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Abstract

Introduction/Aims: Corneal confocal microscopy (CCM) detects small nerve fiber loss

and correlates with skin biopsy findings in diabetic neuropathy. In chronic idiopathic

axonal polyneuropathy (CIAP) this correlation is unknown. Therefore, we compared

CCM and skin biopsy in patients with CIAP to healthy controls, patients with painful

diabetic neuropathy (PDN) and diabetics without overt neuropathy (DM).

Methods: Participants with CIAP and suspected small fiber neuropathy (n = 15),

PDN (n = 16), DM (n = 15), and healthy controls (n = 16) underwent skin biopsy and

CCM testing. Inter-center intraclass correlation coefficients (ICC) were calculated for

CCM parameters.

Abbreviations: BMI, body mass index; CCM, corneal confocal microscopy; CHDR, Centre for Human Drug Research; CIAP, chronic idiopathic axonal polyneuropathy; CNBD, corneal nerve

branch density; CNFD, corneal nerve fiber density; CNFL, corneal nerve fiber length; COMPASS, Composite Autonomic Symptom Score; DM, diabetic patients without overt neuropathy; ICC,

intraclass correlation coefficient; IENFD, intraepidermal nerve fiber density; Mean ± SD, mean with standard deviation; Median [IQR], median and interquartile range; MNSI, Michigan

Neuropathy Screening Instrument; NA, not applicable; NIS-LL, Neuropathy Impairment Score-Lower Limbs; NRS, numerical rating score; PDN, painful diabetic neuropathy; rs, Spearman rank

correlation coefficient; SFN, small fiber neuropathy; VUmc, VU University Medical Center (now Amsterdam UMC, location VUmc).
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Results: Compared with healthy controls, patients with CIAP and PDN had signifi-

cantly fewer nerve fibers in the skin (IENFD: 5.7 ± 2.3, 3.0 ± 1.8, 3.9 ± 1.5 fibers/mm,

all p < .05). Corneal nerve parameters in CIAP (fiber density 23.8 ± 4.9 no./mm2,

branch density 16.0 ± 8.8 no./mm2, fiber length 13.1 ± 2.6 mm/mm2) were not dif-

ferent from healthy controls (24.0 ± 6.8 no./mm2, 22.1 ± 9.7 no./mm2, 13.5

± 3.5 mm/mm2, all p > .05). In patients with PDN, corneal nerve fiber density (17.8

± 5.7 no./mm2) and fiber length (10.5 ± 2.7 mm/mm2) were reduced compared with

healthy controls (p < .05). CCM results did not correlate with IENFD in CIAP patients.

Inter-center ICC was 0.77 for fiber density and 0.87 for fiber length.

Discussion: In contrast to patients with PDN, corneal nerve parameters were not

decreased in patients with CIAP and small nerve fiber damage. Therefore, CCM is not

a good biomarker for small nerve fiber loss in CIAP patients.

K E YWORD S

chronic idiopathic axonal polyneuropathy, corneal confocal microscopy, diabetic neuropathy,
intra epidermal nerve fiber density, pain

1 | INTRODUCTION

Chronic idiopathic axonal polyneuropathy (CIAP) ranks as the second

most prevalent polyneuropathy following diabetic neuropathy.1 While

primarily impacting large nerve fibers, a substantial number of CIAP

patients also exhibit symptoms of small nerve fiber involvement.2

Neuropathic pain is experienced by up to 68% of CIAP patients,3

which is likely associated with degeneration or dysfunction of small

nerve fibers. Notably, reduced nerve fiber counts have been observed

in skin biopsies of CIAP patients.4 Although skin biopsy serves as the

current gold standard for small nerve fiber assessments,5 its invasive-

ness and labor-intensive nature call for a noninvasive, rapid, and read-

ily available alternative. One such alternative is corneal confocal

microscopy (CCM).6

CCM is a noninvasive technique employed for detecting small

nerve fiber loss in peripheral neuropathy. Automated analysis soft-

ware facilitates repeated assessments with same-day results, making

CCM an appealing test for patients and physicians alike. Normative

reference values have been established, allowing for a standardized

cut-off point for small fiber neuropathy (SFN).7 Prior research has

demonstrated high reproducibility, sensitivity, and specificity in diag-

nosing early nerve fiber damage in diabetic neuropathy8–10 and vari-

ous other neuropathies.11–14 In addition, Quattrini et al.15 found CCM

parameters correlate with skin biopsy results. However, no informa-

tion currently exists on CCM in CIAP patients. We hypothesize that,

in line with other neuropathies, CCM parameters will be decreased in

CIAP patients. Should CCM results in CIAP correlate with skin biopsy

results, it could prove valuable for longitudinal follow-up of CIAP

patients with small nerve fiber involvement and for evaluating the

impact of future therapies aimed at enhancing nerve regrowth.

This study's aim was to assess CCM and skin biopsies in patients

with CIAP and compare the results with those of healthy controls. In

addition, we included patients with painful diabetic neuropathy (PDN)

and diabetic patients without neuropathy (DM) for a comprehensive

comparison. We chose a cohort of CIAP patients because it is a com-

mon polyneuropathy and also shares similarities with diabetic poly-

neuropathy. The selection of CIAP and diabetic neuropathy patients

with pain was to maximize the likelihood of small fiber involvement.

Furthermore, we explored the inter- and intra-center reproducibility

of CCM to assess its reliability for clinical use.

2 | METHODS

This study was approved by the Ethics Committee of the Leiden Uni-

versity Medical Center, Leiden, the Netherlands (NL46921.058.13)

and was conducted in accordance with the Declaration of Helsinki.

We obtained written informed consent from all participants before

enrolment in the study. The study was conducted at the Centre for

Human Drug Research (CHDR) in Leiden and at the VU University

Medical Center (VUmc) in Amsterdam (now Amsterdam UMC, loca-

tion VUmc). This study was part of a larger study aimed at validating

noninvasive small fiber tests in patients with polyneuropathy.

2.1 | Study participants

Participants were divided into four groups: chronic idiopathic axonal

polyneuropathy and suspected small nerve fiber involvement (CIAP),

PDN, diabetes without overt neuropathy (DM), and healthy controls.

To have a similar age and gender distribution between groups, healthy

controls of similar age (±5 years), and same-sex were included for

included PDN patients. Patients with CIAP were recruited via our

affiliated hospitals (Erasmus MC, UMC Utrecht, Amsterdam UMC

location VUmc) and through advertisement at the national patient

society. In addition, patients with CIAP, PDN, and DM were recruited
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via advertisements in free newspapers and via the CHDR website.

Healthy controls were recruited via the CHDR website.

General inclusion criteria were age between 18 and 80 years and

a body mass index (BMI) of 18–32 kg/m2. Patients in the CIAP group

had the diagnosis of CIAP confirmed by a neurologist based on signs

and symptoms, clinical examination, abnormal nerve conduction stud-

ies confirming axonal polyneuropathy, and the absence of an identifi-

able cause.16 Small nerve fiber involvement was suspected in patients

experiencing neuropathic pain, sensory or autonomic signs and symp-

toms. Patients in the PDN group had a clinical diagnosis of diabetes

mellitus, and the diagnosis of polyneuropathy was made by a neurolo-

gist based on medical history, signs and symptoms, and findings on

clinical examination. Patients with CIAP and PDN were required to

have a mean pain score ≥4 at medical screening (numerical rating

score of 0–10) and a pain duration of 6 months to 6 years to be eligi-

ble for inclusion. This inclusion criterion served to maximize the likeli-

hood of small fiber involvement and to increase homogeneity within

and between both neuropathy groups. Patients on neuropathic pain

medication had to have a stable analgesic regimen for at least 14 days

before inclusion. Patients in the DM group had a clinical diagnosis of

diabetes mellitus without overt neuropathy, defined as a question-

naire score <4 and a clinical exam score <3 on the Michigan Neuropa-

thy Screening Instrument.17 Healthy controls were free from

conditions associated with polyneuropathy.

Following a screening visit to assess eligibility, all enrolled partici-

pants underwent skin biopsy and CCM testing. Nerve conduction

studies were performed and sensory nerve action potential amplitude

of the sural nerve (measured baseline-to-peak in μV) was selected as

a measure of large fiber function. Neuropathy impairment in motor,

sensory, and reflex activity was quantified using the NIS-LL

(Neuropathy Impairment Score-Lower Limbs).18 Autonomic dysfunc-

tion was assessed with the COMPASS-31 questionnaire (Composite

Autonomic Symptom Score).19 Autonomic function is assessed in six

domains; orthostatic intolerance, vasomotor, secretomotor, gastroin-

testinal, bladder, and pupillomotor domains.19

2.2 | Skin biopsy

A 3-mm circular skin biopsy was performed ±10 cm above the lateral

malleolus under local anesthesia (2% lidocaine/adrenalin). Biopsies

were placed in 2% paraformaldehyde-lysine-periodate and fixed over-

night at 4�C. Sections of 50 μm thick were immunostained with anti-

PGP 9.5 (Enzo Life Sciences, Farmingdale, NY, USA), according to a

published bright-field immunohistochemistry protocol.20 Slides were

digitized (Hamamatsu NanoZoomer 2.0-HT, Hamamatsu Photonics,

Hamamatsu City, Japan) and analyzed on a computer at �40 magnifi-

cation (Leica Aperio ImageScope software, available at http://www.

leicabiosystems.com/pathology-imaging/aperio-epathology/integrate/

imagescope/). Intraepidermal nerve fiber density (IENFD) was quanti-

fied as the number of intraepidermal nerve fibers/mm epidermal

length. The slides were counted in a blind fashion according to inter-

national standards.21

2.3 | Corneal confocal microscopy

To examine small nerve fibers at the sub-basal nerve plexus of the

cornea, a Heidelberg Retina Tomograph (HRT III, Heidelberg,

Germany) corneal confocal microscope with Rostock Cornea module

was used. The eyes of participants were instilled with anesthetic

drops (oxybuprocaine hydrochloride drops 0.4%; Bausch & Lomb) and

ophthalmic gel (Vidisic Carbogel; Bausch & Lomb) was applied for

lubrication. Ophthalmic gel was also applied to the microscope lens,

and a disposable sterile cap (Tomocap) was used for optical coupling.

From all captured images, six high-quality images from the sub-basal

plexus of the central cornea were selected for analysis (three of each

eye) as previously published.22 The images were selected by the

examiner on the day of the examination and had a maximum of 20%

overlap. The examiner was not blinded to the clinical status

(i.e., assigned group) of the participant. Image analysis was performed

using ACCMetrics V.2 software (courtesy of R.A. Malik, University of

Manchester). At the end of the study, all selected images were run

through ACCMetrics in a single run. The software quantified the fol-

lowing parameters: (1) corneal nerve fiber density (CNFD), the number

of nerve trunks/mm2 of corneal tissue; (2) corneal nerve branch den-

sity (CNBD), the number of branches originating from nerve trunks/

mm2 of corneal tissue; and (3) corneal nerve fiber length (CNFL), the

total length of all nerve fibers and branches in mm/mm2.

Subjects' eyes were examined twice at one research center

(CHDR), or at two different centers by different examiners (CHDR

and VUmc) to determine intra-center and inter-center reproducibility,

respectively, for CCM. The examinations were performed a maximum

of 14 days apart. The decision regarding which subjects were exam-

ined at two different centers was based on the logistical and opera-

tional feasibility of CCM at the VUmc. The remaining subjects were

measured twice at the same center. The CCM measurement during

the first study visit at CHDR was termed the initial measurement

because it was the common denominator among all subjects. The

other measurement was called the repeat measurement. Since no

intervention was performed, no changes in corneal innervation were

expected within this short time period. The examination and image

selection at the VUmc were performed by HTN and at the

CHDR by MN.

2.4 | Statistical analysis

An a priori power calculation was performed. Assuming a correlation

coefficient of rs = .35 between IENFD and CCM in patients with pain-

ful CIAP, to detect a correlation with 80% power and a two-sided α of

.05, 62 subjects are required. Therefore, we included 64 subjects in

total, 16 subjects per group.

Statistical analysis was performed using SAS software (version

9.4 for Windows, SAS Institute Inc., Cary, NC, USA), and graphs were

drawn using GraphPad Prism version 5 (GraphPad Software Inc., San

Diego, CA, USA). Data on normality were evaluated to decide on

appropriate statistical tests for each parameter. Results are presented
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as mean with standard deviation (mean ± SD) or median and inter-

quartile range (median [IQR]) where appropriate. The chi-square test

was used to analyze gender and smoking status. ANOVA with control

and patient groups as fixed factors were used to calculate differences

between groups for participant characteristics, sural nerve amplitude,

NIS-LL, and COMPASS-31. For skin biopsy and CCM measurements,

a mixed model ANOVA with group, measurement, and group by mea-

surement as fixed factors and participants as random factors was used

to calculate differences compared to healthy controls. Spearman rank

correlation coefficient (rs) was calculated to investigate correlations

between skin biopsy and corneal nerve fiber parameters between

groups. A p < .05 was considered statistically significant.

Intra- and inter-center reproducibility was assessed using the

intraclass correlation coefficient (ICC). An ICC of 0.80 to 1 was con-

sidered as excellent and very good if 0.60 to 0.79.23 In addition,

Bland–Altman plots were used to illustrate agreement between the

measurements.24 A p < .05 was considered statistically significant.

Two-tailed tests were used throughout.

3 | RESULTS

Sixty-four participants were included for measurements. Data on

CCM measurements were available for 62 participants. In two, mea-

surements were unsuccessful because the optical coupling of the

microscope with the cornea was not tolerated despite topical anes-

thesia of the eye. Subject characteristics are summarized in Table 1.

Diabetic patients without overt neuropathy were younger than

patients in the CIAP and PDN groups. Pain duration and pain intensity

at study enrolment were similar in patients with CIAP and PDN. Ten

patients used neuropathic pain medication at the time of the study. In

addition, five patients reported using neuropathic pain medication

in the past but discontinued use due to side effects and/or limited

efficacy.

Table 2 shows neurologic function and autonomic dysfunction

scores. Sural nerve amplitude was decreased in both neuropathy

groups. Large fiber function assessed with the NIS-LL was more

severely affected in patients with CIAP compared to PDN patients.

Autonomic small fiber function was more severely affected in the

PDN group compared to the CIAP group (COMPASS-31 question-

naire), with scores for the secretomotor (sweating, dry eyes/mouth)

and bladder domains significantly higher in the PDN group. Six CIAP

and seven PDN patients reported dry eyes.

Representative skin biopsy and CCM images are shown in

Figure 1. Cutaneous nerve fibers were lowest in both neuropathy

groups (Figures 1 and 2). Patients with CIAP (3.0 ± 1.8 fibers/mm) and

patients with PDN (3.9 ± 1.5 fibers/mm) had significantly lower

IENFD than healthy controls (5.7 ± 2.3 fibers/mm). Nerve fiber den-

sity in the DM group (5.2 ± 2.1 fibers/mm) was not significantly differ-

ent from healthy controls. In 53% of CIAP and 44% of PDN patients,

IENFD was abnormal (below the 5th percentile of Lauria et al.21) and

marginally above the 5th percentile in �20% (three CIAP and three

PDN patients). All CIAP patients had an IENFD well below the norma-

tive median reported by Lauria et al.21

Figure 3 and Table 3 show the results of CCM. All corneal nerve

parameters were significantly reduced in PDN patients compared with

healthy controls; however, no significant differences in CNFD, CNBD,

or CNFL could be observed between CIAP patients and healthy con-

trols. The correlations between IENFD and CCM for all patients

(n = 62) were: CNFD (rs = .27, p = .03), CNBD (rs = .41, p < .01), and

CNFL (rs = .23, p = .07). Correlations increased, but were generally

moderate, when the CIAP patients were excluded (n = 47): IENFD

and CNFD (rs = .43, p < 0.01), CNBD (rs = .40, p < 0.01) and CNFL

(rs = 0.39, p < 0.01).

TABLE 1 Participant characteristics.

CIAP (n = 15) PDN (n = 16) DM (n = 15) Healthy controls (n = 16)

Men/women 11/4 9/7 9/6 9/7

Age (years) 64.2 ± 8.0** 63.2 ± 12.4** 52.7 ± 20.4 61.8 ± 12.4

BMI (kg/m2) 26.6 ± 3.3*** 28.3 ± 3.3*** 27.5 ± 2.6*** 23.9 ± 2.3

HbA1c (%) 5.5 [5.2–5.9]*,** 7.2 [6.5–9.3]*** 7.4 [6.2–8.2]*** 5.4 [5.3–5.5]

Smoker (n) 3 3 4 4

Duration of diabetes mellitus (years) NA 12.9 ± 8.5 12.5 ± 8.5 NA

Duration of neuropathy (years) 4.9 ± 3.1 3.6 ± 1.4a NA NA

Duration of pain (years) 3.1 ± 1.6 2.9 ± 1.4 NA NA

MNSI total NA 10.5 [7.25–13.5]** 1 [0–2] NA

NRS average pain 5 [3–6] 5 [4–6.75] NA NA

NRS worst pain 8 [5–8] 7 [5.25–7] NA NA

Note: Values are presented as mean ± SD or as median [interquartile range].

Abbreviations: BMI, body mass index; MNSI, michigan neuropathy screening instrument; NA, not applicable; NRS, numerical rating score.
aFour patients did not know the duration of polyneuropathy, data presented for n = 12.

*p < .05 compared to PDN; **p < .05 compared to DM; ***p < .05 compared to healthy controls.

4 NIEUWENHOFF ET AL.
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TABLE 2 Neurological function and autonomic dysfunction.

CIAP (n = 15) PDN (n = 16) DM (n = 15) Healthy controls (n = 16)

NIS-LL motor 0 [0–8]*,**,*** 0 [0–1] 0 [0–0] 0 [0–0]

NIS-LL sensory 8 [4–10]**,*** 6 [4–8]**,*** 0 [0–2] 0 [0–0]

NIS-LL reflex 6 [4–6]*,**,*** 2 [0–4]**,*** 0 [0–0] 0 [0–0]

NIS-LL total 14 [10–26]*,**,*** 8 [6.5–14]**,*** 0 [0–2] 0 [0–0.75]

COMPASS-31 16.4 ± 13.7*,*** 26.0 ± 16.0**,*** 11.6 ± 8.0 3.5 ± 5.0

Sural nerve amplitude (μV) 2 [0.5–5.3]**,*** 3.7 [0.5–5.5]*** 7.1 [2–9.5] 8.9 [6.4–10.7]

Note: Values are presented as median [interquartile range] or mean ± SD.

Abbreviations: COMPASS, Composite Autonomic Symptom Score; NIS-LL, Neuropathy Impairment Score-Lower Limbs.

*p < .05 compared to PDN; **p < .05 compared to MN; ***p < .05 compared to healthy controls.

F IGURE 1 Skin biopsy image and
corresponding corneal nerve plexus
image in a patient with CIAP (A, E), PDN
(B, F), DM (C, G) and a healthy control (D,
H). White bar in the skin biopsy image
indicates 50 μm, intraepidermal nerve
fibers are marked with white arrows.
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The two CCM measurements were performed a median of 7 days

(range 2–14 days) apart. Thirty-five subjects were assessed for intra-

center reproducibility. The remaining subjects were assessed at two

centers for inter-center reproducibility (n = 27). Intra-center repro-

ducibility of CNFD, CNFL, and CNBD was assessed from 420 captured

images. The intra-center ICC was 0.89 for CNFD, 0.61 for CNBD, and

0.91 for CNFL. Inter-center reproducibility was assessed from

324 CCM images; inter-center ICCs were as follows: CNFD, 0.77;

CNBD, 0.63; CNFL, 0.87. A Bland–Altman analysis was performed to

calculate agreement (Supplement S1). Intra-center bias ± SD for

CNFD was �0.9 ± 3.2, 0.8 ± 7.0 for CNBD, and �0.2 ± 1.2 for CNFL

(Supplement S1A,C,E). The bias ± SD values for inter-center agree-

ment were �2.1 ± 3.9 for CNFD, �12.3 ± 11.5 for CNBD, and �1.7

± 2.0 for CNFL (Supplement S1B,D,F).

4 | DISCUSSION

Our findings revealed that IENFD was reduced in both CIAP and PDN

patients when compared to healthy controls. CCM values were

decreased in PDN but not in CIAP, indicating a discrepancy between

the two neuropathies in terms of corneal nerve fiber changes.

In our patients with CIAP and suspected small fiber involvement,

IENFD was abnormal in 53% and marginally above the lower cut-off

score in 20% (normative data from Lauria et al.21). Nebuchennykh

et al.25 found that IENFD was abnormal in 43% of idiopathic neuropa-

thy patients. The slightly higher incidence that we found may be due

to differences in case definition and the presence of pain and, there-

fore, a suspicion of small fiber involvement in our group. Although

CIAP predominantly affects large nerve fibers, small nerve fibers may

also be affected, especially in patients with CIAP and neuropathic

pain.2 In the current study, we limited the duration of pain to 6 years

in an attempt to have a more or less homogenous population,

although it is unknown if longer disease duration or longer duration of

pain impacts the outcome measures.

F IGURE 2 Nerve fiber density in the skin. Boxplots of IENFD in
patients and healthy controls, whiskers represent 5th–95th percentile,
*p < .05; **p < .01 compared to healthy controls. IENFD, intra
epidermal nerve fiber density.

F IGURE 3 Boxplots of CCM parameters CNFD (A), CNBD (B),
and CNFL (C) in patients and healthy controls. Whiskers represent
5th–95th percentile, *p < .05 compared to healthy controls. CNBD,
corneal nerve branch density; CNFD, corneal nerve fiber density;
CNFL, corneal nerve fiber length.

TABLE 3 CNFD, CNBD, and CNFL.

CIAP PDN DM Healthy

CNFD 23.8 ± 4.9 17.8 ± 5.7* 19.2 ± 6.7 24.0 ± 6.8

CNBD 16.0 ± 8.8 12.7 ± 6.7* 16.1 ± 9.2 22.1 ± 9.7

CNFL 13.1 ± 2.6 10.5 ± 2.7* 10.7 ± 2.7 13.5 ± 3.5

Note: Values are presented as mean ± SD.

Abbreviations: CNBD, corneal nerve branch density; CNFD, corneal nerve

fiber density; CNFL, corneal nerve fiber length.

*p < .05 compared to healthy controls.

6 NIEUWENHOFF ET AL.
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With respect to CCM, CNFD, and CNFL values in patients with

PDN, DM, and healthy controls were similar to those reported by

others.26–29 CCM images were analyzed with automated software.

This software correlates well with manual analysis performed by an

expert, although it slightly underestimates CNFD and CNFL counts

compared to the expert.30 This should be taken into account when

comparing different studies. No normative reference values for auto-

mated CCM analysis in a Western population are available. Correla-

tions between CCM parameters and IENFD, and between CCM

parameters and small fiber functional tests in diabetes, have been

reported by some,15,31 whereas others could not identify significant

correlations. Gylfadottir et al.32 found CCM and IENFD correlation

was very poor. The difference in correlation might partially be attrib-

uted to shorter diabetes duration and lower HbA1c levels compared

to our population. In our study correlation between CNFD, CNFL, and

IENFD was poor and greatly affected by the absence of a reduction in

CCM parameters in CIAP patients. Correlations markedly improved

when the CIAP patients were excluded. Due to the small sample size,

correlations for distinct patient groups were not significant.

Surprisingly, CNFD, CNBD, and CNFL in CIAP patients did not

differ from healthy controls. This is in contrast to our findings in dia-

betic neuropathy patients. Although CCM has been shown to be a

useful biomarker for the detection of diabetic neuropathy,8,10 non-

length-dependent SFN,11 and in various other neuropathies,13,14 it

was normal in our patients with CIAP. The difference is probably

related to different underlying mechanisms leading to neuropathy in

CIAP and PDN. CIAP is a length-dependent polyneuropathy without

an identifiable cause. Diabetes mellitus is a systemic disease where

multiple organ systems are affected, including the peripheral nerves. It

has been suggested that corneal small fiber changes in diabetes melli-

tus may result from global metabolic processes that are not length-

dependent.33,34 Nevertheless, reduced corneal small fibers have been

found in many other neuropathies without underlying metabolic

disturbances.35

Others report that corneal nerve fibers may mainly consist of

autonomic fibers.36,37 Tavakoli et al.36 found that CCM parameters

were substantially lower in diabetics with diabetic autonomic neurop-

athy compared with diabetic patients without autonomic impairment.

In the present study, COMPASS-31 scores were higher in PDN

patients compared with CIAP patients, which may contribute to the

observed difference. However, the difference was modest and had a

large variability, and we therefore think it is unlikely that differences

in autonomic impairment can fully explain the observed differences.

Thaisetthawatkul et al.38 found that obesity, high triglycerides,

and low HDL cholesterol affect small fiber structure more than func-

tion. Moreover, metabolic syndrome was found to accelerate the pro-

gression of neuropathy in patients with diabetes.39 Microvascular

function may be impaired in diabetes mellitus40 and the degree of

endoneurial microangiopathic changes has been shown to correlate

with nerve fiber loss.41 However, there is also evidence that hypergly-

cemia, dyslipidemia and inflammation lead to impaired vasodilation

which has been found to correlate with polyneuropathy in patients

with diabetes.42 This is consistent with our report that endothelium-

dependent vasodilation of the skin was diminished in Type 2 diabetes

mellitus patients with and without polyneuropathy, whereas micro-

vascular function was normal in patients with CIAP.43 Unfortunately,

there are no studies describing the effect of (micro)vascular dysfunc-

tion on corneal nerve fiber morphology.

The CNFD and CNFL measurements were highly reproducible

even when performed at different sites by different examiners, using

automated software, with CNFL yielding the highest reproducibility.

This is consistent with previous small and large studies.44–46 CNBD

varied to a greater extent than CNFD and CNFL. This study confirmed

the reported poorer reproducibility of CNBD.45 We found an ICC of

0.61–0.63 for CNBD, which is slightly higher than the 0.54 as

reported for inter-observer variability of CNBD by Petropoulos

et al.45

In addition, we investigated the multicenter reproducibility of

CNFD, CNBD, and CNFL. CCM yielded high inter-center reproducibil-

ity in a healthy and neuropathic population using automated software.

This is important for the successful implementation of CCM in multi-

center trials. The intra-center variability was smaller than the inter-

center variability. Similar intra-center bias and ICC for CNFL were

found by Pacaud et al.,47 our inter-center CNFL bias of �1.7 was

smaller than the �2.58 reported by Pacaud.47 Variability in CCM

parameters can be attributed to multiple factors such as slight varia-

tion in measurement plane and measurement location for repeat mea-

surements and differences in individual image selection preferences

among examiners. Also, differences in examiner experience level may

play a role,22 which could have been a contributing factor to the nega-

tive inter-center bias in our study. A limitation of the current study

was that the examiners were not blinded. Variability may also differ

for different pathologies. Furthermore, sample size limitations call for

a cautious interpretation of Bland–Altman analyses for each group.

Despite its utility as a biomarker for diabetic neuropathy8,10 and

other neuropathies,13,14 CCM did not demonstrate decreased values

in CIAP patients with small fiber damage. The absence of corneal

nerve fiber changes in CIAP patients might be indicative of different

underlying neuropathic mechanisms compared to PDN patients. Fur-

ther research is needed to elucidate the distinct pathophysiological

processes in CIAP and PDN, shedding light on the differential impact

on small nerve fiber involvement.
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