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Abstract

Objectives

The aim of this study was to utilise corneal confocal microscopy to quantify corneal nerve
morphology and establish the presence of sub-clinical small fibre damage and peripheral
neuropathy in children with celiac disease.

Methods

This is a cross-sectional cohort study of twenty children with celiac disease and 20 healthy
controls who underwent clinical and laboratory assessments and corneal confocal micros-
copy. Corneal nerve fiber density (no.mm?), corneal nerve branch density (no.mm?), corneal
nerve fiber length (mm.mm?), corneal nerve fiber tortuosity and inferior whorl length (mm.
mm?) were quantified manually.

Results

Corneal nerve fiber density (34.7+8.6 vs. 32.948.6; P = 0.5), corneal nerve branch density
(47.2424.5 vs. 47.3420.0; P=0.1) and corneal nerve fiber length (20.0+5.1 vs. 19.5+4.5;

P =0.8) did not differ between children with celiac disease and healthy controls. Corneal
nerve fiber tortuosity (11.4+1.9 vs 13.54£3.0; P = 0.01) was significantly lower and inferior
whorl length (20.045.5 vs 23.0+3.8; P = 0.06) showed a non-significant reduction in children
with celiac disease compared to healthy controls. Inferior whorl length correlated signifi-
cantly with corneal nerve fiber density (P = 0.005), corneal nerve branch density (P = 0.04),
and corneal nerve fiber length (P = 0.002).
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Conclusion

Corneal confocal microscopy demonstrates minimal evidence of neuropathy in children with
celiac disease.

Introduction

Celiac disease (CD) occurs in approximately 0.2-5.5% of children [1]. CD is classically associ-
ated with gastrointestinal (GI) symptoms such as diarrhea, abdominal pain, malabsorption
and weight loss. However, there are an increasing proportion of patients with CD who present
with extraintestinal manifestations involving the musculoskeletal, cardiovascular and neuro-
logical systems and present with short stature, anemia, osteoporosis and arthritis [2].

Neurological manifestations including cerebellar ataxia, gluten encephalopathy, sensori-
neural hearing loss, headache and cognitive decline occur in about 10% of adults with CD [3].
A recent systematic review established that up to 39% of adults with CD may have gluten neu-
ropathy [4]. Luostarinen et al demonstrated a chronic axonal neuropathy using quantitative
needle electromyography (EMG) in 23% of patients with CD [5]. Peripheral neuropathy may
develop independent of enteropathic symptoms or lack of adherence to a gluten free diet
(GFD) [6]. Chin et al, found a small fiber neuropathy characterized by burning, tingling and
numbness in the hands and feet and diffuse paraesthesiae involving the face, trunk, and lum-
bosacral region in 40% of adults with CD, mildly abnormal electrophysiology in 90% and a
mild-to-severe axonopathy in nerve biopsies [7]. In a study of 13 CD patients, 8 had neuro-
pathic pain, 6 had cerebellar ataxia, 1 had white matter abnormalities on magnetic resonance
imaging (MRI) of the brain and 1 had ataxia and cortical myoclonus [8]. A nationwide popula-
tion-based study of patients with biopsy verified-CD reported an absolute risk of neuropathy
of 64 per 100,000 person years in CD patients compared to 15 per 100,000 in matched controls;
with an estimated risk of neuropathy being highest in the early years of diagnosis with CD (HR
4.4;95% CI 2.6-7.4; P < 0.001) [9].

There are limited data showing evidence of peripheral neuropathy in children with CD. In
a study of 27 children with CD, 3 (11%) had sub-clinical neuropathy with axonal neuropathy
on electromyography in 2 (7%) and prolonged somatosensory evoked potentials in 1 patient
[10]. Neurophysiological studies are highly sensitive, but are not easily performed in children
[11]. Quantitative sensory testing to evaluate vibration and thermal perception thresholds are
easy to perform, but lack reproducibility, especially in children and skin or nerve biopsies are
invasive procedures [12]. Corneal confocal microscopy (CCM) is a rapid, non-invasive and
well-tolerated ophthalmic imaging technique that has been used to objectively quantify neuro-
degeneration in adults with metabolic [13-20], cerebrovascular [21-24] and central neurode-
generative [25-28] diseases. We have also shown a significant reduction in corneal nerve fibre
density, branch density and length in children and adolescents with type 1 diabetes mellitus
(T1DM) [29,30] and progression over time [31]. CCM is a well-tolerated technique for the
early detection of neuropathy in children with TIDM [32]. The aim of this study was to utilise
CCM to quantify corneal nerve morphology in the central cornea and inferior whorl to estab-
lish the presence of sub-clinical small fibre damage and peripheral neuropathy in children
with CD.
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Methods

Twenty participants with CD and 20 age-matched healthy controls underwent CCM in the
outpatient department of Sidra Medicine between January 2019 to October 2019. Patients
with a history of any other cause of neuropathy, malignancy, deficiency of B12 or folate,
chronic renal, liver failure, connective tissue or systemic disease, previous corneal trauma or
systemic disease affecting the cornea, ocular surgery, LASIK and a history of or current con-
tact lens wear were excluded from the study. Both eyes were examined, and it took around 10
minutes to capture central and peripheral corneal nerve images. Clinical and metabolic data
were collected from the nearest clinic visit and healthy participants did not undergo any clin-
ical tests. All participants provided written assent and parental informed consent and the
research adhered to the tenets of Declaration of Helsinki and was approved by Sidra Medi-
cine (IRB 1500758-3) and Weill Cornell Medicine (IRB 17-00032) Research Ethics
Committee.

Corneal confocal microscopy procedure

Using the Heidelberg Retina Tomograph Cornea Module (Heidelberg Engineering, Germany),
all participants underwent CCM. Two eyes were anaesthetized with 2 drops of Bausch & Lomb
Minims"™ (Oybuprocaine hydrochloride 0.4% w/v). Oybuprocaine hydrochloride drops are
used to numb the eyes to limit irritation or discomfort during the procedure. A drop of hypo-
tears gel (Carbomer 0.2% eye gel) was placed on the tip of the objective lens and a sterile dis-
posable TomoCap was placed over the lens, allowing optical coupling of the objective lens to
the cornea to focus on the sub basal nerve plexus (SBNP). Images were taken by a single inves-
tigator (HG) to capture several layers of the cornea; epithelium, SBNP, stroma, endothelium,
and inferior whorl.

Image selection and quantification

Six images overlapping by no more than 20% were selected from the central cornea based on
the quality of images, absence of artifacts such as pressure lines and other layers as well as out
of focus images. Corneal nerve fiber density (CNFD) (fibres/mm?) corneal nerve branch den-
sity (CNBD) (branches/mm?) and corneal nerve fiber length (CNFL) (mm/ mm?) were quanti-
fied manually and corneal nerve fiber tortuosity (CNFT) was quantified automatically from
the trace of the main corneal nerve fibres using CCMetrics (Fig 1A and 1B). An additional six
images centred on the inferior whorl and immediately adjacent areas not overlapping by no
more than 20% were selected and the inferior whorl length IWL) (mm/ mm?) was quantified
utilizing the manual CNFL mode in CCMetrics [33] (Fig 1C and 1D). The investigator was
blind to the study group when performing CCM and analysing CCM images.

Sample size and statistical analysis

The primary outcome measure was corneal nerve fiber pathology as assessed with CCM. A dif-
ference in nerve fiber length of 2.7 mm/mm? has been demonstrated to be a clinically signifi-
cant difference representing the difference between mean nerve fiber length in controls and
individuals with mild diabetic neuropathy [34]. The standard deviation for nerve fiber length
(mm/mm®) in controls has been reported to be 0.88 [35]. Using these parameters, a power of
0.80 and a two-tailed alpha of 0.05, a minimum sample size of 16 was calculated per group.
Given the lack of precision associated with this calculation we increased the sample size to 20
per group to improve the power of the study.
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Fig 1. CCM images of the central cornea in a healthy control (A) and child with celiac disease (CD) (B), and CCM images of
the inferior whorl in a healthy control (C) and child with CD (D).

https://doi.org/10.1371/journal.pone.0238859.9001

All statistical analyses were performed using IBM SPSS Statistics software Version 26 and
P<0.05 was considered statistically significant. Normally distributed data were expressed as
mean + standard deviation and the means were compared using an independent sample t-test.
To investigate the association between clinical parameters and corneal nerve fibres parameters,
Pearson correlation was used. Graph prism version 8 was used to build dot plots.

Results

Clinical demographics are summarized in Table 1. The body mass index (BMI) (18.82+3.90 vs.
22.26+5.47; P = 0.031) and 25 OHD (25-hydroxyvitamin D) (43.50+13.36 vs. 59.77+22.45;

P =0.014) levels were significantly lower in children with CD compared to controls. There was
no difference in CNFD (34.7+8.6 vs. 32.948.6; P = 0.5), CNBD (47.2+24.5 vs. 47.3+20.0;

P =0.1) and CNFL (20.0+5.1 vs. 19.5+4.5; P = 0.8) (Fig 2A-2C). CNFT (11.4+1.9 vs 13.5+3.0;
P =0.01) was significantly lower in children with CD compared to controls (Fig 2D). IWL
demonstrated a non-significant reduction in patients with CD compared to healthy controls
(20.0£5.5 vs 23.0+3.8; P = 0.1) (Fig 2E). IWL was >2SD lower than the mean of controls in
20% of children with CD.
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Table 1. Clinical demographics and laboratory measures in control subjects and CD patients.

Healthy (n = 20) Mean + SD CD (n = 20) Mean + SD P-value

Age 12.83+1.91 11.78+1.74 0.077
Duration of disease - 4.49+4.02 N/A

Height (m) 1.44+0.13 1.38+0.14 0.125
BMI (kg/m?) 22.26+5.47 18.81+3.90 0.031
Tissue Transglutaminase antibody (U/mL) 0.51+0.007 29.03+49.72 0.446
Hemoglobin (g/dl) 125.50+7.84 125.63£7.45 0.963
Platelets x 10™°/L 333.75+£73.20 325.42+77.51 0.768
WBCx 10™/L 7.72%1.98 6.73%1.89 0.171
25 OHD (ng/mL) 59.77+22.45 43.50£13.36 0.014
Vitamin B12 (ng/mL) 180-914 321.84+89.40 N/A

Folic acid (nmol/L) 11.3-47.6 24.977+14.30 N/A

Serum Iron (pmol/L) 13.65+2.76 11.46%7.67 0.700

Data are presented as mean + SD, vitamin B12 and folic acid levels were compared with the normal laboratory range. CD: Celiac Disease, BMI: Body Mass Index, WBC:

White blood Cell Count.

https://doi.org/10.1371/journal.pone.0238859.t001

Correlation between CCM parameters and clinical and laboratory

measures

Age, duration of disease, height, BMI, tissue transglutaminase antibody level, haemoglobin, 25
OHD, vitamin B12, folic acid and iron levels did not correlate with CNFD, CNBD, CNFL,

CNFT or IWL. Platelet count showed a significant inverse correlation with CNBD (B = -0.539;
P =0.017) and CNFL (B = -0.544; P = 0.016) (Fig 3A and 3B).
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Fig 2. CCM parameters in children with CD and healthy controls presented as box plots with mean and range. (A)
CNEFD: Corneal nerve fiber density, (B) CNBD: corneal nerve branch density, (C) CNFL: corneal nerve fiber length,
(D) CNFT: corneal nerve fiber tortuosity, (E) IWL: Inferior whorl length.

https://doi.org/10.1371/journal.pone.0238859.g002
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Fig 3. Correlation plots between the platelet count with CNBD (A) and CNFL (B). CNBD: corneal nerve branch

density, CNFL: corneal nerve fiber length.
https://doi.org/10.1371/journal.pone.0238859.9003
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https://doi.org/10.1371/journal.pone.0238859.9004

Correlation between central corneal and inferior whorl corneal nerve

parameters
IWL correlated significantly with CNFD (B = 0.606; P = 0.005), CNBD (B = 0.459; P = 0.042)
and CNFL (B = 0650; P = 0.002) but not with CNFT (B =-0.227, P = 0.337) (Fig 4A-4D).

Discussion
This is the first study to assess corneal nerve morphology in children with celiac disease. We
demonstrate no loss of corneal nerve fibres in the central cornea and a non-significant reduc-
tion in the inferior whorl length in children with CD. We believe it is critical to detect early
sub-clinical nerve damage using sensitive techniques such as CCM to ensure compliance with
a gluten-free-diet to prevent progressive nerve degeneration. However, our data indicate that
children with CD do not have evidence of subclinical small nerve fibre damage. This is contrast
to a nationwide population-based study of adults with biopsy verified-CD, where the preva-
lence of confirmed neuropathy was increased based on the International Classification of Dis-
ease (ICD) codes for any neuropathy, idiopathic neuropathy, Guillain-Barre Syndrome (GBS),
chronic inflammatory demyelinating polyneuropathy (CIDP), mononeuritis multiplex and
autonomic neuropathy [9]. Indeed, adults with CD have reported symptoms of burning, tin-
gling, and numbness in the hands and feet which has been attributed to an underlying small
fibre neuropathy [7]. Furthermore, abnormalities in electrophysiology and nerve biopsy [5,7],
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reduced nerve conduction studies (NCS) [5,8] and abnormal QST [8] have been shown in
adults with CD. Skin biopsy studies in adults with CD have also demonstrated periodic acid
Schiff-positive and diastase resistance intracellular bodies in apocrine sweat glands [36],
reduced intraepidermal nerve fiber density [37-39], increased axonal swelling and collateral
reinnervation [40,41] in the calf and thigh [39]. Furthermore, sural nerve biopsy studies have
shown a mild to moderately severe chronic axonopathy [7,42,43], focal inflammatory cell infil-
trates in the epineurium and perivascular cuffing of the lymphocytes [42,43] with a patchy loss
of myelinated fibers [42].

Peripheral neuropathy is associated with TIDM and CD; however, it is unclear whether
T1DM patients with CD have an increased risk of neuropathy compared to either disease
alone [44]. There is only one previous study which showed electromyographic evidence of
axonal neuropathy in 7% of children with CD [10]. A case-report of a sural nerve biopsy
from a child with CD demonstrated reduced unmyelinated fiber density, indicative of an
early small fiber neuropathy [45]. The present study shows no reduction in central corneal
nerve fibres in children with CD compared to healthy controls using CCM. This indicates
that children with CD do not show a reduction in corneal nerves comparable to children
with T1DM [11,31,46]. Although gluten neuropathy is common in adults with CD [4], in
children with CD we show no evidence of corneal nerve loss. In a recent systematic review,
age was the main driver of neuropathy in patients with CD [4]. Furthermore, we have
observed a significant lower corneal nerve fibre tortuosity. This is in contrast with the obser-
vation that corneal nerve fibre tortuosity was increased in patients with diabetes [47,48]. This
further supports a lack of evidence for small fibre degeneration in children with CD. How-
ever, the inferior whorl which is more distal to the central corneal nerves has shown an early
loss in adults with diabetes [33,49-51], particularly in those with painful diabetic neuropathy
[52,53]. We show a trend towards a reduction in IWL in children with CD compared to
healthy controls and may be clinically relevant as it may help to identify children with very
early nerve damage, particularly as 20% had a reduction which was >2SD of the mean in con-
trols. The correlation between IWL and central corneal nerve measures is in agreement with
a previous study in adults [49] and further supports a common underlying basis for corneal
nerve loss at the centre and inferior whorl.

There were no associations between CCM measures and clinical variables such as BMI and
vitamin D even though these were lower in CD and there was no association with tissue trans-
glutaminase antibody levels or duration of disease. Whilst there was no difference in platelet
density between children with CD and controls, paradoxically there was a significant inverse
correlation with corneal nerve fibre measures. Previous studies have not shown a relationship
between platelet density and corneal nerves or neuropathy. Platelets are rich in platelet derived
growth factor which promotes the chemotaxis of fibroblasts, monocytes and macrophages and
also inhibits metalloprotease activity and decreases inflammation [54]. Indeed, platelet lysate
has been shown to improve corneal nerve fibre density and symptoms in patients with dry eye
[55].

A limitation of the current study is the cross-sectional design and the small cohort size
which may have resulted in the study being underpowered. Larger longitudinal studies are
warranted, given the trend for a reduction in IWL suggesting very early distal nerve fibre loss
in CD.

Conclusion

We conclude that there is minimal evidence of small nerve fibre damage in children with CD.
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