=438) had increased heat pain threshold (i.e., pain at higher temperatures) compared 

to healthy individuals (n=269) (SMD: 0.52, 95% CI: 0.30, 0.74; Z= 4.71, p<0·001). The results from 

one study 45 were presented separately for men and women, so we combined them into a single 

group prior to further evaluation. Four studies 18,19,29,46 with low heterogeneity (I2= 0%) 

demonstrated that patients with non-painful DSPN (n=164) had increased heat pain threshold 

compared to patients with diabetes without DSPN (n=275) (SMD: 0.75; 95% CI: 0.55, 0.96; Z= 

7.28, p<0.001; Fig 1). Two studies 14,31 of low heterogeneity (I2=0%) revealed that patients with 

painful DSPN (n=269) had a decreased heat pain threshold (i.e., detect pain at lower 

temperatures) compared to non-painful DSPN (n=154) (SMD: 0.32; 95% CI:0.12, 0.52; Z=-3.11, 

p=0.002) (Fig. 18). Three studies 18,19,46 with moderate heterogeneity (I2=60%) revealed that 

patients with non-painful DSPN (n=40) presented with increased heat pain threshold compared 

to healthy controls (n=81) (SMD 1.02, 95% CI 0.28 to 1.78; Z=2.63, p=0.01) (Supplementary Fig.2) 

�ó 
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Figure 17. Forest plots for heat pain threshold for patients with painful DSPN versus non-
painful DSPN, non-painful DSPN versus diabetes and diabetes versus healthy.  
 
DSPN, distal symmetrical polyneuropathy; RE, random effect; SMD, standardized mean difference. 

 

The findings of one study 41 could not be pooled because the reported values could not 

be converted to degrees. This study showed higher values for heat pain onset in patients with 

non-painful DSPN versus painful DSPN. This difference was significant in the comparison 

between patients with non-painful DSPN and healthy individuals. No difference was observed 

between patients with painful DSPN and healthy individuals. 

C 

B 

A 
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Cold pain threshold 

Four studies 19,36,37,46 with high heterogeneity (I2=76%) demonstrated that patients with 

diabetes without DSPN (n=118) had increased cold threshold (i.e., pain at lower temperatures) 

compared to healthy individuals (n=165) (SMD: -0.71, 95% CI:-1.25, -0.17;  Z= -2.59, p=0.01). 

Two studies 14,31 demonstrated no differences in cold pain threshold between patients with 

painful DSPN (n=269) and patients with non-painful DSPN (n=154) (SMD: -0.19; 95% CI:-0.76, 

0.39; Z=-0.64, p=0.52). Three studies 19,29,46 with moderate heterogeneity (I2=59%) showed that 

patients with non-painful DSPN (n=159) had increased cold threshold compared to patients with 

diabetes without DSPN (n=252) (SMD: -0.76; 95% CI:-1.20, -0.33; Z=-3.45, p<0.001) (Fig. 19).  

 

Figure 18. Forest plots for cold pain threshold in patients with painful DSPN versus DSPN, 
DSPN versus diabetes and diabetes versus healthy.  
DSPN, distal symmetrical polyneuropathy; RE, random effect; SMD, standardized mean difference. 

�ó 
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Pressure pain threshold 

Two studies 14,31 with low heterogeneity (I2= 8%) that compared patients with painful 

DSPN (n=269) and patients with non-painful DSPN (n=144) showed no difference in pressure 

pain threshold between groups (SMD 0.14;95% CI:-0.07, 0.36; Z=1.33, p=0.18) (Fig.20). Three 

studies 16,26,27 with moderate heterogeneity (I2 =73%) revealed no differences in pressure pain 

threshold between patients with non-painful DSPN (n=42) and healthy participants (n=70) (SMD 

0.60; 95% CI �t0.20, 1.40; Z= 1.46, p=0.14) (Supplementary Fig. 3). Findings from one study 32 

could not be pooled because the authors used a cut-off point (7 on a Visual Analogue Scale) 

rather than the amount of pressure that coincided with the first experience of painful pressure. 

 

Figure 19. Forest plot for pressure pain threshold in patients with painful DSPN versus non-
painful DSPN. 
DSPN, distal symmetrical polyneuropathy; RE, random effect; SMD, standardized mean difference. 
 

 

Pain threshold by means of electrical stimulation. 

Two studies 33,34 with high heterogeneity (I2=80%) showed that patients with diabetes 

without DSPN (n=70) had an increased pain threshold by means of electrical threshold (i.e., pain 

at higher intensity) compared to healthy participants (n=50) (SMD: 1.26; 95% CI: 0.27, 2.25; Z= 

2.49, p=0.01) (Fig. 4). The same studies 33,34 revealed an increased threshold in patients with 

non-painful DSPN (n=29) compared to patients with diabetes without DSPN (n=70) (SMD: 0.55; 

95% CI: 0.05, 1.05; Z=2.15, p=0.03). Heterogeneity was low for this comparison (I2=13%). These 

studies 33,34 with low heterogeneity (I2=0%) revealed that patients with non-painful DSPN (n=29) 

had an increased threshold compared to healthy individuals (n=50) (SMD: 1.85; 95% CI: 1.30, 

2.39; Z= 6.63, p<0.001) (Supplementary Fig. 4). 
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Figure 20. Forest plots for pain threshold by means of electrical stimulation in patients with 
non-painful DSPN versus diabetes and diabetes versus healthy. 
 
DSPN, distal symmetrical polyneuropathy; RE, random effect; SMD, standardized mean difference. 
 

Contact heat-evoked potentials 

Two studies 17,35 with high heterogeneity (I2 =78%) demonstrated no differences in 

contact heat-evoked potentials between patients with non-painful DSPN (n=36) and healthy 

individuals (n=42) (SMD: -0.55; 95% CI: -1.81, 0.70; Z= -0.87, p=0.39) (Supplementary Fig. 5). 

 

Pain modulation 

Pain modulation mechanisms could not be pooled. One study 38 showed that patients with 

a longer duration (> 2 years) of painful DSPN (n=20) had more efficient conditioned pain 

�u�}���µ�o���š�]�}�v�����}�u�‰���Œ�������š�}���‰���š�]���v�š�•���Á�]�š�Z���•�Z�}�Œ�š���Œ�����µ�Œ���š�]�}�v���~�G�î���Ç�����Œ�•�•���}�(���‰���]�v�(�µ�o�����^�W�E���~�v�A�í�ï�•�����v����

compared to healthy individuals (n=29). Moreover, a less pronounced temporal summation was 

observed in patients with longer painful DSPN duration compared to shorter painful DSPN 

duration. No differences were shown in any pain modulation variable between patients with 

longer painful DSPN duration and healthy individuals. Another study 32 reported no differences 

in temporal summation between patients with non-painful DSPN and healthy individuals. 

B 

A 
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Meta-regression analysis 

Due to the small number of studies included in the meta-analyses (<10 studies per 

outcome), we could not perform a meta-regression analysis.49 

 

Conclusions 

This systematic review and meta-analysis revealed four important findings: 1) Patients 

with diabetes without symptoms of DSPN already show loss of function of small-diameter nerve 

fibres; 2) Loss of small-diameter nerve fibre function is progressive across the diabetes groups 

(diabetes without DSPN versus diabetes with non-painful DSPN; diabetes with non-painful DSPN 

versus diabetes with painful DSPN); 3) There is no overall gain of function of small-dimeter nerve 

fibres in patients with painful DSPN; and 4) Central nervous system pain modulation mechanisms 

are understudied in diabetes with or without DSPN. 

This review demonstrated that loss of small-diameter nerve fibre function already occurs 

in patients with diabetes without symptoms of DSPN. In clinical settings, DSPN is typically 

diagnosed based on patient-reported symptoms. Therefore, early signs of DSPN may be 

overlooked unless a specific evaluation of the somatosensory pathways is performed. Routine 

electrodiagnostic test methods (conduction velocity) are insufficient as they assess 

predominantly large-diameter nerve fibre function. If increased sensory thresholds indicate a 

pre-clinical state of DSPN, QST or bedside neurological testing including small-diameter nerve 

fibre function, could potentially be a valuable non-invasive tool to assist in early diagnosis, and 

possibly prevention and management of DSPN. Furthermore, the fact that small-diameter nerve 

fibre neuropathy is already establishing before symptoms of DSPN become apparent may be an 

important realisation for people with diabetes. It may be a convincing educational message for 

patients with diabetes to adhere to healthy lifestyle guidelines.50 C-fibres play a crucial role in 

tissue healing, and dysfunction in these unmyelinated small-diameter nerve fibres may increase 

the morbidity of cutaneous and subcutaneous conditions due to the delayed healing, and risk of 

infections, even in people with diabetes without symptoms of DSPN.51 

The greater loss of small-diameter nerve fibre function for patients with non-painful DSPN 

compared to patients without symptoms of DSPN is in line with expectations. Loss of small-

diameter nerve fibre function is commonly observed  in other polyneuropathies, such as in 

people with HIV-associated peripheral neuropathy 52 or Guillain-Barre syndrome.53 

For painful neuropathies, hyperalgesia and allodynia are typically associated with gain of 

small-diameter nerve fibre function and/or altered postsynaptic processing in spinal and supra-



 

153 | P a g e 

spinal neurons.54 People with mononeuropathies (e.g., radiculopathy 55) and polyneuropathies 

(e.g., chemotherapy-induced neuropathy 56) show a gain of small-diameter nerve fibre function 

for various QST modalities. The observed greater loss of small-diameter nerve function in people 

with painful DSPN compared to people with non-painful DSPN is therefore paradoxical. Painful 

DSPN cannot be explained by static QST measures. 

Other methods, such as corneal confocal microscopy57 and MRI58 have identified 

differences between people with painful DSPN and non-painful DSPN. Imaging studies using MRI 

have shown that people with painful DSPN characterised by loss of function have a reduction in 

spinal cord and primary somatosensory cortical grey matter volume compared to patients with 

non-painful DSPN.58 Furthermore, patients with painful-DSPN appear to have greater thalamic 

vascularity at rest with increased relative cerebral blood flow compared to patients with no 

DSPN and painless-DSPN.59 It has been suggested that different processing of nociceptive signals 

�}�����µ�Œ�•���]�v���š�Z���������v�š�Œ���o���v���Œ�À�}�µ�•���•�Ç�•�š���u�[�•���‰���]�v���u�}���µ�o���š�}�Œ�Ç���•�Ç�•�š���u�U���Œ���•�µ�o�š�]�v�P���]�v���Œ�����µ���������]�v�Z�]���]�š�]�}�v��

and increased amplification in patients with painful DSPN.60 This can be evaluated with dynamic 

QST measures (such as conditioned pain modulation, and temporal and special summation). 

Unfortunately, our review revealed that these measures are understudied in diabetes.  

An important consideration is that in the original studies, and therefore also in the current 

review and meta-analysis, the results are reported as either loss or gain of nerve function at 

group level. Rather than analysing QST modalities separately, there is a recent evolution to 

group various QST modalities together to create sensory phenotypes. Large phenotyping studies 

14,31,61 revealed that although loss of nerve function is the most prevalent phenotype (64%) in 

patients with painful DSPN, a substantial portion of patients have a gain of function phenotype 

(thermal hyperalgesia: 13%; mechanical hyperalgesia: 19%; (4% had a profile similarly to healthy 

participants)).61The phenotype loss of function and the phenotype gain of function are also both 

present in other neuropathies, such as postherpetic neuralgia 62.This illustrates that although 

we did observe loss of nerve function at group level (diabetes without symptoms of DSPN, 

patients with non-painful DSPN and patients with painful DSPN), individual assessment of small-

diameter nerve fibre function remains important.  

A limitation of the review is that most comparisons showed moderate or high 

heterogeneity. It is important to note that most of the studies included a mix of patients with 

type I and type II diabetes. Although the mechanisms underlying diabetic neuropathy remains 

not fully understood, 63 it is apparent that different mechanisms are present in diabetic 

neuropathy in patients with type I and type II diabetes. 64,65 The source of heterogeneity between 

studies could be influenced by differences in sample size, sampling methods, population 

characteristics including the composition of the sample (type I and/or type II diabetes), diversity 

of QST protocols 66 and criteria to diagnose DSPN. The lack of reporting population 
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characteristics and small sample sizes may also influence heterogeneity, as pain thresholds are 

known to vary by sex,67 or age.68 Furthermore, consistent with a previous systematic review on 

QST,66 we found large variability in the reporting of QST protocols. We recommend that 

researchers and clinicians adhere to published guidelines on the use and reporting of QST69 and 

to report the results for patients with type I and type II diabetes separately. 

 

Data availability 

The datasets generated during and/or analysed during the current study are available 

from the corresponding author on reasonable request. 
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Sup. Figure 1. Flow chart of records in systematic review and meta-analysis 
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Sup. Figure 2. Forest plot for heat pain threshold in patients with non-painful DSPN vs healthy. 

 

 
 

Sup. Figure 3. Forest plot for pressure pain threshold in patients with non-painful DSPN vs 
healthy. 

 

 
 
Sup. Figure 4. Forest plot for electrical stimulation pain threshold in patients with non-painful 
DSPN vs healthy. 
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Sup. Figure 5. Forest plot for contact heat-evoked potentials in patients with non-painful DSPN 
vs healthy. 
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Abstract 

Background. Determining nerve fibre characteristics via skin biopsy could be problematic 

in people with diabetes when good perfusion is a problem. Non-invasive in vivo corneal confocal 

microscopy (IVCM) is rapidly gaining ground as a sound alternative, but some unresolved issues 

remain.  

Methods. This cross-sectional study aimed to quantify and compare corneal nerve 

morphology and microneuromas in healthy participants (n=27), people with diabetes without 

distal symmetrical polyneuropathy (DSPN; n=33), people with non-painful DSPN (i.e., pain 

intensity <4/10; n=25) and painful DSPN (i.e., pain intensity �H4/10; n=18). Clinical and 

electrodiagnostic criteria were used to diagnose DSPN. One-way analyses of covariance were 

used to quantify nerve fibre morphology in the central cornea and inferior whorl, and to 

compare the presence, frequency and attributes of corneal epithelial microneuromas across the 

groups. 

Findings. The novel finding was that the proportion of people with abnormal 

microneuromas (p<0.001) and their number (p<0.001) were increased in people with painful 

DSPN compared to all other groups, including non-painful DSPN (presence: p=0.26; number: 

p<0.001). Axonal swelling was more frequent in people with painful DSPN compared to people 

with non-painful DSPN (p=0.018), with diabetes without DSPN (p=0.000034), and healthy 

participants (p<0.00001). Axonal distension was more frequent in people with painful DSPN 

compared to people with diabetes without DSPN (p=0.078) and healthy participants (p=0.0012); 

but not in people with non-painful DSPN (p=0.99).  

Interpretation. IVCM offers a valuable insight in the pathophysiology of DSPN, especially 

when corneal epithelial microneuromas are explored. Axonal distension could be a biomarker 

of neuropathy whereas axonal swelling may be a biomarker of painful DSPN.  
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Introduction 

Diabetes and its associated complications are a serious concern worldwide.1 It is 

anticipated that one-third of the global population will have diabetes by 2050. Half of the people 

with diabetes develop neuropathy,2 and 15 to 25% painful neuropathy.3 The most prevalent 

form of diabetic neuropathy is distal symmetrical polyneuropathy (DSPN).4 DSPN is a bilateral, 

length-dependent sensorimotor disease5 where symptoms are initially located in the feet, then 

spread to the lower legs, and extend to the hands at a later stage. Why some patients develop 

neuropathic pain, while others with a similar degree of neuropathy do not, is not clearly 

understood.3 

Although the mechanisms involved in the development of DSPN and painful DSPN remain 

uncertain,3 several structural peripheral nerve features have been suggested as biomarkers of 

pain, such as axonal swelling or nerve fibre loss.6,7 Skin punch biopsy is considered the gold 

standard to quantify intraepidermal nerve fibre length, branch density and the presence of 

axonal swelling.6,8 In vivo corneal confocal microscopy (IVCM) has emerged as a non-invasive 

alternative to rapidly and accurately image these structural peripheral nerve features.9�t11 

Compared to the skin, the cornea has a richer unmyelinated innervation12 that is vulnerable to 

degeneration following homeostatic perturbation.10 IVCM has revealed that corneal nerve fibre 

length and density at the central corneal sub-basal plexus are reduced in people with diabetes, 

both with and without DSPN.8 This deterioration is more pronounced at the distal end of the 

corneal sub-basal plexus, i.e., at the inferior whorl.13 There is a tendency that the extent of 

corneal nerve fibre deterioration is greater in people with painful DSPN compared to non-painful 

DSPN,8,13 but these findings are not conclusive.3  

Corneal epithelial microneuromas (CEMNs) are another example of structural nerve 

features that arise when mechanical trauma to corneal nerves occur (e.g., refractive surgery),14 

or in systemic diseases (e.g., diabetes).15 CEMNs encompass axonal swelling, axonal distension, 

enlarged bulges and hyperreflective diffuse patterns.16�t18 They are common in processes of 

abnormal nerve regeneration,19,20 which occur in diabetes and DSPN.7,21 Only one study22 has 

explored CEMNs in diabetes, showing greater numbers of CEMNs in people with diabetes 

compared to healthy participants. This study22 also found a correlation between CEMNs count 

and poorer measures of glucose control, which have been associated with painful DSPN.23 

Whereas the knowledge in diabetes is limited, a recent review24 summarised the findings 

regarding CEMNs in conditions specific to the eye, such as dry eye25,26 and corneal neuropathic 

pain.27,28 Whether CEMNs are a physiological or pathological finding remains unclear.24 CEMNs 

have been suggested as a biomarker of neuropathic corneal pain as they were only observed in 

patients with dry eye who had neuropathic pain.25 Another study found no correlation between 
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the frequency of CEMNs and the presence of pain.26 The differences in findings may be due to 

inconsistent criteria24 and a lack of categorisation of the attributes observed, since some 

features of CEMNs can be present in people with healthy corneas (e.g., hyperreflective diffuse 

patterns).29 

As the use of CEMNs as a biomarker for painful DSPN may be promising, quantifying and 

categorising CEMNs in people with diabetes could improve understanding of its nature. The aims 

of this study were to (1) compare the corneal nerve morphology in the central cornea and the 

inferior whorl between healthy participants, people with diabetes without DSPN, people with 

non-painful DSPN and people with painful DSPN; and (2) compare the presence and attributes 

of microneuromas in these populations. 

 

Methods 

This study was part of a large initiative (The DIANE Project) in which nerve function and 

morphology were comprehensively assessed to better understand DSPN. The study was 

approved by the Ethics Committee of Griffith University (2018/669) and Queensland University 

of Technology (1800001224). All participants provided written consent prior to the study. 

 

Participants 

Participants had to be above 18 years of age with or without diabetes (type 1 or type 2). 

People with diabetes were eligible if they had no DSPN, non-painful DSPN or painful DSPN. DSPN 

could be present in the lower limbs only, or in lower and upper limbs. 

Exclusion criteria were the presence of conditions that restrict or influence the IVCM 

technique (e.g., significant positive corneal staining, cataract surgery in the past year, use of rigid 

contact lenses, medication for glaucoma, or laser eye surgery). Further exclusion criteria were 

conditions that may mimic DSPN (e.g., hypothyroidism, vitamin B12 deficiency, degenerative 

disc disease or nerve root compression), unilateral symptoms indicative of neuropathy, trauma-

related nerve injuries, self-reported psychiatric disorders, fibromyalgia, irritable bowel 

syndrome, chronic fatigue syndrome, complex regional pain syndrome, and a history of 

malignancy or chemotherapy.  
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Groups and classification criteria 

Participants were allocated to one of the following four groups: 1) healthy participants; 2) 

people with diabetes without DSPN; 3) people with non-painful DSPN; and 4) people with painful 

DSPN.  

To confirm diabetes, the level of glycated haemoglobin (HbA1c) �Z�������š�}���������H6%30 (Afinion 

Test System, Abbott, Chicago, IL). For healthy participants, the HbA1c level had to be <6%.30  

To confirm the presence of DSPN, the following criteria were used: (1) a bilateral 

symmetrical presentation of symptoms indicative of DSPN; and (2) an abnormal fibular motor 

nerve conduction. To assess the typical distribution of DSPN, participants drew their symptoms, 

such as numbness, tingling and pain, on a body chart. Electrodiagnostic tests were performed 

with a neurodiagnostic system (Sierra Summit, Cadwell, WA, USA) following recommendations 

by SENIAM31 and the American Academy of Neurology and the American Association of 

Electrodiagnostic Medicine.32 DSPN was confirmed based on a reduced conduction velocity of 

the fibular motor nerve (less than 42m/s).33 Healthy participants were excluded if they had an 

abnormal electrodiagnosis. Sural sensory, fibular motor, tibial motor, median sensory and 

motor, and ulnar motor nerves were evaluated for descriptive purposes.  

The participants with DSPN were dichotomised into a non-painful DSPN group and a 

painful DSPN group based on the average pain intensity score over the week prior to the 

assessment.34 If the pain intensity was �H4 with a distribution compatible with DSPN, even though 

other types of pain could also be present, participants were allocated to the painful DSPN group. 

If the pain intensity was <4, participants were allocated to the non-painful DSPN group. Pain 

intensity was measured with an 11-point numerical rating scale (NRS; 0: no pain; 10 worst 

possible pain imaginable). An NRS of 4 is considered the optimal cut-off score to differentiate 

between people with mild pain in DSPN and people with moderate/severe pain.34 People with 

DSPN in the lower and upper limbs were allocated to the painful DSPN group if DSPN was painful 

in at least either the lower or upper limbs. 

 

Additional participant characteristics 

A standardised patient assessment was conducted to collect additional data, including 

sex, age, Body Mass Index (BMI), ethnicity, type of diabetes, years with diabetes, and years with 

DSPN and medication use. Current pain intensity and, least, worst and average pain intensity 

during the preceding week were measured using an 11-point NRS.35 Additionally, the Michigan 

Neuropathy Screening Instrument36 and the EuroQol - five dimensions - five severity levels (EQ-

5D-5L) questionnaire37 were used to further describe the groups. The Michigan Neuropathy 
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Screening Instrument36 is a self-administered questionnaire to evaluate the presence of DSPN. 

This instrument includes 15 questions on foot sensation and pain, numbness and temperature 

sensitivity. A score of 4 or higher indicates diabetic neuropathy,36 with higher scores indicating 

more neuropathic symptoms. Health-related quality of life was evaluated using the EQ-5D-5L 

questionnaire37,38 to obtain an overall index score based on mobility, self-care, usual activities, 

pain/discomfort and anxiety/depression. This index ranges from less than 0 to 1 (the value of 

full health), with higher scores indicating higher health-related quality of life. 

 

Corneal confocal microscopy parameters 

All participants underwent an examination of the sub-basal plexus using a Heidelberg 

Tomograph Rostock Cornea Module III (Heidelberg Engineering GmbH, Heidelberg, Germany), 

according to published methods.39 An experienced examiner evaluated the central sub-basal 

nerve plexus and the inferior whorl region of the right eye after instillation of topical anaesthetic 

(benoxinate hydrochloride 0.4%) and viscous eye gel. An investigator blinded to the group 

allocation selected five to eight images (400 X 400 µm) with non-overlapping areas for the centre 

of the cornea and one image for the inferior whorl region. The image selection criteria was based 

on image quality and focus.40  

Corneal nerve fibre density (CNFD, total number of main nerves per square millimetre; 

no./mm2); corneal nerve branch density (CNBD, total number of branches per square millimetre; 

no./mm2); corneal nerve fibre length (CNFL, total length of main nerves and nerve branches per 

square millimetre; mm/mm2); corneal nerve fibre area (CNFA, total nerve fibre area per square 

millimetre; mm/mm2); corneal fibre total branch density (CTBD, total number of branch points 

per square millimetre; no./mm2); corneal nerve fibre width (CNFW, the average nerve fibre 

width per square millimetre; mm/mm2); corneal nerve fractal dimension (CNFractalDimension, 

a measure of nerve complexity obtained by the ratio of the change in detail to the change in 

scale in a IVCM image); and inferior whorl length (IWL, total length of nerves per square 

millimetre; mm/mm2) were automatically quantified using the ACCMetrics software (University 

of Manchester, Manchester, UK).41 A combination of metrics was used including the ratio of 

CNFL/CNFractalDimension to adjust for the degree of nerve loss,42 the average nerve fibre length 

(ANFL, CNFL + IWL/2) (mm/mm2) and total nerve fibre length (TNFL, CNFL + IWL) (mm/mm2).13 

CEMNs were identified in the central cornea from the selected images. The CEMNs were 

categorised according to the literature29,43 as axonal swelling, axonal distension, enlarged bulges 

and hyperreflective diffuse patterns (Figure 1). Axonal swelling is defined as a thickening of the 

corneal fibre along its length. Although axonal swelling is often considered as a morphological 

feature,44 we have decided to categorise it as a CEMN to provide further insight on its potential 

�ô 



Chapter 8: Corneal epithelial neuromas: Biomarkers for painful peripheral neuropathy 

168 | P a g e 

nature. Axonal distension is defined as the presence of a round, localised thickening in a nerve 

fibre. Enlarged bulges are defined as fusiform bulges bigger in size than axonal distension. 

Hyperreflective diffuse patterns are defined as bright areas with undefined shapes. The 

presence and frequency of CEMNs were manually quantified.  

 

 

Figure 21. Attributes of the corneal epithelial microneuromas (CEMNs).  
Yellow arrows show the location of CEMNs. 
 
 

Statistical analysis 

The statistical analysis was performed in R Studio v.3.6 (The R Foundation for Statistical 

Computing Platform).45 The normality of the distribution of the data was checked with the 

Shapiro-Wilk test and the hom�}�P���v���]�š�Ç���}�(���À���Œ�]���v�����•�������Œ�}�•�•���P�Œ�}�µ�‰�•���Á���•�����Z�����l�������Á�]�š�Z���>���À���v���[�•��

test. Data were reported as mean and standard deviation (SD), or as median with interquartile 

ranges (IQR) if not normally distributed. The comparison between groups was performed with 

one-way analyses of covariance (ANCOVA), with one between-group factor with four levels 

(groups) while controlling for age, as age has been considered a confounding factor for IVCM 
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measures.46 Post-hoc tests with Bonferroni correction for multiple comparisons were used for 

pairwise comparisons when the ANCOVA analysis revealed an overall significant difference 

�����š�Á�����v�� �š�Z���� �P�Œ�}�µ�‰�•�X�� �����š���P�}�Œ�]�����o�� �À���Œ�]�����o���•�� �Á���Œ���� ���}�u�‰���Œ������ �Á�]�š�Z�� �&�]�•�Z���Œ�[�•�� ���Æ�����š�� �š���•�š�•�X�� �W���]�Œ�Á�]�•����

tests of independence with adjusted p-values for multiple comparisons were performed if the 

�&�]�•�Z���Œ�[�•�����Æ�����š���š���•�š���Á���•���•�]�P�v�]�(�]�����v�š�X��The level of significance was p<0.05. 

 

Sample size calculations 

As per previous studies,47 the sample size was calculated based on CNFL. A difference in 

mean scores of 2.7 (SD: 0.88) mm/mm2 has been demonstrated to be clinically significant 

between healthy participants and people with DSPN.48,49 With a power of 0.80 and a two-tailed 

�r�� �}�(�� �ì�X�ì�ñ�U�� ���� �u�]�v�]�u�µ�u�� �•���u�‰�o���� �•�]�Ì���� �}�(�� �í�ò�� �‰���Œ�š�]���]�‰���v�š�•�� �‰���Œ�� �P�Œ�}�µ�‰�� �Á���•�� �����o���µ�o���š�����X50 As each 

participant needed to attend assessments at different locations and on different days, a ~10% 

dropout rate was considered as per previous studies from The DIANE Project.51 Therefore, the 

required sample size was at least 18 participants per group. 

 

Results 

Participants and groups 

The demographic characteristics and the results of their electrodiagnostic tests for group 

classification are reported in Table 17. From the 660 people who volunteered for the study, 147 

participants met the selection criteria for each group (healthy controls: n=27; diabetes without 

DSPN: n=33; non-painful DSPN: n=25; and painful DSPN: n=18). Figure 23 illustrates the flow of 

the participants through the study. The distribution of pain for the different groups is 

summarised in Figure 24. The list of medication use is presented in Supplementary Table 6. 

A sensitivity analysis was performed including only pain-free participants (NRS=0) with 

DSPN group. In this sensitivity analysis, 11 participants satisfied the criteria for the pain-free 

DSPN group. 
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Table 17.  Overview of demographic characteristics in in vivo confocal study. 
 

Data shown as mean (standard deviation) and analysed by one-way ANOVA (ANOVA results), with post-
hoc paired t-tests Bonferroni correction (pairwise differences). Categorical data are reported as 
frequencies (percentages). Pairwise differences indicate significant p values between group pairs: 1: 
Healthy participants; 2: diabetes no DSPN; 3: non-painful DSPN; 4: painful DSPN in hands & feet. DSPN: 
distal symmetrical polyneuropathy; BMI: body mass index; NRS: numerical rating score for pain intensity; 
HbA1c: glycated haemoglobin; MNSI: Michigan Neuropathic Screening Instrument; EQ-5D-5L: Euroqol 5 
Dimensions 5 Levels; SNAP: sensory nerve action potential; µV, microvolts; SCV: sensory conduction 
velocity; m/s: metres per second; CMAP: compound muscle action potentials; MCV: motor conduction 
velocity. Due to a technical error, the fibular CMAP could not be determined accurately. 
 

 

 

 

 
Healthy 

participants 
(n=27) 

Diabetes 
no DSPN 
(n=33) 

Non-painful 
DSPN 
(n=25) 

Painful 
DSPN 
(n=18) 

p-value 

Age 48.9 (16.0) 46.6 (17.1) 63.3 (8.4) 59.4 (8.5) <0.0011-2,2-3,2-4 

Female 14 (52%) 15 (45%) 5 (20%) 9 (50%) 0.082 

BMI, kg/m2 24.8 (4.3) 27.5 (5.1) 30.2 (5.0) 38.3 (8.6) <0.0011-3,1-4,2-4,3-4 
Makeup: 

     

   Aboriginal 0 (0%) 0 (0%) 2 (8%) 1 (6%) 
 

   Asian 4 (15%) 7 (21%) 0 (0%) 1 (6%) 
 

   Mixed 1 (4%) 2 (6%) 1 (4%) 0 (0%) 
 

   White 22 (81%) 22 (67%) 22 (88%) 14 (78%) 
 

   Not reported - 2 (6%) - 2 (12%) 
 

Type II diabetes 
Pain intensity  
(NRS /10): 

- 16 (48%) 20 (80%) 14 (78%) 0.016 

    Least pain last week   0.3 (0.7) 0.4 (0.9) 0.6 (1.0) 3.3 (2.0) <0.0011-4,2-4,3-4 

    Worst pain last week  1.6 (2.1) 1.5 (1.7) 2.2 (2.2) 6.8 (1.3) <0.0011-4,2-4,3-4 
    Average pain last 
week 

0.8 (1.3) 1.0 (1.3) 1.4 (1.2) 5.5 (1.4) <0.0011-4,2-4,3-4 

    Current pain  0.3 (0.8) 1.2 (1.8) 0.9 (1.4) 4.2 (2.1) <0.0011-4,2-4,3-4 

Years with diabetes - 12.8 (10.3) 12.9 (10.0) 14.6 (10.4) 0.59 
Years with DSPN - - 3.8 (4.4) 4.8 (5.0) 0.50 
HbA1c (%) 5.4 (0.3) 6.6 (0.8) 8.0 (1.7) 8.8 (1.4) <0.0011-2,1-3,1-4,2-3,2-4 

BP (in supine) 120/73.0 
(14.6/8.1) 

122.5/75.73 
(13.9/8.3) 

138.4/80.8 
(24.3/14.1) 

141.6/86.5 
(13.8/11.4) 

<0.0011-3,1-4,2-3,2-4 

      

    MNSI  1.2 (1.1) 1.7 (1.5) 5.0 (2.4) 7.7 (2.3) <0.0011-3,1-4,2-3,2-4,3-4 

    EQ-5D-5L 1 (0.1) 0.9 (0.1) 0.9 (0.1) 0.8 (0.1) <0.0011-4,2-4,3-4 
Electrodiagnostic tests:      

Sural SNAP (µV) 9.2 (6.2) 8.2 (3.7) 4.2 (1.8) 4.4 (1.8)  
Sural SCV (m/s) 42.5 (8.1) 39.5 (9.3) 34.3 (9.9) 35.3 (11.7)  
Fibular CMAP (mV) - - - -  
Fibular MCV (m/s) 54.8 (6.4) 52.1 (9.9) 39.3 (6.0) 39.8 (7.8) <0.0011-3,1-4,2-3,2-4 
Tibial CMAP (mV) 11.9 (3.6) 9.2 (4.0) 4.6 (2.8) 3.3 (2.7)  
Tibial MCV (m/s) 52.1 (4.8) 49.3 (7.8) 42.2 (8.6) 40.9 (10.2)  
Median CMAP (mV) 7.5 (2.3) 5.3 (1.4) 5.0 (1.6) 3.9 (1.6)  
Median MCV (m/s) 74.1 (7.1) 70.4 (7.6) 64.9 (8.0) 61.5 (7.1)  
Median SNAP (µV) 33.8 (19.1) 19.3(14.5) 6.7 (4.5) 6.0 (3.0)  
Median SCV (m/s) 44.5 (6.9) 47.3 (6.7) 36.7 (7.9) 34.5 (8.2)  
Ulnar SNAP (µV) 33.3 (17.8) 24.2 (14.7) 11.3 (5.0) 9.9 (5.1)  
Ulnar SCV (m/s) 49.5 (8.6) 50.6 (5.8) 42.3 (10.6) 34.6 (12.3)  
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Figure 22. Flow chart of participants. 
DSPN, distal symmetrical polyneuropathy; HbA1c, glycated haemoglobin test; CV, conduction velocity; 
NRS, numerical rating scale for pain intensity; IVCM, in vivo confocal microscopy. 
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Figure 23. Heat maps of the location of pain in healthy participants (A), diabetes without DSPN 
(B), non-painful DSPN (C), and painful DSPN (D). 
The heat bar represents the percentage of people in each group. 
Because a pain intensity of NRS >=4 was a criterion for painful neuropathy, some mild to moderate pain 
could have been experienced in the non-painful groups. 

 

Corneal confocal microscopy parameters 

Nerve morphology 

Representative images of the nerve morphology for each group are illustrated in Figure 

25. The means (SD) for all parameters and groups are summarised in Supplementary Table 5 and 

Supplementary Table 7 for the sensitivity analysis. 

At the central cornea, IVCM parameters were not different between people with painful 

and non-painful DSPN (all p=1); and between people with diabetes and healthy participants 

(p>0.067). CNFL, CNFD and CNFractalDimension were significantly reduced in people with 

painful DSPN compared to people with diabetes (all p<0.048) and to healthy participants (all 

p<0.00039). CTBD was reduced in people with painful and non-painful DSPN compared to 
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healthy participants (all p<0.011). Additionally, people with non-painful DSPN showed lower 

values for CNBD, CNFL, CNFD, and CNFractalDimension compared to people with diabetes 

without DSPN (all p<0.049) and compared to healthy participants (all p<0.0018) (Figure 26). 

At the inferior whorl, IWL was reduced in people with non-painful DSPN compared to 

people with diabetes without DSPN (p=0.0062) and compared to healthy participants (p=0.0024) 

(Figure 26). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Representative in vivo corneal confocal microscopy images. 
A-D, Central cornea; E-H, Inferior whorl. Representative images for A & E: healthy person; B & F: person 
with diabetes without DSPN; C & G: person with non-painful DSPN; D & H: person with painful DSPN). Red 
arrows in A-D indicate main nerve fibres (to calculate corneal nerve fibre density), and yellow arrows 
indicate branch fibres (to calculate corneal nerve branch density). In the central cornea and the inferior 
whorl, a loss of nerve fibre density can be observed from the healthy participant to the participant with 
painful DSPN. A microneuroma (i.e., axonal distension) can be observed in the participant with painful 
DSPN (green arrow, image D). 
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Figure 25. Boxplots for the corneal confocal microscopy parameters from the central cornea 
(A, B, C, D, F, H, I), the inferior whorl (G), and the combined metrics (E, K, J).  
Results of the one-way analyses of covariance (ANCOVA) controlling for age, post-hoc tests with 
Bonferroni correction are indicated as follows: *: p < 0.05; **: p < 0.01; ***: p < 0.001. DSPN, distal 
symmetrical polyneuropathy; CNFD, corneal nerve fibre density; CNBD, corneal nerve branch density; 
CNFL, corneal nerve fibre length; CNFA, corneal nerve fibre area; CTBD, corneal fibre total branch density; 
CNFW, corneal nerve fibre width; CNFrDim, corneal nerve fractal dimension; IWL, inferior whorl length; 
ANFL, average nerve fibre length; TNFL, total nerve fibre length; no./mm2, number per square millimetre; 
mm/mm2, length in millimetres per square millimetre. 
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Regarding the combination of metrics, no differences were observed for the ratio 

CNFL/CNFractalDimension, ANFL and TNFL between people with painful DSPN and people with 

non-painful DSPN (all p=1); and between people with diabetes without DSPN and healthy 

participants (p>0.060). All the other group comparisons were significant, showing a decrease 

across groups for ANFL (all p<0.024), TNFL (all p<0.0036), and ratio CNFL/CNFractalDimension 

(all p<0.0094) (Figure 26). In the sensitivity analysis, IVCM parameters at the central cornea were 

not different between people with painful and pain-free DSPN (all p=1). Interestingly, no 

differences were found between participants with pain-free DSPN and participants with 

diabetes without DSPN in any IVCM parameters at the central cornea (all p>0.077). Compared 

to healthy participants, CNFD, CNBD, CNFL, CTBD, and CNFractalDimension were significantly 

reduced in the pain-free DSPN group (all p<0.012). At the inferior whorl, the pain-free DSPN 

group showed the largest reduction in IWL compared to healthy participants (p=0.010) and 

people with diabetes without DSPN (p=0.021).  

In the sensitivity analysis, IVCM parameters at the central cornea were not different 

between people with painful and pain-free DSPN (all p=1). Interestingly, no differences were 

found between participants with pain-free DSPN and participants with diabetes without DSPN 

in any IVCM parameters at the central cornea (all p>0.077). Compared to healthy participants, 

CNFD, CNBD, CNFL, CTBD, and CNFractalDimension were significantly reduced in the pain-free 

DSPN group (all p<0.012). At the inferior whorl, the pain-free DSPN group showed the largest 

reduction in IWL compared to healthy participants (p=0.010) and people with diabetes without 

DSPN (p=0.021). Regarding the combination of metrics, the pain-free group showed a reduction 

in ANFL and TNFL compared to healthy participants (all p<0.0065) and people with diabetes 

without DSPN (all p<0.035). Additionally, the ratio CNFL/CNFractalDimension was reduced 

compared to healthy participants (p<0.001). 

The means (SD) for all parameters and groups are summarised in Supplementary Table 5 

and Supplementary Table 7 for the sensitivity analysis. 

 

Corneal epithelial microneuromas  

Proportion and number 

The proportion of people with (i.e., presence) and number of (i.e., count) abnormal 

CEMNs are presented in Figure 27, A & B. Remarkably, virtually all participants with painful DSPN 

had abnormal CEMNs (94.4%), whereas abnormal CEMNs are rare in healthy participants (3.7%). 

The mean (SD) number of abnormal CEMS per area (400 X 400 µm ) was: healthy participants: 

0.04 (0.19), people with diabetes without DSPN: 0.24 (0.56), people with non-painful DSPN: 1.12 

(1.27) and people with painful DSPN: 2.61(1.58).The proportion (p <0.0001) and number (p 
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<0.0001) of abnormal CEMNs increased from healthy participants to people with diabetes 

without DSPN, to people with non-painful DSPN, to people with painful DSPN. Except for the 

comparison between healthy participants and people with diabetes without DSPN (all p<1.00), 

the proportion of people with abnormal CEMNs (all p<0.021) and the number of abnormal 

CEMNs (all p<0.0018) were different between all the groups, including non-painful and painful 

DSPN (proportion: p=0.026; number: p<0.001) (Figure 27, A &B). 

CEMNs with a hyperreflective diffuse pattern were excluded from the analysis above 

because they may be considered a normal and physiological finding,29. A similar analysis 

including all types of observed CEMNs (i.e., including hyperreflective diffuse pattern) is provided 

in Supplementary Fig 6, A & B.  

Attributes 

The frequencies of all CEMNs attributes per group are represented in Figure 27C. Although 

the hyperreflective diffusion pattern may be considered normal and physiological,29 their 

prevalence differed between groups (p=0.016). The prevalence of enlarged bulges (p=0.038) 

showed a similar pattern. However, for both type of CEMNs, the pairwise comparison with 

adjusted p-values for multiple comparisons did not indicate pairwise differences between 

groups. In contrast, axonal swelling was significantly more frequent in people with painful DSPN 

compared to people with non-painful DSPN (p=0.018), people with diabetes without DSPN 

(p=0.000034), and healthy participants (p<0.00001). Additionally, axonal swelling was more 

frequent in people with non-painful DSPN compared to healthy participants (p=0.014). Axonal 

distension was more frequent in people with painful DSPN compared to people with diabetes 

without DSPN (p=0.078) and healthy participants (p=0.0012); and in people with non-painful 

DSPN compared to people with diabetes without DSPN (p=0.42) and healthy participants 

(p=0.072). 

The sensitivity analysis showed no differences between painful and pain-free DSPN 

participants in any of the CEMNs attributes (all p>0.080). Axonal distension was more common 

in participants in the pain-free DSPN group compared to healthy participants (p=0.018). 

The frequencies (percentages) for all attributes per group are summarised in 

Supplementary Table 4. Radar plots showing the prevalence per CEMN attribute across the 

groups are provided in Supplementary Fig 6C. 
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Figure 26. Abnormal CEMNS proportion and frequency per group and CEMNs attributes per 
group.  
Panel A illustrates the proportion of people with (colour bars) and without (grey bars) pathological CEMNs. 
Panel B shows the frequency for the number of pathological CEMNs. Panel C demonstrates the frequency 
of the different attributes of the pathological and non-pathological CEMNs. Axonal swelling, axonal 
distention and enlarged bulges are considered pathological, whereas hyperreflective diffuse pattern may 
be consider normal. CEMNs: corneal epithelial microneuromas; DSPN: distal symmetrical polyneuropathy. 
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Discussion 

Comparison of the nerve morphology in the central cornea and inferior whorl revealed 

that 9 out of 11 parameters showed significant patterns of poorer values with worse disease 

status (healthy participants versus people with diabetes without DSPN versus people with non-

painful DSPN versus people with painful DSPN). Interestingly, there were no differences for any 

of these parameters between healthy participants and people with diabetes without DSPN. 

Hence, based on our data, these parameters seem unable to detect early signs of nerve 

pathology in people with DSPN. Furthermore, none of the parameters were different between 

people with non-painful DSPN and people with painful DSPN. This is in contrast with previous 

studies on IVCM.13,52,53 This discrepancy may be explained by differences between populations. 

Longer duration of diabetes, higher HbA1c and age have been associated with reductions in 

ICVM parameters (e.g., CNFL) in diabetes type 2, whereas only duration of diabetes appears to 

influence CNLF in type 1.54 In our study, people with diabetes without DSPN and with non-painful 

DSPN were predominantly type 2, younger, had diabetes for fewer years and their levels of 

HbA1C were lower compared to the diabetes population in those studies.13,52,53 It is important 

to consider that participants in the non-painful DSPN group could present with mild pain, which 

could have had an impact on our results. However, the medication to treat pain was not different 

across the groups. To solve this limitation, we ran a sensitivity analysis including only pain-free 

participants having DSPN. Interestingly, the pain-free group was no different to people with 

diabetes without DSPN at the central cornea but fibre length at the inferior whorl was reduced. 

This in line with previous findings where IWL detects an abnormality even in patients without 

DSPN.53 

As outlined above, the current study was part of The DIANE Project, where also 

quantitative sensory testing,51 shear-wave elastography,55 and diffusion-weighted imaging 

(DWI-MRI)56 of peripheral nerves were assessed in addition to IVCM. Interestingly, quantitative 

sensory testing,57 and DWI-MRI56 of peripheral nerves were different between healthy 

participants and people with diabetes without DSPN. This may suggest that measures obtained 

from the distal limbs may be more sensitive than the measures from the central cornea and 

inferior whorl. Regarding the inferior whorl, although it is a more distal area and greater 

differences could potentially be observed due to DSPN being length-dependent, the distance 

from the whorl to the central cornea is only ~2 mm, which may not be sufficient to detect 

differences.58 Moreover, the lower values obtained in this study for all the nerve morphology 

parameters across groups could be explained by the use of automated image analysis that tends 

to underestimate fibre length,59 compared to the manual approach.52,53 
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The most important finding of this study arose from the study of CEMNs across the four 

groups. In contrast to the above-mentioned ICVM parameters, the CEMNs were different 

between people with non-painful and painful DSPN. Regarding the proportion of people with 

abnormal CEMNs in the groups, participants with painful DSPN presented with the highest 

proportion of CEMNs compared to the other groups, which is in line with previous findings in 

people with neuropathic pain in the cornea.25 Regarding the difference in number of CEMNs, a 

higher frequency of CEMNs was observed in people with painful DSPN compared to the rest of 

the groups. In diabetes, CEMNs frequency has been previously correlated with glucose control,22 

but our participants with painful DSPN and non-painful DSPN did not differ in HbA1c. As CEMNs 

are indicative of nerve injury, a larger number of CEMNs could reflect the increasing degree of 

nerve degeneration and regeneration that characterise people with painful DSPN.6,7 The 

presence of pain other than DSPN and other co-morbidities could have increased the number of 

CEMNs as this could be an unspecific finding that requires further investigations. Regarding the 

attributes of CEMNs, categorising CEMNs by its attributes added valuable information. 

Hyperreflective diffuse patterns had been previously considered a normal, physiological finding 

as they reflect nerve penetration sites at the stromal-epithelial level and can appear dysmorphic 

when imaged using IVCM.29 Hyperreflective diffuse patterns were present in all the groups; 

however, there was an overall increase in these CEMNs with poorer disease condition across the 

groups. Axonal swelling and axonal distension were observed only in people with diabetes. 

Specifically, axonal swelling was increased in participants with painful DSPN compared to non-

painful DSPN but not in our sensitivity analysis, which only included pain-free DSPN participants. 

A lack of statistical power could have interfered with our results. Skin biopsy observations in 

people with DSPN6 have shown a progressive epidermal nerve fibre loss that occurred along with 

stimulated dermal nerve repair, particularly, in painful DSPN. The degree of regeneration was 

associated with more advanced intraepidermal nerve fibre loss and peripheral nerve 

dysfunction.6 Thus, the axonal swelling observed in the cornea could be mirroring the nerve 

repair processes observed in the skin. Further studies should explore the potential relationship 

between axonal swelling in the cornea and the skin.  

IVCM offers a non-invasive and rapid evaluation of the pathophysiology behind DSPN. The 

degenerative processes involved were reflected in the detection of fibre loss that occurs globally 

in DSPN. Interestingly, CEMNs presence, frequency and attributes should be explored as 

potential biomarkers for pain in DSPN. Specifically, the presence of axonal swelling may be 

indicative of the regeneration processes in DSPN that have been linked to the presence of pain. 
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Sup. Table 6. Corneal confocal microscopy parameters for the central cornea and inferior 
whorl, and attributes of the corneal epithelial microneuromas (CEMNs).    

Healthy 
participants 

(n=27) 

Diabetes 
no DSPN 
(n=33) 

Non-painful 
DSPN 
(n=25) 

Painful 
DSPN 
(n=18) 

p-value 

Nerve morphology 

Central cornea      

CNFD (no./mm2) 27.5 (6.2) 23.2 (7.3) 17.9 (5.9) 16.7 (7.2) <0.0011-3,1-4,2-3,2-4 

CNBD (no./mm2) 38.0 (14.1) 33.5 (16.0) 22.6 (12.3) 27.0 (22.8) 0.00481-3,2-3 

CNFL (mm/mm2) 16.1 (2.1) 13.9 (3.8) 11.4 (3.2) 11.0 (3.8) <0.0011-3,1-4,2-3,2-4 

CTBD (no./mm2) 56.7 (22.0) 50.3 (22.5) 38.0 (19.7) 36.7 (20.8) 0.00271-3,1-4 

CNFA (mm/mm2) 0.0 (0.0020) 0.0 (0.0018) 0.0 (0.0022) 
0.0 

(0.0014) 0.14 

CNFW (mm/mm2) 0.0 (0.0015) 0.0 (0.0012) 0.0 (0.0018) 
0.0 

(0.0022) 0.49 

CNFractalDimension 1.5 (0.02) 1.5 (0.04) 1.5 (0.05) 1.4 (0.06) <0.0011-3,1-4,2-3,2-4 

Inferior whorl      

IWL (mm/mm2) 14.7 (4.1) 14.4 (4.0) 9.4 (4.4) 10.7 (5.5) <0.0011-3,2-3 

Combination of corneal metrics      

Ratio 
CNFL/CNFractalDimension 10.7 (1.3) 9.4 (2.3) 7.8 (1.9) 7.5 (2.4) <0.0011-3,1-4,2-4 

ANFL (mm/mm2) 15.4 (2.6) 14.1 (3.6) 10.4 (3.1) 10.8 (4.4) <0.0011-3,1-4,2-3,2-4 

TNFL (mm/mm2) 30.9 (5.3) 28.3 (7.2) 20.7 (6.3) 21.7 (8.9) <0.0011-3,1-4,2-3,2-4 

Microneuroma attributes      

Axonal swelling  0 (0%) 3 (11.1%) 7 (28.0%) 13 (72.2%) <0.0011-3,1-4,2-4,3-4 

Axonal distension 0 (0%) 2 (7.4%) 8 (32.0%) 8 (44.4%) <0.0011-3,1-4,2-3,2-4 

Enlarged bulges 1 (3.7%) 2 (7.4%) 1 (4.0%) 5 (27.8%) 0.038 

Hyperreflective diffuse pattern 5 (18.5%) 6 (22.2%) 10 (40.0%) 10 (55.6) 0.016 

Data shown as mean (SD) and analysed by one-way ANCOVAs, with post hoc tests using Bonferroni 
correction (pairwise comparison). Categorical data are reported as frequencies (percentages) with 
�&�]�•�Z���Œ�[�•�����Æ�����š���š���•�š��with pairwise tests of independence. Pairwise differences indicate significant p values 
between group pairs: 1: Healthy participants; 2: diabetes no DSPN; 3: Non-painful DSPN; 4: Painful DSPN. 
DSPN: distal symmetrical polyneuropathy; CNFD: corneal nerve fibre density; CNBD, corneal nerve branch 
density; CNFL, corneal nerve fibre length; CNFA, corneal nerve fibre area; CTBD, corneal fibre total branch 
density; CNFW, corneal nerve fibre width; CNFractalDimension, corneal nerve fractal dimension; IWL, 
inferior whorl length; ANFL, average nerve fibre length of CNFL and IWL; TNFL, total nerve fibre length, 
sum of CNFL and IWL. 
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Sup. Table 7. Overview of medication use in healthy participants, participants with diabetes 
without DSPN, non-painful DSPN and painful DSPN 
      Healthy 

participants 
(N=27) 

Diabetes 
without DSPN 

(N=33) 

Non painful 
DSPN  
(N=11) 

Painful DSPN 
(N=18) 

p-value 
      

Hypolipidaemic medication 2 (7%) 9 (27%) 11 (44%) 10 (56%) 
0.0161-3,1-

4 

Antihypertensive medication 3 (11%) 12 (36%) 15 (60%) 10 (56%) 
<0.0011-

3,1-4 

Glaucoma   0 (0 %) 0 (0 %) 1 (4 %) 0 (0 %) 0.42 

Antiasthmatic medication 0 (0%) 1 (3%) 0 (0%) 3 (17%) 0.023 

Antidepressant medication:     
 

        Tricyclic antidepressants 0 (0%) 0 (0%) 0 (0%) 1 (6%) 0.17 

        SNRI (duloxetine)  0 (0 %) 0 (0 %) 0 (0 %) 2 (11 %) 0.029 

        SSRI (citalopram)  1 (4 %) 1 (3 %) 1 (4 %) 1 (6 %) 1 

        NDRI (methylphenidate) 0 (0 %) 0 (0 %) 1 (4 %) 0 (0 %) 0.42 

Anxiolytic:   
    

 

        Benzodiazepines (diazepam) 0 (0%) 0 (0%) 0 (0%) 0 (0%) - 

Gabapentinoids   
    

 

        Pregabalin  1 (4 %) 2 (6 %) 2 (8 %) 2 (11 %) 0.8 

Non-opioid 
analgesics 

  

    

 

        NSAIDS (ibuprofen) 1 (4 %) 3 (9 %) 2 (8 %) 4 (22 %) 0.27 

Opioid analgesics  
    

 

        Moderate (codeine) 0 (0%) 0 (0%) 0 (0%) 0 (0%) - 

        Antagonists (naloxone) 0 (0 %) 0 (0 %) 0 (0 %) 1 (6 %) 0.17 

 
Data shown as frequencies (percentages). DSPN: distal symmetrical polyneuropathy; SSRI: Selective serotonin 
reuptake inhibitors; SNRI: serotonin-norepinephrine reuptake inhibitors; NRDI: norepinephrine-dopamine reuptake 
inhibitor; NSAIDS: nonsteroidal anti-inflammatory drugs.  
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Sup. Table 8. Sensitivity analysis restricted to pain-free DSPN participants showing corneal 
confocal microscopy parameters for the central cornea and inferior whorl, and attributes of 
the corneal epithelial microneuromas (CEMNs).  
 

  
Control Diabetes 

Pain-free 
 DSPN 

Painful  
DSPN p-value 

(N=27) (N=33) (N=11) (N=18) 

Nerve morphology      
Central cornea      

CNFD (no./mm2) 27.5 (6.2) 23.2 (7.3) 18.3 (6.0) 16.7 (7.2) <0.0011-3,1-4,2-4 
CNBD (no./mm2) 38.0 (14.1) 33.5 (16.0) 20.6 (9.8) 27.0 (22.8) 0.0181-3 
CNFL (mm/mm2) 16.1 (2.1) 13.9 (3.8) 11.1 (3.1) 11.0 (3.8) <0.0011-3,1-4,2-4 
CTBD (no./mm2) 56.7 (22.0) 50.3 (22.5) 34.2 (13.0) 36.7 (20.8) 0.0031-3,1-4 
CNFA (mm/mm2) 0.0 (0.002) 0.0 (0.002) 0.005 (0.001) 0.005 (0.001) 0.052 
CNFW (mm/mm2) 0.0 (0.002) 0.0 (0.001) 0.02 (0.001) 0.02 (0.002) 0.55 
CNFractalDimension 1.5 (0.02) 1.5 (0.05) 1.4 (0.04) 1.4 (0.06) <0.0011-3,1-4,2-4 

Inferior whorl      
IWL (mm/mm2) 14.7 (4.1) 14.4 (4.0) 9.1 (3.3) 10.7 (5.5) 0.0021-3,2-3 

Combination of corneal metrics      
Ratio CNFL/CNFractalDimension 10.7 (1.3) 9.4 (2.3) 7.6 (1.9) 7.5 (2.4) <0.0011-3,1-4,2-4 
ANFL (mm/mm2) 15.4 (2.6) 14.1 (3.6) 10.4 (3.3) 10.8 (4.4) <0.0011-3,1-4,2-3,2-4 
TNFL (mm/mm2) 30.9 (5.3) 28.3 (7.2) 19.4 (6.0) 21.7 (8.9) <0.0011-3,1-4,2-3,2-4 

Microneuroma attributes      
Axonal swelling  0 (0%) 3 (11.1%) 3 (27 %) 13 (72 %) <0.0011-4,2-4 
Axonal distension 0 (0%) 2 (7.4%) 4 (36 %) 8 (44 %) <0.0011-3,1-4,2-4 
Enlarged bulges 1 (3.7%) 2 (7.4%) 0 (0 %) 5 (28 %) 0.039 
Hyperreflective diffuse pattern 5 (18.5%) 6 (22.2%) 5 (45 %) 10 (56 %) 0.014 

Data shown as mean (SD) and analysed by one-way ANCOVAs, with post hoc tests using Bonferroni 
correction (pairwise comparison). Categorical data are reported as frequencies (percentages) with 
�&�]�•�Z���Œ�[�•�����Æ�����š���š���•�š��with pairwise tests of independence. Pairwise differences indicate significant p values 
between group pairs: 1: Healthy participants; 2: diabetes no DSPN; 3: Non-painful DSPN; 4: Painful DSPN. 
DSPN: distal symmetrical polyneuropathy; CNFD: corneal nerve fibre density; CNBD, corneal nerve branch 
density; CNFL, corneal nerve fibre length; CNFA, corneal nerve fibre area; CTBD, corneal fibre total branch 
density; CNFW, corneal nerve fibre width; CNFractalDimension, corneal nerve fractal dimension; IWL, 
inferior whorl length; ANFL, average nerve fibre length of CNFL and IWL; TNFL, total nerve fibre length, 
sum of CNFL and IWL 
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Sup. Figure 6. CEMNs for the different groups. 
Panel A illustrates the proportion of people with (colour bars) and without (grey bars) CEMNs. Panel B 
shows the frequency for the number of CEMNs. Panel C demonstrates the frequency of the different 
attributes of the CEMNs. Axonal swelling, axonal distention, enlarged bulges and hyperreflective diffuse 
pattern are considered. CEMNs: corneal epithelial microneuromas; DSPN: distal symmetrical 
polyneuropathy.  
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Introduction 

This chapter first summarises and highlights the major scientific contributions that stem 

from the work presented in this thesis. The summary is followed by a discussion on how the 

present work may help improve the clinical management of people with diabetes. Finally, 

general implications and future directions are considered. 

 

Thesis summary 

The overarching aim of this thesis was to comprehensively assess the function, structure 

and mechanical properties of the nerves that supply the hands in people with diabetes with and 

without DSPN. To this end, the thesis comprised of five studies. The first study (Chapter 3) 

documented the pattern of small and large diameter nerve fibre dysfunction in the hands in 

people with DSPN HANDS & FEET. It also highlighted the presence of a loss of somatosensory function 

in the hands of people with diabetes without DSPN and people with DSPN FEET ONLY. The second 

study (Chapter 4) revealed changes in the microstructural architecture of the median and ulnar 

nerves in people with DSPN HANDS & FEET and DSPN FEET ONLY. The third study (Chapter 5) showed that 

the mechanical properties of the sural, tibial and median nerve were altered in people with 

DSPN HANDS & FEET, and that early changes could be observed in the sural nerve of people with 

DSPN FEET ONLY. The literature review (Chapter 6 & Chapter 7) summarised the evidence on pain 

detection thresholds indicating a progressive loss of function across people with diabetes that 

was worst in people with painful DSPN. The fifth study (Chapter 8) identified no differences in 

the morphology of the corneal nerves between people with painful and non-painful DSPN, but 

corneal epithelial microneuromas were more frequent in people with painful DSPN. 

Chapter 3 to Chapter 5 focused on differences in nerve function and structure according 

to the location of symptoms in people with DSPN. Chapter 3 investigated the somatosensory 

function in the hands of people with DSPN in hands and explored early signs of DSPN in people 

with diabetes without symptoms of DSPN in hands. We assessed four different cohorts: 35 

participants with diabetes without DSPN, 31 participants with DSPN FEET ONLY, 28 participants with 

DSPN HANDS & FEET and 31 healthy participants. The clinical presentation of DSPN was confirmed 

with abnormal electrodiagnostic findings (reduced fibular nerve conduction velocity) and/or 

abnormal in vivo corneal confocal microscopy (IVCM) (reduced corneal nerve fibre length). The 

full battery of Quantitative Sensory Testing (QST) was performed on the dominant hand, 

including cold detection threshold, warm detection threshold, thermal sensory limen, 
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paradoxical heat sensations, cold pain threshold, heat pain threshold, mechanical detection 

threshold, mechanical pain sensitivity, dynamic mechanical allodynia, vibration detection 

threshold, and pressure pain threshold. Results of this study showed that the somatosensory 

profile of the hand in people with DSPN HANDS & FEET was characterised by widespread loss of 

thermal and mechanical detection, reflecting small and large diameter nerve fibre dysfunction. 

Gain of nerve fibre function was restricted to increased pain sensation to some mechanical but 

not thermal stimuli. Interestingly, people with DSPN FEET ONLY and, to a lesser extent people with 

diabetes without DSPN, already presented clear signs of somatosensory dysfunction in their 

hands following a similar pattern as people with DSPN HANDS & FEET. The hand somatosensory 

dysfunction in people with DSPN FEET ONLY and people with diabetes without DSPN was more 

prominent when only considering abnormal findings. Although we are limited to draw 

conclusions on the progression of DSPN due to the cross-sectional study design, the progressive 

nature of diabetes suggests that a proportion of people with diabetes who do not yet have DSPN 

symptoms in their hands already have signs of nerve dysfunction in their hands and may be on 

a trajectory to develop DSPN in their hands. 

In Chapter 4, we studied the microstructural architecture of the median and ulnar nerves 

in people with diabetes with and without DSPN in hands. This MRI study used common analysis 

modelling methods in diffusion-weighted imaging (DWI) i.e., the tensor model, and explored 

more advanced analyses not yet applied previously to peripheral nerves i.e., the non-tensor 

model. Briefly, diffusion tensor imaging (DTI) relies on the concept that water molecules diffuse 

differently along the tissues depending on the integrity and architecture of the structures, 

providing information about the underlying structure orientation.1 However, DTI is insensitive 

to the complex nerve fibre architecture (i.e., crossing nerve fibres) which occurs in the vast 

majority of voxels in the brain. The non-tensor derived model (i.e., Constrained Spherical 

Deconvolution (CSD)) can overcome this. In CSD modelling, the DWI signal is expressed as an 

estimate of the fibre orientation distribution, which contains information on the orientation and 

contributions of various fibre populations.2 Due to the costs of MRI scanning, a subset of people 

was assessed. This study involved 13 healthy participants, 14 participants with diabetes without 

DSPN, 14 participants with DSPN FEET ONLY, and 9 participants with DSPN HANDS & FEET. As in Chapter 

4, the diagnosis of DSPN was based on clinical presentation of symptoms plus an abnormal 

electrodiagnostic study and/or abnormal IVCM. Anatomical MRI scans and DWI from the right 

elbow and wrist were collected. Using the tensor model analysis, no microstructural changes 

were detected in people with DSPN HANDS & FEET in the median or ulnar nerve. Surprisingly, the 

microstructure of the median and ulnar nerves showed early signs of deterioration in people 

with DSPN FEET ONLY. These signs followed a length-dependent pattern (i.e., nerves at the wrist 

more affected than at the elbow) in the median nerve in people with DSPN HANDS & FEET and already 
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in DSPN FEET ONLY. The non-tensor metrics revealed a reduced dispersion of the median nerve at 

the wrist compared to the elbow in people diabetes without DSPN, people with DSPN FEET ONLY 

and people with DSPN HANDS & FEET. The findings of this study suggested that early signs of nerve 

degeneration were present in people with DSPN FEET ONLY and that the distal-to-proximal pattern 

that characterised DSPN in the lower limbs could also be observed in the upper limbs. Moreover, 

tensor and non-tensor derived metrics can open a new possibility to explore nerve 

microstructural changes in peripheral nerves in vivo in people with diabetes. 

Chapter 5 explored the mechanical properties and morphology of lower and upper limb 

nerves in people with diabetes with and without DSPN. This shear-wave elastography study 

included 27 healthy participants, 10 people with diabetes without DSPN, 19 people with 

DSPN FEET ONLY, and 21 participants with DSPN HANDS & FEET. The diagnosis of DSPN followed similar 

criteria as in Chapter 4 & Chapter 5. Sural, tibial and median nerve shear-wave velocities were 

explored in this population in a relaxed and tensioned position for the nerves. Nerve morphology 

was assessed via nerve cross-sectional areas. Shear-wave velocities, a measure of nerve 

stiffness, was increased when the nerve was placed under tension compared to a relaxed 

position across all groups. In the median nerve, the difference between relaxed and tension 

shear-wave velocities was reduced with the increasing severity of the clinical presentation (i.e., 

highest shear-wave velocity differences in healthy participants and lowest in DSPN HANDS & FEET). 

The sural nerve was stiffer in people with DSPN HANDS & FEET and people with DSPN FEET ONLY, whereas 

the tibial nerve was only stiffer in people with DSPN HANDS & FEET. No differences were observed 

between groups in the median nerve stiffness. Cross-sectional areas were not different between 

the nerves in any group comparison. The findings of this study support the progression of DSPN 

where sensory nerves (i.e., sural) are affected first, followed by mixed nerves (i.e., tibial nerve). 

Controlling the position of the nerve is essential while assessing the mechanical properties using 

shear-wave elastography. We concluded that the assessment of shear-wave elastography in 

addition to cross-sectional area could help in the understanding of the underlying structural 

changes that occur in people with DSPN. 

Chapter 7, Chapter 8 and Chapter 9 focused on the differences in nerve function and 

structure regarding the presence of painful DSPN. In Chapter 6 & Chapter 7, we summarised the 

differences in painful detection thresholds and pain modulation mechanisms in people with 

diabetes. This systematic review and meta-analysis included 18 studies and pooled 2,422 

participants, including people with diabetes without DSPN, with non-painful DSPN, with painful 

DSPN and healthy individuals. Loss of function in heat pain threshold was greatest in the 

comparison between people with painful and non-painful DSPN, followed by the comparison 

between non-painful DSPN and people with diabetes without DSPN. Detection of painful 

electrical stimuli was reduced in people with non-painful DSPN compared to people with 
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diabetes without DSPN. Interestingly, people with diabetes without DSPN already showed loss 

of nerve function for heat, cold and electrical pain thresholds. Pain modulation findings could 

not be pooled due to limited evidence (two papers only). Pain modulation mechanisms may 

become more efficient with longer duration of painful DSPN (>2 years), showing a stronger 

conditioned pain modulation effect and less pronounced temporal summation compared to 

shorter duration of painful DSPN (�G�î�� �Ç�����Œ�•�•. The findings of this review indicate that small 

diameter nerve fibre function deteriorates progressively in patients with diabetes, being worst 

in people with painful DSPN. However, pain modulation mechanisms may improve with the 

increasing duration of painful DSPN. 

In Chapter 8, we compared the corneal nerve morphology in the central cornea and the 

inferior whorl, and explored the presence and attributes of CEMNs in people with and without 

painful DSPN. This IVCM study included 27 healthy participants, 33 people with diabetes without 

DSPN, 25 people with non-painful DSPN and 18 people with painful DSPN. The diagnosis of DSPN 

was based on clinical presentation of symptoms and an abnormal electrodiagnostic test 

(reduced fibular nerve conduction). Painful DSPN was considered if the average pain intensity in 

the previous week was at least 4/10 on an 11-point Numerical Rating Scale. There was a 

significant corneal nerve loss at the central cornea and the inferior whorl between people with 

non-painful DSPN and people with painful DSPN compared to people with diabetes without 

DSPN and healthy controls. No differences were observed between people with diabetes 

without DSPN and healthy controls. Although corneal parameters could not differentiate people 

with painful from non-painful DSPN, CEMNs were more frequent and more present in painful 

compared to non-painful DSPN. In fact, all participants with painful DSPN presented CEMNs. 

When evaluating the attributes of CEMNs, we observed that hyperreflective diffuse patterns 

could be a physiological finding as they were present in healthy individuals. However, axonal 

swelling and axonal distension were characteristic features in people with diabetes. Axonal 

swelling could discriminate between painful and non-painful DSPN. The findings of this study 

suggest that the traditional corneal confocal microscopy parameters may be limited in the 

detection of early signs of DSPN in people with diabetes and that the assessment of CEMNs could 

be superior. Specially, the categorisation of CEMNs attributes could be a potential biomarker of 

painful DSPN. 

  

General implications 

There is no gold standard for the diagnosis of DSPN.3 A presentation of symmetrical 

sensory loss or signs of neuropathy without symptoms is highly suggestive of DSPN. The 
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assessment of early signs of DSPN in people with diabetes is routinely explored in the clinic to 

identify loss of protective sensation that precedes neuropathy (e.g., 128-Hz tuning fork or 10-g 

monofilament).4 However, this nerve functional assessment is typically restricted to the feet.5 

The presence of DSPN in feet in people with diabetes has an enormous impact on the quality of 

life, sleep and productivity. 6 Despite knowing that DSPN progresses in a length-dependent 

manner, involving lower limbs first and later hands,3 there is limited research on the impact of 

DSPN in hands in people with diabetes.7�t10 The consequences of DSPN in hands may not be as 

troublesome as for the feet (i.e., 5-year mortality rates after foot ulceration are around 40%).11,12 

However, the reduction in dexterity in people with diabetes as a consequence of DSPN in hands 

has a significant impact on their quality of life and ironically, in self-monitoring their levels of 

glycaemia.10,13 This may result in a vicious circle where glycaemia levels need to be daily checked, 

but a reduction in dexterity will complicate the task and thus may result in fewer checks and 

poorer control. As the prevalence of diabetes and its complications continue to rise along with 

an increase in life expectancy,14 the presence of DSPN in hands is anticipated to become far 

more common in the future.  

Nerve function associated with DSPN has been long assessed using electrodiagnosis15,16 

and more recently, QST.17,18 Whereas electrodiagnosis explores large-diameter nerve fibres (i.e., 

���r��and ���t), QST permits the assessment of both large and small-diameter nerve fibres (i.e., ���w 

and C, see Introduction Table 1). Our results from QST and electrodiagnosis suggested that 

nerves in the hands were affected before any symptoms of DSPN were present. This included 

changes in small and large-diameter nerve fibres towards a loss of nerve function, manifested 

as widespread loss of thermal and mechanical detection and a reduction in nerve conduction 

velocities. This subclinical signs of DSPN in hands matches the silent nature of nerve damage in 

DSPN,19�t21 where signs of DSPN are already present before symptoms occur not only in lower 

limbs19,22 but, as per our results, also in upper limbs. The more severe sensory loss in people with 

DSPN HANDS & FEET could be explained by poorer control of HbA1C levels in this group of 

predominantly type 2 diabetes. It has been established that poorer diabetic control is a strong 

predictor for the development of DSPN that contributes to the hyperglycaemic induced nerve 

damage.22,23 

Chronic hyperglycemia triggers oxidative stress and inflammation that leads to cellular 

dysfunction.3 This degenerative process along with an inefficient regeneration24 and a 

microcirculatory dysfunction ultimately alters the structural and histological intraneural 

environment of peripheral nerves.24 Nerve structure has been traditionally explored using 

histological techniques, such as nerve biopsy25�t27 or minimally invasive skin biopsy.28�t30 Skin 

biopsies explore unmyelinated C-fibres by quantifying intraepidermal nerve fibre densities,31 

nerve fibre length density (using stereology),31 sweat gland innervation32,33 or axonal swellings.34 
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These techniques can only be deployed on a small volume of tissue that needs to be chemically 

prepared, which sometimes limited comparability between laboratories.35 Moreover, 

longitudinal measurements of the same sample are not easy.36 Although techniques have been 

considered safe, mild infections can occur.35 To avoid complications with wound healing in 

people with diabetes, The DIANE Project focused on the assessment of nerve structure with non-

invasive and novel imaging techniques: DWI,37 shear-wave elastography38 and IVCM.39 These 

imaging techniques permit the assessment of larger samples of neural tissue in vivo that can be 

easily followed up in longitudinal assessments.  

DWI provides valuable information about the microstructure of the nerves by capturing 

the diffusion of water molecules in the tissue that cannot otherwise be obtained in vivo.40,41 The 

integrity of the cellular membranes and other features of the nerve architecture directly affects 

the motion of the water molecules. The diffusion-weighted signal that contains information on 

the specific features of tissue microstructure has been traditionally decoded using the tensor 

model.42 We have explored tensor-derived metrics in the median and ulnar nerves in people 

with diabetes, with and without DSPN in their hands. No microstructural changes were found in 

people with DSPN HANDS & FEET compared to the other groups. We suspect that the initial 

degeneration and regeneration of C fibres resulting in symptoms may still be ongoing in people 

with DSPN HANDS & FEET. Microstructural abnormalities were present in the median and ulnar 

nerves in people with DSPN FEET ONLY. This suggests that the structural changes in DSPN may be 

present even before symptoms arise, as previously shown.27,43 The microstructure abnormalities 

observed followed a length-dependent pattern (i.e., nerves at the wrist more affected than at 

the elbow) in the median nerve in people with DSPN HANDS & FEET and in people with DSPN FEET ONLY. 

This is in line with previous findings in the lower limb in people with DSPN, where abnormalities 

were more prominent in more severe groups and located both proximally (sciatic nerve) and 

distally (tibial nerve).44,45 The changes detected by DWI are likely dependent on the structural 

changes present in DSPN. Previous authors have linked these findings to the Wallerian 

degeneration or axonal loss in DSPN.45 However, differences in tensor-derived metrics should 

be interpreted with caution. The tensor model is independent of the underlying tissue in which 

diffusion is occuring.46 Thus, changes in tensor-derived metrics can arise from multiple 

mechanisms, including changes in cell morphology and packing density, along with alterations 

in fibre orientation or partial volume effect (more than one tissue type contained within a voxel). 

Even though the tensor model has been developed about 20 years ago and more advanced 

methods have been developed for the central nervous system,46 DWI of peripheral nerves has 

only used the tensor model. This may have important limitations because the size of the voxel 

that allows for a decent signal-to-noise ratio is relatively large compared to size of a peripheral 

nerve.47 For this reason, we decided to also implement a non-tensor model approach that allows 
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�(�}�Œ�����]�(�(���Œ���v�š���Z�š�]�•�•�µ�������}�u�‰���Œ�š�u���v�š�•�[���š�} be characterised individually within a voxel, solving the 

partial volume effect issue.40 

The non-tensor model technique used in this study allowed for the quantification of 

specific microstructural features directly �Œ���o���š������ �š�}���š�Z���� �v���Œ�À���[�•�� �u�}�Œ�‰�Z�}�o�}�P�Ç�X48 Specifically, we 

explored the amount of dispersion and complexity in the nerve fibres as an initial approach. High 

dispersion is indicative of disorganisation, whereas high complexity indicates a crossing fibre 

configuration.49 In our study, complexity was increased in people with diabetes without DSPN 

for the median nerve, and in people with DSPN FEET ONLY for the median and ulnar nerve. 

Moreover, the median nerve showed larger dispersion in people with DSPN FEET ONLY. In DSPN, C 

fibres degenerate and regenerate without evidence of axonal atrophy whereas demyelination 

occurs first in the absence of morphologically apparent axonal damage.27 These findings suggest 

that a more disorganised axonal structure that could explain the degeneration and regeneration 

process in DSPN27,50 is present in the upper limb nerves of people with DSPN. Moreover, this 

seemed to be already present in people with diabetes without DSPN. We can only speculate that 

the absence of differences in dispersion and complexity in people with DSPN HANDS & FEET could be 

related to more advanced stages of DSPN were degeneration is more prominent.50 

Why the regenerative response is initially intense yet ultimately fails is unknown.51 For a 

successful regeneration, the composition of the extracellular matrix, which functions as a 

support structure, is essential as proliferating Schwann cells must interact with it.52�t54 Exposure 

to hyperglycaemia produces significant remodelling of the extracellular matrix with increased 

levels of tenascin, collagen V and collagen VI.55 These changes will modify the mechanical 

properties of the extracellular matrix in peripheral nerves.56 A non-invasive method to assess 

the mechanical properties of the peripheral nerves is ultrasound shear-wave elastography 

imaging, which provides a quantitative surrogate measure of tissue stiffness and passive tension 

through the assessment of shear-wave velocities.57 Based on this, we assessed the mechanical 

properties of the tibial, sural and median nerve in people with and without DSPN. We found that 

shear-wave velocity in the nerves is highly dependent on the wrist (median nerve) and ankle 

position (tibial and sural nerves). Standardising patient positions is crucial for an accurate shear-

wave elastography assessment of the peripheral nervous system. Although no differences were 

observed in shear-wave velocities for the median nerve, there was a trend towards a stiffer 

median nerve in people with DSPN HANDS & FEET and people with DSPN FEET ONLY that could reflect the 

progressive degeneration in DSPN. Moreover, our findings indicated that sural and tibial nerve 

shear-wave velocity was increased in people with DSPN HANDS & FEET and in people with 

DSPN FEET ONLY and only tibial nerve shear-wave velocity was increased in people with 

DSPN HANDS & FEET. This reflects that DSPN affects sensory nerves (i.e, sural nerve) before mixed 

nerves (i.e., tibial nerve), as previously reported.27,50 Unmyelinated sensory neurons may be 
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more vulnerable to altered homeostasis because conduction of unmyelinated axons requires 

higher energy demands that cannot be met in the presence of diabetes.50  

Even though DSPN is characterised by a loss of sensory function, up to 50% of people with 

DSPN may paradoxically present with neuropathic pain.3,58,59 The pathogenesis of pain in DSPN 

is unclear and involves peripheral (e.g., neuron hyperexcitability60 and ion channel dysfunction)61 

and central (e.g., microglia involvement62 and spinal facilitation)63 mechanisms along with 

genetic and psychological factors.64 The earliest changes of DSPN involve the degeneration and 

regeneration of unmyelinated C fibres which play a role in pain (nociception), allodynia, and 

hyperaesthesia. None of the non-invasive methods to evaluate nerve structure are able to 

differentiate between myelinated and unmyelinated nerve fibres as they assess at tissue level. 

However, ICVM is able to explore nerve structure at a cellular level and specifically assess 

unmyelinated C-fibres since this is the predominant population of nerve fibres present in the 

cornea.39,65 The sub-basal nerve plexus in the cornea presents a rich innervation of unmyelinated 

fibres that are prone to degeneration when homeostasis is altered.39 Previous studies using 

ICVM  explored nerve morphology differences between painful and non-painful DSPN, without 

conclusive evidence.66�t68 Some studies67,69 have shown progressively greater nerve fibre damage 

when moving from the central cornea to the more distal inferior whorl in people with painful 

compared to non-painful DSPN, and in people with diabetes compared to healthy controls. Our 

findings did not show any differences in corneal nerve morphology between healthy controls 

and people with diabetes without DSPN; and between people with non-painful DSPN and painful 

DSPN. The lack of differences may be due to different neuropathy classification procedure or 

IVCM protocol between studies. Moreover, it has been suggested that in patients with 

moderate-to-severe neuropathic pain, the role of structural abnormalities is less certain and 

crucial for the genesis of pain.70 In the corneal nerve assessment, some authors have indicated 

that corneal endothelial microneuromas (CEMNs) could be potential biomarkers of pain (e.g., 

neuropathic corneal pain).71,72 CEMNs represent stumps of severed nerves identified as abrupt 

endings or swellings of injured nerve fibres or endings that may present with neurite sprouting 

on confocal microscopy images.73,74 They are common in processes of abnormal nerve 

regeneration,73,75 which occur in diabetes and DSPN.3,76 Our findings suggest that the presence, 

frequency and attributes of CEMNs may help differentiate between painful and non-painful 

DSPN. This is in line with previous studies in neuropathic corneal pain were CEMNs were 

increased compared to healthy controls.72,77 
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Clinical implications 

Our findings suggest that routine assessment of nerves in the hands should be performed 

as changes in nerve function and structure occur early in people with diabetes and impact 

significantly on their quality of life. We observed a loss of nerve function and structure 

deterioration in this population at different levels (i.e., corneal nerves, peripheral nerves in the 

upper and lower limbs) and with different methods (i.e., QST, IVCM, shear-wave elastography 

and DWI). The strength of the classification method used in our studies (i.e., confirmation of 

DSPN with Class I evidence)78 and the consistency of our findings across vastly different 

evaluation methods looking at morphology and function, and across different nerves, provides 

strong support for our findings. Our findings highlight the need for an increased awareness in 

clinical practice and among patients with diabetes and their relatives for the assessment and 

prevention of nerve fibre dysfunction in hands.  

Limitations  

Our studies had several limitations and these should be considered when interpreting our 

findings and for future studies.  

Type 1 and type 2 diabetes have different pathophysiological mechanisms.50 Throughout 

the studies in this thesis, these two populations were combined. Future studies should 

differentiate between type 1 and type 2 diabetes to be able to answer whether changes in 

structure and function are different depending on diabetes type. Moreover, the sample size for 

these studies was relatively small and participants from the same pool were used throughout 

the different studies. Another important limitation is the combination of people with painful and 

non-painful DSPN in the groups of participants with DSPN HANDS & FEET and DSPN FEET ONLY. People in 

DSPN HANDS & FEET reported more intense pain than people with DSPN FEET ONLY, which may 

contribute to some of the differences that we observed between the groups. The reason for the 

combination of groups was the finite time available in a PhD program to perform these studies 

and difficulties of recruitment participants throughout the pandemic.  

IVCM and the quantification of CEMNs may shed light on the distinction between painful 

and non-painful DSPN. The analysis of CEMNs was performed qualitatively. Currently we have 

no indication about the reliability of this classification system. Randomisation of the selected 

samples and a more objective assessment of the CEMNs features could be implemented with 

artificial intelligence to allow for a (semi)automatic and more objective categorisation of CEMNs. 

Finally, the design of the studies was cross-sectional in nature. Without longitudinal 

follow-up we were unable to make strong statements about DSPN progression despite the fact 
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that the cross-sectional data and the existing literature suggest such progression. We believe 

our cross-sectional findings comparing different groups provides sufficient justification to 

conduct these longitudinal studies using the same comprehensive assessment methods. These 

future studies will enable us to better understand changes in function and structure in people 

with DSPN over time.  

 

Future directions 

Several ideas and directions for future research stemmed from the development of this 

thesis and the limitations associated with each study. 

Novel techniques of assessment of DSPN have been proposed in this thesis, such as DWI 

using non-tensor metrics. However, technological limitations do not allow to quantify voxel sizes 

smaller than 2x2x2 mm, limiting the precision of the analysis. Image acquisition techniques need 

to be developed further with higher spatial resolution to permit the proper analysis of the 

microstructure in small peripheral nerves.79 Moreover, the comparison of metrics between 

populations could not be performed in this thesis. The limited time to develop pipelines to 

accurately register (overlap) diffusion data between participants restricted the possibility to 

quantify whether DSPN is characterised by a reduction in axonal density, reduced fibre cross-

section, or both.80 This could help unravelling our findings in shear-wave velocity, where cross-

sectional areas were not different but changes in the mechanical properties were present. In 

fact, we postulate the increase in shear-wave velocities without an increase in cross-sectional 

areas could be due to changes in the epineurium (i.e., increased thickness). Additional studies 

comparing findings in shear-wave elastography, where epineurium and perineurium thickness 

is analysed separately and DWI could improve the understanding of the structural changes that 

occur in peripheral nerves during DSPN. 

Non-invasive assessment of the magnitude of neural structural changes present in DSPN 

could be performed in the future by applying tractography methods to DWI. Tractography is 

characterised by a representation of streamlines along the length of the nerves according to 

determined criteria, such as setting a minimum FA value or turning angle of diffusion vectors.81 

Attempts to perform this analysis in this thesis were initiated and were successful, but were not 

further pursued considering the limited timeframe available. Moreover, no consensus is 

available on which criteria should be use to depict tractography in peripheral nerves. Future 

studies should test the feasibility of this approach across populations, especially with non-tensor 

metrics to describe non-deterministic tractography.  
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Future work should focus on the longitudinal assessment of nerve function and structure 

of the nerves in the hands. The studies included in this thesis belong to a larger project, The 

DIANE Project on diabetic neuropathies. This project aims to assess comprehensively the 

structure, function and mechanical properties of peripheral nerves in people with diabetes. 

DSPN is length-dependent and longitudinal studies that try to understand the changes in 

function and structure are scarce.43,59 Recent studies have suggested that the study of corneal 

nerve structure and CEMNS could be useful for monitoring changes in corneal nerves over time, 

as shown in type 1 diabetes.82 A complete mapping of the cornea at different levels (including 

stroma) will help clarifying whether CEMNs evolve throughout the duration or worsening of 

symptoms in DSPN. This could be essential to determine the usefulness of CEMNs as biomarkers 

for painful DSPN. A longitudinal tracking of peripheral nerve structure and function could 

provide valuable insight and help improve the management of DSPN with more targeted actions, 

such as addressing modifiable risk factors of DSPN 43 to evaluate its direct effect on peripheral 

nerves.  

The large variety of methods used to diagnose DSPN in this thesis could be combined 

together to have a bigger picture on the changes in function and structure that occur in diabetes 

and DSPN. Correlation analysis could be performed to identify whether changes in function and 

structure are related with the different assessment methods. More interestingly, performing 

this type of analysis would be more valuable if a longitudinal study is carried out. This could 

identify which changes occur first (structural or functional) and which methods are best to 

detect early changes. Such a study will help clinicians and people with diabetes to better 

understand the effect and impact of DSPN in hands.  

Conclusions 

People with DSPN HANDS & FEET presented with the most severe deterioration in function, 

structure and mechanical properties of the nerves that supply the hands, impacting more 

severely on their quality of life. The predominant loss of somatosensory nerve function assessed 

with QST was consistent with changes observed in the nerve microstructural architecture under 

DWI, and changes in the mechanical properties using shear-wave elastography. Early signs of 

DSPN were already detected in the hands of people with DSPN FEET ONLY and people with diabetes 

without DSPN, who did not experience any symptoms in their hands. These initial changes in 

function, microstructural and mechanical properties in people with DSPN FEET ONLY and people 

with diabetes without DSPN, had a similar pattern as in people with DSPN HANDS & FEET. Regardless 

of the location of symptoms, people who present with non-painful and with painful DSPN had a 

reduction in pain detection thresholds and loss of corneal nerve fibres. Interestingly, the 
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presence, frequency and characteristics of corneal epithelial microneuromas could be a 

distinctive feature in people with painful DSPN. Providing insight in the deterioration of function 

and structure of the nerves that supply the hands in people with diabetes is the first essential 

step to increase awareness among patients and clinicians about possible nerve dysfunction in 

hands. We probably need action from clinicians, people with diabetes and metabolic syndrome, 

health and lifestyle advocates, policy makers, and probably everybody to avoid that DSPN in 

hands becomes an endemic complication that can be avoided. 
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