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ABSTRACT

Background and Objectives: Peripheral neuropathy (PN) may be diagnosed late or may remain undiagnosed. Studies have
shown that measurement of corneal nerve fiber length (CNFL) using corneal confocal microscopy (CCM) may have diagnostic
utility in diabetic and other peripheral neuropathies.

Methods: The main databases [CENTRAL, Embase (Ovid), and PubMed] were searched for peer-reviewed literature. Gray lit-
erature searching was undertaken using the ProQuest Dissertations & Theses database. The updated Preferred Reporting Items
for Systematic Reviews and Meta-Analysis guidelines were used by two authors independently for screening and data extraction.
The primary outcome of CNFL was represented by the standardized mean difference and 95% confidence interval, and differ-
ences between healthy controls (HC), patients with sub-clinical (PN-), and clinical (PN+) peripheral neuropathy were assessed.
Sensitivity analysis was performed to assess the risk of bias.

Results: We identified n= 52 eligible studies (n=2995 participants) reporting CNFL across 34 different conditions associated
with PN. CNFL was significantly lower in PN+ patients compared to HC (standardized mean difference —1.12, 95% confidence
interval —1.32 to —0.33, p <0.00001), in PN— patients compared to HC (—0.78, —0.99 to —0.57, p <0.00001), and in PN+ compared
to PN— patients (—0.93, —1.53 to —0.33, p=0.002). The results remained significant following sensitivity analysis to adjust for the
risk of potential detection bias. The results remained significant independent of the choice of a random or fixed effects model.
Conclusions: This systematic review and meta-analysis shows that CNFL has utility in the diagnosis of peripheral neuropathies.

Abbreviations: AL amyloidosis, light chain amyloidosis; CCM, corneal confocal microscopy; CIDP, chronic inflammatory demyelinating polyradiculoneuropathy;
CIPN, chemotherapy induced peripheral neuropathy; CMT1A, Charcot Marie Tooth type 1A; CNFL, corneal nerve fiber length; COVID-19, coronavirus disease 2019;
GI, gastrointestinal (cancer); HC, healthy control; HIV, human immunodeficiency virus; HTA, hereditary transthyretin amyloidosis; ISFN, idiopathic small fiber
neuropathy; NF1, neurofibromatosis type 1; NGF-@, nerve growth factor-g; OSA, obstructive sleep apnea; PN, peripheral neuropathy; SLE, systemic lupus
erythematosus; TAO, thyroid disease associated ophthalmopathy; TFAP, transthyretin familial amyloid polyneuropathy.
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1 | Introduction

Peripheral neuropathy (PN) has varied etiology, symptomatol-
ogy, and severity [1]. Small fiber neuropathy is a common un-
derpinning of PN [2]. Early identification of small nerve fiber
dysfunction/damage is key in diagnosis, prognosis, and the
assessment of the effectiveness of treatment [3]. A substantial
body of evidence indicates that corneal confocal microscopy
(CCM), a non-invasive ophthalmic imaging technique, can
identify small nerve fiber degeneration. Specifically, corneal
nerve fiber length (CNFL) of the subbasal nerve plexus pro-
vides an objective and repeatable measurement of small nerve
fiber damage and repair (Figure S1). Corneal subbasal nerve
fibers are sensory C-fibers originating from the trigeminal
ganglion and are anatomically similar to intraepidermal nerve
fibers in the skin [4]. We first reported a reduction in CNFL
in patients with sub-clinical diabetic neuropathy, which in-
creased with neuropathic severity and was related to clinical
symptoms and signs [5, 6]. Since then, others have also em-
ployed CCM to show a lower CNFL in patients with PN from
inflammatory, idiopathic, metabolic, autoimmune, toxic, ge-
netic, and infectious causes [7]. The magnitude of difference in
CNFL varies between studies, partly due to disease subtypes
and stage, cohort size, and quantification method. We have
conducted a systematic review and meta-analysis of studies
utilizing CNFL in patients with PN and healthy controls.

2 | Methods
2.1 | Data Sources

This systematic review and meta-analysis is reported in accor-
dance with the PRISMA guidelines [8]. The protocol was regis-
tered with the International Prospective Register of Systematic
Reviews (PROSPERO) on 3/4/2022 (CRD42022289463). The
CENTRAL, Embase (Ovid, 1988-present), and PubMed da-
tabases were chosen for searching peer-reviewed literature by
an experienced librarian (RMD). Searches in CENTRAL and
PubMed included Mesh subject headings and keywords, while
the search in Embase included Emtree terms and keywords.
Gray literature searching was undertaken using the ProQuest
Dissertations and Theses (2004-present) database (Table S1). No
limits, such as year, study type, or language, were applied. All
searches were adapted from a previous systematic review and
meta-analysis [9]. They were initially performed on 21 February
2022, then updated on 19 December 2022, and finally on 18 June
2023. Results from all searches were uploaded to the Covidence
systematic review management platform (https://covidence.
org/) and duplicates were removed.

Observational studies meeting the following criteria were
included: (1) reporting on CNFL in PN or systemic diseases
known to be associated with PN, (2) inclusion of an appropri-
ate healthy control (HC) group (i.e., age- and/or sex-matched);
(3) reporting statistical analysis between the respective study
groups. The detailed characteristics of all included studies are
presented in Tables 1-3. Studies were excluded if they were re-
porting on: (1) diabetic neuropathy; (2) central neurodegener-
ative diseases such as Parkinson's disease, multiple sclerosis,
Alzheimer's disease, and stroke; (3) ophthalmic conditions

such as lacrimal system, retinal, or corneal disorders, ocu-
lar surgery, or contact lens use; (4) lacking a healthy control
group as a comparator; (5) clinical trials; (6) case reports; (7)
case series; and (8) articles not written in English. Information
on study location, disease, age, sex distribution, sample size,
CNFL, CCM type, and analysis method was extracted di-
rectly from the published articles. A subgroup analysis was
performed if > 3 studies reported statistical analysis on CNFL
between HC, patients with (PN+) and/or without (PN—) PN
(Cochrane Handbook for Systematic Reviews of Interventions,
chapter 10.11.3 Undertaking Subgroup Analysis). Data pre-
sented as median (range) were converted into meanz+SD
using a web-based open calculator (accessible: https://www.
math.hkbu.edu.hk/~tongt/papers/median2mean.html) based
on established methodology [48-50]. Data presented as
mean + SEM were converted into mean =+ SD using the Review
Manager (RevMan) calculator.

2.2 | Study Selection

Following removal of duplicates, the remaining references were
screened for relevance by two reviewers (I.N.P., H.G.) inde-
pendently using the full citation, title, abstract, indexing terms,
alongside the pre-specified inclusion and exclusion criteria. All
studies not fulfilling the inclusion criteria were excluded, and
full manuscripts of all eligible studies were obtained. Two in-
dependent reviewers (I.N.P., O.A.M.) made the final inclusion
and exclusion decisions after reading the full articles, and in
case of disagreement, a third reviewer (R.A.M.) was consulted
for resolution. A data collection tool was developed, and data
were extracted manually for each study by two reviewers (I.N.P.,
0.A.M.). If the required data were not available, the correspond-
ing authors were contacted in writing. Studies were excluded if
the corresponding author did not respond on three consecutive
attempts 2weeks apart or if they responded but were unable to
provide the requested data. A flowchart of search results is pro-
vided in Figure 1.

2.3 | Data Extraction and Quality Assessment

The Cochrane Collaboration's tool was used to categorize the
risk of bias into low, moderate, high, or unclear based on six
domains, namely selection, performance, detection, attrition,
reporting, and other bias. Quality assessment was under-
taken by two reviewers (I.N.P., O.A.M.). If the risk of bias was
deemed high or unclear, sensitivity analysis was performed
to assess the effect of excluding the study, and the outcomes
were reported.

2.4 | Unit Conversion

For studies [15, 18-20, 26, 28, 37, 38, 41, 43, 46] using alternative
CNFL units, they were converted to mm/mm? based on the fol-
lowing formulas:

From pm/mm? to mm/mm?.

- (um/mm?) X (1mm/10°um)=1/10*mm/mm?.
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From ym/frame to mm/mm?.

- Conversion from um to mm: (um/1000).

- Image scale =0.00104167 mm/pixel; image size =384 %384
pixels.

- Image width in mm=384x0.00104167=0.4mm; image
height in mm=384X0.00104167 =0.4mm; area in mm?=
0.4%0.4=0.16 mm?.

- CNFL=mm/0.16mm?2.

2.5 | Data Synthesis and Analysis

Meta-analysis was undertaken with Review Manager
(RevMan, Version 8.11.0, The Cochrane Collaboration, avail-
able at: https://revman.cochrane.org). A random effects model
was employed for meta-analysis to account for heterogeneity
between studies due to differences in study design and popula-
tions. The standardized mean difference (Hedge's adjusted g,
Cochrane Handbook for Systematic Review and Interventions,
Chapter 6, section 6.5.1.2) with a 95% confidence interval
was calculated for CNFL and the chi-squared (y?) test was
used to test for differences between subgroups. The I? statis-
tic, derived from Cochrane's y? test Q, was used to describe
the between study variations attributed to variability in the
true exposure effect. An I? value of 0%-40% was classified as
not important, 30%-60% as moderate, 50%-90% as substan-
tial, and 75%-100% as considerable. 72> with bias adjustment
[t? (DLP)] was employed to estimate between-study variance
when a random-effects model was used. To assess the effects of
heterogeneity, sensitivity analysis was carried out to examine
how the results of the meta-analysis change under different
assumptions. Additionally, the results on fixed and random
effects models were compared following the Cochrane recom-
mendations (Cochrane Handbook for Systematic Review and
Interventions, Chapter 10, section 10.4.4.1).

3 | Results

The search identified n=1904 studies, of which n=654 were
removed as duplicates. Of the remaining n =1250 potentially
eligible studies, 996 studies were excluded, and 254 studies
were selected for full-text review. Following full-text review,
n=177 studies were excluded as they did not fulfill our pre-
specified criteria (Figure 1). Seventy-seven studies were cho-
sen for data extraction, of which a further n =25 studies were
removed due to lack of response by the authors. A total of
n =52 eligible studies reporting CNFL across 34 different con-
ditions associated with PN were finally included. The detailed
characteristics of all included studies are summarized in
Tables 1-3. Altogether, there were n=2995 participants clas-
sified into HC (n=1240), PN+ (n=1526), and PN— (n=229).
All studies included groups of HC and PN+ (Table 1), while
n=9 studies [10, 13, 14, 21, 23, 25, 31, 33, 35] further subdi-
vided participants into PN— and PN+ (Tables 2 and 3). There
were studies from Australia [25, 33, 35, 36|, China [13, 27],
France [12], Germany [20, 29, 30, 32, 40, 41], Hungary [24, 39],
Italy [34, 45], Japan [18], the Netherlands [16, 22], Pakistan
[17], Qatar [42, 44], Spain [11, 47], Sweden [10], Tiirkiye
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FIGURE 1 | Study selection process flowchart according to the 2020 Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement. Studies were excluded for the following detailed reasons: Non-English (n =1 study was written in Bulgarian, n=1 study was
written in Russian, n =2 studies were written in Chinese); wrong outcomes (n =22 studies did not include CNFL measurements, n =1 study assessed
inter-observer variability); wrong comparator (n =27 studies did not include healthy controls as a comparator, n =33 studies did not include a disease
group, n=1 study compared central cornea to the inferior whorl within the same group of patients, n=1 study compared patients on therapy versus
no therapy without reference to the underlying neuropathy status); wrong study design (n =8 studies were case series; n=>5 studies were clinical tri-
als; n=1 study was a narrative review; n =1 study did not include a specific disease group); wrong patient population (n =13 studies were on patients
with diabetes mellitus, n =12 studies were on patients with Parkinson's disease, n=9 were on patients with dry eye disease, n=>5 studies were on
patients with amyotrophic lateral sclerosis, n =5 studies were on patients with corneal neuropathic pain, n=1 study was on patients with congeni-
tal corneal anesthesia, n=1 study was on Sjogren’s associated eye disease and did not specify the neuropathy status of patients, n=1 study was on
patients with Bechet's disease with and without ocular findings and did not specify the neuropathy status of the non-ocular group, n=1 study was
on patients with migraine, n=1 study was on patients with adult spinal dystrophy, n=1 study was on patients with burning mouth syndrome, n=1
study was on patients with trigeminal neuralgia, n=1 study was on patients with facial paralysis, n=1 study did not exclude diabetes, n=1 study

was on patients with psychiatric disease).

[15, 19, 28, 38], (Appendix S1), the United Kingdom [21, 31],
(Appendix S1) and the United States of America [26, 43],
(Appendix S1). Most of the studies employed CCMetrics/
ACCMetrics (n=31) for CCM image analysis, a smaller num-
ber used ImageJ/NeuronJ (n =16), MetaMorph (n=1), and de-
vice specific analysis tools (Tomey Confoscan P4), while n=3
studies did not specify the analysis method (Table 1). The in-
cluded studies were published between 2010 and 2024.

3.1 | HC Versus PN+

We first examined CNFL across 34 different conditions with
PN (PN+) (Table 1). Overall, CNFL was significantly lower in
PN compared to HC (standardized mean difference —1.12, 95%
confidence interval —1.32 to —0.33, p<0.00001) (Figure 2).
In order of magnitude, the largest effect sizes were observed
in patients with nerve growth factor-§ mutation [10] (—4.64,
—6.58 to —2.70), followed by fibromyalgia [11] (—4.13, —5.37
to —2.88), Sjogren's syndrome [12] (-2.50, —3.32 to —1.68), id-
iopathic small fiber neuropathy (Appendix S1) (-2.32, —3.29
to —1.34), upper gastrointestinal cancer (Appendix S1) (-2.17,
—2.94 to —1.39), Charcot Marie Tooth Type 1A (Appendix S1)
(-2.16, =3.21 to —1.12), and COVID-19 [14] (-1.95, —2.66 to
—1.24). Conversely, no reliable effect sizes were observed
in patients with obstructive sleep apnea [43] (0.06, —0.42 to
0.55), celiac disease [44] (0.10, —0.52 to 0.72), COVID-19 [45]
(0.15, —0.18 to 0.48), neurofibromatosis type 1A [46] (0.29,
—0.36 to 0.93), and mercury intoxication [47] (0.36, —0.24
to 0.96). There was considerable heterogeneity in the results
[x2=271.56, p<0.00001, i2=80%, 2 (DL’)=0.41]. Twenty
studies [11, 21, 22, 24, 25, 29, 30, 32, 35, 36, 39, 42, 45, 46|,
Appendix S1 were considered as “high” (n=17) or “unclear”
(n=3) risk for detection bias. Sensitivity analysis showed that
for the remaining studies (n =827 PN+; n=750 HC), CNFL
was significantly lower in PN+ compared to HC (-1.17, —1.43
to —0.91, p<0.00001) and heterogeneity remained consider-
able [x2=155.52, p<0.00001, i2=81%, 2 (DLP)=0.42]. When
a fixed instead of a random effects model was used, the overall
results for CNFL (—0.99, —1.10 to —0.88, p < 0.00001) remained
significant and heterogeneity considerable (y*=155.52,
p<0.00001, i2=81%).

3.2 | HC Versus PN—

We examined CNFL in patients with sub-clinical PN (PN-)
(n=229 PN- patients; n=205 HC) (Table 2). CNFL was sig-
nificantly lower in PN— compared to HC (-0.78, —0.99 to
—0.57, p<0.00001) (Figure 3). The largest effect size was ob-
served in PN— patients with NGF-f mutation [10] (—2.70, —3.65
to —1.76), while there was no reliable effect size in patients on
paclitaxel [33] (0.19-0.56 and 0.94). There was considerable
heterogeneity in the results [y?=38.22, p<0.00001, i®=79%,
72 (DLP) = 0.40]. Four studies [21, 25, 33, 35] were considered as
“high” risk for detection bias. Sensitivity analysis showed that
for the remaining studies (n =122 PN— patients; n=101 HC),
CNFL differed significantly in PN— compared to HC (-1.22,
—1.92 to —0.52, p=0.0006) and heterogeneity remained con-
siderable [¥?>=19.52, p=0.0006, i?=80%, > (DLP)=0.49].
When a fixed instead of a random effects model was used,
the overall results for CNFL remained significant (—0.78,
—0.99 to —0.57, p<0.00001) and heterogeneity considerable
(x*=263.82, p<0.00001, i2=79%).

3.3 | PN- Versus PN+

Finally, we examined CNFL in 6 conditions with sub-clinical
and clinical PN (n=229 PN— patients; n=178 PN+) (Table 3).
CNFL was significantly lower in PN+ compared to PN— (-0.93,
—1.53 to —0.33, p=0.002) (Figure 4). The largest effect size was
observed in patients with nerve growth factor-§ mutation [10]
(-3.24, —4.93 to —1.55) followed by fibromyalgia [21] (-2.64,
—3.66 to —1.63) and COVID-19 [21] (—1.69, —2.35 to —1.02), while
no reliable effect size was observed between patients on two
different chemotherapeutic agents [35] (paclitaxel vs. oxalipla-
tin) (0.17, —0.25 to 0.60). There was considerable heterogeneity
in the results [y*=54.87, p<0.00001, i*=85%, t> (DL?)=0.68].
Four studies [21, 25, 33, 35] were considered as “high” risk
for detection bias. Sensitivity analysis showed that for the re-
maining studies (n=74 PN+ patients; n=122 PN— patients),
CNFL differed significantly in PN+ compared to PN— patients
(=099, —1.79 to —0.19, p=0.02) and heterogeneity remained
considerable [x?>=20.67, p=0.0004, i>=81%, > (DLY)=0.63].
When a fixed instead of a random effects model was used, the
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PN+ Control Std. mean difference Std. mean difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Nerve Growth Factor B Mutation (#31) 0.45 0.82 3 2359 5.05 19 07% -4.64[-6.58,-2.70]
Fibromyalgia (#50) 10.108 1.016 15 1385 0.768 19 12%  -4.13[-5.37,-2.88] —r—
Sjogren’s Syndrome - (#35) 124 4.5 30 236 4.2 15 1.7% -2.50[-3.32, -1.68] e
Idiopathic Small Fibre Neuropathy (#62) 4.36 2.56 17 9.88 1.91 12 1.5% -2.32[-3.29, -1.34] —
Sjogren's Syndrome (#64) 4.3 26 1" 9.9 24 22 1.6%  -2.22[-3.14,-1.29] —
GI Cancer (#59) 18.08 3.62 21 26.82 4.27 21 1.8% -2.17 [-2.94 , -1.39] .
Charcot-Marie-Tooth 1A (#61) 158 5.2 12 26.7 4.5 12 1.4% -2.16 [-3.21, -1.12] —
Thyroid Associated Opthalmopathy (#32) 104 3 14 17.6 3.6 20 1.7%  -2.09[-2.95, -1.22] —
COVID-19 (#30) 1.6 2.89 24 17.76 3.32 22 1.8%  -1.95[-2.66, -1.24] —_
Vitamin D Deficiency (#15) 0.978 0.204 28 1.425 0.29 14 1.8% -1.86 [-2.63, -1.10] ———
Sarcoidosis - (#45) 13.6 0.21 58 2255 7.265 54 2.2% -1.76 [-2.20, -1.32] =
Hypertriglyceridemia (#58) 19.2 43 24 26.7 44 19 18%  -1.69[-2.40,-0.99] ——
Hypothyroidism - (#60) 10.11 233 20 14.24 25 20 18%  -1.68[-2.41,-0.94] s
Beta Thalassemia Major (#46) 19.45 4.85 20 26.99 4.1 20 1.8% -1.64 [-2.37 , -0.92] s
Sjogren’s Syndrome (#19) 1.1456 0.385 23 1.7999 0.427 13 1.8% -1.60 [-2.38, -0.81] —_
Immunoglobulin G4 Related Disease - (#17 ) 6.97 191 10 1.74 3.84 10 1.5% -1.51[-2.53, -0.49] —
CIDP (#21) 18.0934 3.4361 16 23.4972 3.5931 15 1.7% -1.50 [-2.31, -0.69] —
Fibromyalgia (#29) 12.3 2 15 16 3 10 1.6% -1.47[2.38,-0.55] ——
Sarcoidosis (#44) 127 29 63 171 3.2 48 22%  -1.44[-1.86,-1.02] -
Sjogren's Syndrome (#28) 15 5.2 19 20.5 31 20 1.9%  -1.27[-1.96, -0.57] —_
COVID-19 (#40) 8.605 3.649 35 12.98 3.141 28 21% -1.26 [-1.80, -0.71] =
CIPN (#26) 131 3.2 30 174 3.6 25 2.0% -1.25[-1.84, -0.67] —
Freidreich Ataxia (#63) 15.41 5.94 23 22.03 3.54 14 18%  -1.25[-1.98,-0.52] w———
Sjogren's Syndrome (#22) 1562 996 22 2725 687 7 16%  -1.21[-2.12,-0.29) s
Amyloidosis - TFAP (#34) 18.42 3.61 10 2254 3.2 15 1.6% -1.18 [-2.06 , -0.31] —
Fibromyalgia - (#23) 9.77 3.77 34 15.91 6.08 42 21% -1.17 [-1.66 , -0.68] =2
Amyloidosis - Hereditary Transthyretin (#38) 12.95 3.53 20 17.4 4.16 20 1.9% -1.13[-1.80, -0.46] S
Sjogren's Syndrome (#37) 10.6 39 26 14.6 15 6 16% -1.08[-2.01,-0.15] —
CIDP (#37) 10.9 3.6 29 14.6 15 6 1.6% -1.07 [-1.99, -0.16] e
Rheumatoid Arthritis (#54) 18.5 4 50 224 35 35 22%  -1.02[-1.48,-0.56] -
HIV (#27) 22.15 3.64 14 2723 5.8 20 1.8%  -0.99[-1.71,-0.26] —_
Amyloidosis - Light chain (#39) 13.95 3.44 21 17.46 3.57 21 1.9% -0.98 [-1.63 , -0.34] —
Interstitial Cystitis (#51) 11.28 8.71 30 17.51 26 32 21% -0.97 [-1.50, -0.44] =
CIPN (#25) 129 3 20 16.4 4 29 20%  -0.95[-1.55,-0.35] ——
Fabry disease (#42) 8.53 2.94 1" 11.84 373 15 1.7% -0.94 [-1.76 , -0.11] o
Fabry disease (#56) 15.9 34 17 195 44 17 18%  -0.89[-1.60,-0.18] —
CIDP (#57) 12.8 44 15 16 3 32  19%  -0.88[-1.53,-0.24] —
CIPN (#24) 13.7 29 39 16.3 3.2 40 21% -0.84 [-1.30, -0.38] -
CIPN (#33) 136 38 40 16.8 37 15 2.0% -0.84 [-1.45,-0.22) ==
Myasthenia Gravis - (#16) 12.23 233 21 14.24 2.53 20 1.9% -0.81[-1.45,-0.17) ——
Graves' Disease - (#18) 5.99 2.46 40 8.86 4.65 40 2.2% -0.76 [-1.22, -0.31] -
CIPN (#33) 139 25 30 16.3 47 15 19%  -0.70[-1.34, -0.06] —
Systemic Sclerosis (#41) 9.02 3.92 33 1157 3.88 30 21%  -0.65[-1.15,-0.14] s
Small Fibre Neuropathy (#36) 12.92 3.28 55 14.85 31 67 2.3% -0.60 [-0.97 , -0.24] L
Systemic Lupus Erythematosus - (#53) 20.4 42 39 228 41 30 21%  -0.57[-1.06,-0.08] —
Behcet Disease (#55) 16.3 46 49 18.5 4.1 30 21%  -0.49[-0.95,-0.03] -
COVID-19 (#52) 174 46 40 19.2 37 30 21% -0.42[-0.90 , 0.06] -
Small Fibre Neuropathy - (#13) 15.4893 22.17901 14 22.871 16.19651 14 1.8% -0.37[-1.12, 0.38]) -1
Celiac disease (#48) 19.8 5.05 19 20 4.52 12 1.8% -0.04 [-0.76 , 0.68] -
Obstructive Sleep Apnea (#14) 11.34 298 36 11.14 34 26 2.1% 0.06 [-0.44 , 0.57] B
Celiac disease (#47) 20 5.1 20 19.5 4.5 20 2.0% 0.10[-0.52, 0.72] o
COVID-19 (#43) 1.9 4 151 13 3.6 46 2.3% 0.15[-0.18 , 0.48] =
Neurofibromatosis Type 1 - (#20) 79 3.7 28  6.807 3.853 14 1.9% 0.29[-0.36 , 0.93] +—
Mercury Intoxication - (#49) 15.9 4.54 22 14.5 29 22 2.0% 0.36 [-0.24 , 0.96] T—
Total (Walda) 1526 1240 100.0%  -1.12[-1.32,-0.93] (]
Test for overall effect: Z = 11.23 (P < 0.00001) 4 5 0 3 4
Test for subgroup differences: Not applicable PN + Healthy Controls

Heterogeneity: Tau? (DLP) = 0.41; Chi® = 271.56, df = 53 (P < 0.00001); I* = 80%

Footnotes
aCl calculated by Wald-type method.
bTau? calculated by DerSimonian and Laird method.

FIGURE 2

| Forest plot of meta-analysis comparing CNFL in patients with clinically detectable peripheral neuropathy (PN+) to healthy controls

(HC). A random-effects model was used. Outcomes are expressed as standardized mean difference (SMD) with a 95% confidence interval. The overall
effect size is expressed with a Z score (p-value); and heterogeneity is expressed with 7, coefficients, and i2. Risk of bias was assessed on four categories
(D: detection bias; E: attrition bias; F: reporting bias; and G: other bias) and is shown on the right. Categories A-C (selection, performance bias) are
relevant to clinical trials and in the present meta-analysis were considered not applicable. Sensitivity analysis not shown in this graph.
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PN- Healthy Controls Std. mean difference Std. mean difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Nerve Growth Factor B Mutation (#31) 11.45 3.44 16 23.59 5.05 19 4.9% -2.70 [-3.65 , -1.76] ——

Thyroid Associated Opthalmopathy (#32) 12.3 3.1 24 17.6 36 20 94%  -1.56[-2.25,-0.88] —_

HIV (#27) 221 3.12 6 27.23 58 20 4.9% -0.93 [-1.88 , 0.03] —

CIPN (#26) 13.8 4.2 35 17.4 3.6 25 15.1% -0.90 [-1.44 , -0.36] —-—

CIPN (#24) 13.1 3.8 48 16.3 3.2 40 22.7% -0.90 [-1.34 , -0.45] -

COVID-19 (#30) 15.92 2.08 24 17.76 3.32 22 124% -0.66 [-1.25 , -0.06] —

Sjogren's Syndrome (#28) 173 6.9 52 20.5 3.1 20 16.1% -0.52[-1.04 , 0.00] —=

CIPN (#25) 17.2 43 9 16.4 4 29 7.8% 0.19[-0.56 , 0.94] -+
Fibromyalgia (#29) 171 1.5 15 16 3 10 6.7% 0.48 [-0.33, 1.29] —

Total 229 205 100.0% -0.78 [-0.99 , -0.57] ¢

Test for overall effect: Z = 7.30 (P < 0.00001) a5 o0 2 4
Test for subgroup differences: Not applicable PN- Healthy Controls

Heterogeneity: Chi* = 38.22, df = 8 (P < 0.00001); I = 79%

FIGURE3 | Forest plotof meta-analysis comparing CNFL in patients without clinically detectable peripheral neuropathy (PN—) to HC. A random-
effects model was used. Outcomes are expressed as standardized mean difference (SMD) with a 95% confidence interval. The overall effect size is
expressed with a Z score (p-value); and heterogeneity is expressed with 7, coefficients, and i2. Risk of bias was assessed on four categories (D: detec-
tion bias; E: attrition bias; F: reporting bias; and G: other bias) and is shown on the right. Categories A-C (selection, performance bias) are relevant to
clinical trials and, in the present meta-analysis, were considered not applicable. Sensitivity analysis not shown in this graph.

PN+ PN- Std. mean difference Std. mean difference
Study or Subgroup Mean SD  Total Mean SD  Total Weight IV, Fixed, 95% CI IV, Fixed, 95% Cl
Nerve Growth Factor B Mutation (#31) 0.45 0.82 3 11.45 344 16 1.6% -3.24 [-4.93 , -1.55] —_—
Fibromyalgia (#29) 123 2 15 174 15 15  45%  -2.64[-3.66,-1.63] —_—
COVID-19 (#30) 1.6 289 24 1592 2.08 24 104%  -1.69[-2.35,-1.02) —
CIPN (#25) 12.9 3 20 172 43 9 63% -1.22(-2.07,-0.36] —
Thyroid Associated Opthaimopathy (#32) 104 3 14 123 341 24 102%  -0.61[-1.28,0.07] —
Sjogren's Syndrome (#28) 15 5.2 19 173 69 52 16.6%  -0.35[-0.88,0.18] o1
CIPN (#26) 13.1 3.2 30 138 42 35 194%  -0.18[-0.67,0.31] -t
HIV (#27) 2215 364 14 21 312 6 51%  0.01[-0.95,097] —1
CIPN (#24) 137 29 3 1341 3.8 48 259%  0.17[-0.25,0.60] +
Total 178 229 100.0%  -0.53 [0.75,-0.32] '}
Test for overall effect: Z = 4.87 (P < 0.00001) h 5 o0 2 4
Test for subgroup differences: Not applicable PN+ PN-

Heterogeneity: Chi? = 54.87, df = 8 (P < 0.00001); I* = 85%

FIGURE 4 | Forest plot of meta-analysis comparing CNFL in PN+ to PN— patients. A random-effects model was used. Outcomes are expressed
as standardized mean difference (SMD) with 95% confidence interval. The overall effect size is expressed with Z score (p-value); and heterogeneity
is expressed with 7, coefficients, and i2. Risk of bias was assessed on four categories (D: detection bias; E: attrition bias; F: reporting bias; and G: oth-
er bias) and is shown on the right. Categories A-C (selection, performance bias) are relevant to clinical trials and in the present meta-analysis were
considered not applicable. Sensitivity analysis is not shown in this graph.

overall results for CNFL remained significant (—0.53, —0.75 to
—0.32, p<0.00001) and heterogeneity considerable (y?>=54.87,
p<0.00001, i>=85%).

p<0.00001) and heterogeneity remained moderate [x*>=6.16,
p=0.10, i2=51%, 72 (DLY)=0.17]. When a fixed instead of a
random effects model was used, the overall results for CNFL
remained significant (-1.63, —1.97 to —1.29, p<0.00001) and
heterogeneity moderate (y*>=9.05, p<0.00001, i>=45%).

3.4 | Sjogren’s Syndrome

Six studies [12, 18, 23, 26, 30], [64] estimated CNFL in patients
with Sjogren's syndrome and PN compared to HC (n=131
Sjogren's syndrome; n=82 HC) (Figure 5). CNFL was sig-
nificantly lower in patients with Sjogren’s syndrome and PN
compared to HC (-1.64, —2.1 to —1.18, p<0.00001). There
was moderate heterogeneity in the results [¥?>=9.05, p=0.11,
i2=45%, 12 (DLY)=0.15]. Two studies [37, 64] were considered
as “high” risk for detection bias. Sensitivity analysis showed
that for the remaining studies (n =94 Sjogren’s patients with PN;
n=>55HC), CNFL was significantly lower (-1.64, —2.21 to —1.07,

4 | Discussion

In this meta-analysis of 2995 participants, CNFL was signifi-
cantly lower in PN+ patients compared to HC and PN— patients.
Furthermore, CNFL was significantly lower in PN—patients
compared to HC. The largest effect sizes were observed in pa-
tients with NGF-f3 mutation [10], fibromyalgia [11], Sjogren's
syndrome [12], gastrointestinal cancer (Appendix SI), and
Charcot Marie Tooth type 1A neuroarthropathy (Appendix S1).
Several other peripheral neuropathies of genetic, metabolic,
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PN+ HC

Std. mean difference Std. mean difference

Study or Subgroup Mean [10] SD[10] Total Mean[10] SD[10] Total Weight IV, Random, 95% CI[10] IV, Random, 95% CI [10]
Sjogren’s Syndrome - (#35) 124 45 30 23.6 42 15  17.0% -2.50[-3.32, -1.68] —

Sjogren's Syndrome (#64) 43 26 1 9.9 24 22 15.0% 222[-3.14,-1.29] —

Sjogren’s Syndrome (#19) 1.1456  0.385 23 17999  0.427 13 17.9% -1.60[-2.38 , -0.81] -

Sjogren's Syndrome (#28) 15 5.2 19 20.5 3.1 20 20.2% -1.27[-1.96 ,-0.57] ——

Sjogren's Syndrome (#22) 1562 996 22 2725 687 7 15.1% -1.21[-2.12,-0.29] ——

Sjogren's Syndrome (#37) 106 3.9 26 146 15 6 14.8% -1.08 [-2.01,-0.15) —_—

Total (Walda) 131 83 100.0% -1.64 [-2.10 , -1.18] 'Y

Test for overall effect: Z = 7.00 (P < 0.00001)
Test for subgroup differences: Not applicable
Heterogeneity: Tau? (DLP) = 0.15; Chi? = 9.05, df =5 (P = 0.11); 1> = 45%

Footnotes
aC| calculated by Wald-type method.
bTau? calculated by DerSimonian and Laird method.

FIGURE 5 |
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Sjogren's syndrome PN+ HC

Forest plot of meta-analysis comparing CNFL in patients with Sjégren’'s syndrome and clinically detectable PN to HC. A random-

effects model was used. Outcomes are expressed as standardized mean difference (SMD) with a 95% confidence interval. The overall effect size is
expressed with a Z score (p-value); and heterogeneity is expressed with 7, coefficients, and i%. Risk of bias was assessed on four categories (D: detec-
tion bias; E: attrition bias; F: reporting bias; and G: other bias) and is shown on the right. Categories A-C (selection, performance bias) are relevant to

clinical trials and in the present meta-analysis were considered not applicable. Sensitivity analysis is not shown in this graph.

toxic, autoimmune, or inflammatory origin produced smaller,
albeit significant, effect sizes. By contrast, studies in patients
with obstructive sleep apnea [43], neurofibromatosis type 1 [46],
celiac disease [44], and mercury intoxication [47] showed no reli-
able effect sizes for the detection of PN by CCM. COVID-19 pro-
duced variable effect sizes depending on the study [14, 24, 45],
(Appendix S1), likely reflecting differences in the underlying
study cohort, diagnostic definitions, disease duration, and
severity. Our findings are in agreement with previous meta-
analyses showing the utility of CCM as a biomarker of diabetic
PN (Appendix S1), and as an outcome measure in clinical trials
of neuroregenerative treatments (Appendix S1).

PN is a highly heterogeneous and underdiagnosed neurological
condition due to many common and rare systemic disorders.
Epidemiological data on the prevalence of PN are limited in part
due to a lack of uniform diagnostic criteria [1], (Appendix S1).
The prevalence of diabetic neuropathy (Appendix S1), Guillain-
Barre syndrome (Appendix S1), and Charcot-Marie-Tooth
disease (Appendix S1) varies by region and diagnostic meth-
odology. PN can be diagnosed based on symptoms and con-
firmed by objective tests such as quantitative sensory testing,
neurophysiology, and skin biopsy (Appendix S1). Degeneration
of small unmyelinated axons in a dying-back pattern, and sen-
sory symptoms are common features of most metabolic, toxic,
and nutritional neuropathies (Appendix S1). Evaluation of intra-
epidermal nerve fiber density provides an accurate and sensitive
approach to confirm small fiber neuropathy, but it is invasive
and not widely available, particularly in resource-limited set-
tings (Appendix S1).

An increasing body of evidence shows that quantification
of CNFL may serve as a sensitive biomarker for small nerve
fiber damage and repair. CCM is a high resolution, high mag-
nification (600X), non-invasive laser scanning microscope for
real-time optical biopsies of the entire cornea at the cellular
level, including the subbasal nerve plexus. The cornea shares
pathophysiological similarities with the skin and is densely

innervated with subbasal C-fibers [4], which originate from the
ophthalmic division of the trigeminal ganglion. It is estimated
that the cornea contains approximately 11,000 axonal endings/
mm?, thus making it one of the most densely innervated tissues
of the human body (Appendix S1). Corneal C-fibers degenerate
in sub-clinical disease (Appendix S1); decline with increasing
severity (Appendix S1); and regenerate early following therapy
(Appendix S1). Furthermore, visualizing corneal nerve fibers
with CCM can be done repeatedly and requires minimal techni-
cal aptitude. This is the first systematic review and meta-analysis
to provide an overall estimate of the ability of CCM to identify
small nerve fiber damage in patients with clinical peripheral
neuropathy (PN+), and sub-clinical peripheral neuropathy
(PN-). Two recent studies have challenged the diagnostic util-
ity of CCM in diabetic neuropathy by showing lower sensitivity
and similar specificity compared to intra-epidermal nerve fiber
density (Appendix S1). Curiously, even intra-epidermal nerve
fiber density, the gold standard measure of small fiber neuropa-
thy, showed overall modest diagnostic performance, suggesting
limitations with the case definition of PN, which was large-fiber
weighted (Appendix S1). Methodological differences in CCM
image quantification and diagnostic performance analysis may
have also led to these results. Nevertheless, the present meta-
analysis suggests potential utility of CCM in the diagnosis of a
wide range of peripheral neuropathies, although diagnostic per-
formance remains to be established in the respective conditions.

We observed a significant difference in the magnitude of CNFL
differences between studies amongst all subgroups (PN+ vs.
HC, PN+ vs. PN—, and PN— vs. HC) indicating that the extent
of corneal nerve loss may depend on several factors. Thus, age
and disease severity may result in varying degrees of axonal loss
(Appendix S1). Studies in healthy persons have shown an age-
dependent decline in corneal subbasal nerves (Appendix S1).
Chin et al. (Appendix S1) demonstrated a significant decline
in CNFL in persons older than 65years, while Tavakoli et al.
(Appendix S1) showed a decline across the life span, particularly
in women, which was not related to established cardiovascular
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risk factors. Disease severity is another factor that has been
strongly associated with corneal axonal loss. Indeed, a pre-
vious study has shown lower CNFL in patients with rheu-
matoid arthritis and higher disease activity (Appendix S1);
while in patients with sarcoidosis-induced painful neuropathy
(Appendix S1) and diabetic painful neuropathy (Appendix S1),
CNFL was inversely related to pain intensity. In Parkinson's
disease, a central condition with known peripheral nerve in-
volvement, a lower CNFL has been associated with postural in-
stability and gait disturbance compared to the tremor-dominant
motor subtype (Appendix S1). In the longitudinal setting, accel-
erated CNFL loss in patients with diabetes is associated with
higher odds of neuropathy onset and progression at follow-up
compared to baseline [90]. In the present meta-analysis, we ob-
served significant variation in CNFL across diseases and the
effect of differences in age on CNFL across these diseases is un-
clear. Additionally, study-specific reasons such as the imaging
technique and analysis method may have also impacted the out-
come. Currently, there is a lack of standardized methodology for
CCM image acquisition and analysis. Different centers may scan
the central subbasal (Appendix S1) and inferior whorl regions
(Appendix S1); a predefined region of interest (Appendix S1); or
even generate corneal nerve maps (Appendix S1). Consequently,
images for analysis may also differ, representing a single “best”
image (Appendix S1), a sample of images (Appendix S1), or a
map (Appendix S1). Lastly, we found moderate to considerable
heterogeneity in the reported outcomes between studies, poten-
tially reflecting the lack of a uniformly applicable definition of
PN as well as differences in study design and diagnostic modal-
ities used. Interestingly, there was lower heterogeneity when
comparing only studies in Sjogren's syndrome as evidenced by
lower between-study variance indicating a more consistent ap-
proach within a single disease area.

Our study has some limitations. First, the case definition of PN
may differ between studies and since we had no access to the
underlying study data, we could not apply uniform diagnostic
criteria but had to rely on the published results. This may have
resulted in over- or underestimation of PN cases in the study
cohort, which could potentially affect the observed differences.
Second, we could not analyze the full spectrum of eligible studies
due to lack of adequate details for inclusion. Finally, we included
studies that used only a specific type of CCM in an attempt to
reduce heterogeneity due to differences in image acquisition
and resolution. In conclusion, CNFL was consistently lower in
patients with clinical and sub-clinical neuropathy. Given that
CCM is rapid, non-invasive, and objective, it has considerable
clinical utility as a sensitive diagnostic test for PN.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: CCM allows rapid, live,
non-invasive scanning of the human cornea. This montage of CCM
images shows a typical CCM scan, which captures superficial (A) and
basal (B) epithelial cells, subbasal C-fibers (C-I), stromal keratocytes
(J-L), and endothelial cells (M). Table S1: Database search strings.
Appendix S1: ene70396-sup-0003-AppendixS1.docx.
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