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Corneal confocal microscopy identifies corneal nerve
fibre loss and increased dendritic cells in patients
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with long COVID

Gulfidan Bitirgen

ABSTRACT

Background/Aims Long COVID is characterised by a
range of potentially debilitating symptoms which develop
in at least 10% of people who have recovered from
acute SARS-CoV-2 infection. This study has quantified
corneal sub-basal nerve plexus morphology and dendritic
cell (DC) density in patients with and without long
CovID.

Methods Forty subjects who had recovered from
COVID-19 and 30 control participants were included in
this cross-sectional comparative study undertaken at a
university hospital. All patients underwent assessment
with the National Institute for Health and Care
Excellence (NICE) long COVID, Douleur Neuropathique
4 (DN4) and Fibromyalgia questionnaires, and corneal
confocal microscopy (CCM) to quantify corneal nerve
fibre density (CNFD), corneal nerve branch density
(CNBD), corneal nerve fibre length (CNFL), and total,
mature and immature DC density.

Results The mean time after the diagnosis of
COVID-19 was 3.7+1.5 months. Patients with
neurological symptoms 4 weeks after acute COVID-19
had a lower CNFD (p=0.032), CNBD (p=0.020), and
CNFL (p=0.012), and increased DC density (p=0.046)
compared with controls, while patients without
neurological symptoms had comparable corneal nerve
parameters, but increased DC density (p=0.003). There
were significant correlations between the total score
on the NICE long COVID questionnaire at 4 and 12
weeks with CNFD (p=-0.436; p=0.005, p=-0.387,
p=0.038, respectively) and CNFL (p=—0.404; p=0.010,
p=—0.412; p=0.026, respectively).

Conclusion Corneal confocal microscopy identifies
corneal small nerve fibre loss and increased DCs

in patients with long COVID, especially those with
neurological symptoms. CCM could be used to
objectively identify patients with long COVID.

INTRODUCTION

The coronavirus disease 2019 (COVID-19)
pandemic has been caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2).
Although the major acute clinical manifestations
of the disease involve the respiratory tract, neuro-
logical symptoms including loss of taste and smell,
headache, dizziness, numbness, and neuropathic
pain have been reported.' > The exact mechanism
of neurological involvement in SARS-CoV-2 infec-
tion remains unclear, although pathways involving
direct retrograde trans-neuronal or haematogenous
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pathways, and indirect innate and adaptive immune
responses have been proposed.’

It is now becoming clear that at least 10% of
people who have recovered from acute COVID-19
infection will develop long COVID.*’ The National
Institute for Health and Care Excellence (NICE),
Scottish  Intercollegiate  Guidelines Network
(SIGN), and Royal College of General Practitioners
(RCGP) have developed a rapid guideline for diag-
nosing and managing long COVID.® The guideline
defines long COVID as ‘signs and symptoms that
develop during or following an infection consis-
tent with COVID-19 and which continue for more
than 4weeks and are not explained by an alterna-
tive diagnosis’. NICE further recommends the term
‘post-COVID syndrome’ for ongoing symptoms,
beyond 12 weeks after infection with SARS-CoV-2.
Long COVID is characterised by a heterogenous
complex of symptoms affecting several organ
systems; however, neurological and musculoskeletal
symptoms are prominent.* It has been suggested
that small nerve fibre damage may underlie long
COVID.”® Indeed, in our recent study we reported
widespread sensory symptoms with loss of taste and
smell and abnormal thermal thresholds in patients
with diabetes who had recovered from severe
COVID-19.”

Corneal confocal microscopy (CCM) is a real-
time, non-invasive, high-resolution imaging tech-
nique which allows objective quantification of
corneal sub-basal nerve fibres and dendritic cells
(DCs). We have previously utilised CCM to show
corneal nerve fibre loss in patients with idiopathic
small fibre neuropathy,'® painful diabetic neurop-
athy'" and fibromyalgia,'* and an increase in DCs in
patients with diabetic neuropathy'® and inflamma-
tory and immune mediated nerve damage including
multiple sclerosis and chronic inflammatory demy-
elinating polyneuropathy.'* '

In the present study, we utilised CCM to quan-
tify sub-basal corneal nerve morphology and DC
density in patients with and without long COVID.
We also assessed the association between corneal
nerve and DC abnormalities with the severity of
long COVID, particularly in relation to neuropathic
and musculoskeletal symptoms.

METHODS

Forty patients within 1-6 months of COVID-19
and 30 healthy control subjects were enrolled in
this cross-sectional study at a single tertiary referral
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university hospital. The study design fulfilled the tenets of the
Declaration of Helsinki and was approved by the Research Ethics
Committee of the Necmettin Erbakan University. A detailed
explanation of the study protocol was provided and written
informed consent was obtained from all participants.

Acute COVID-19 infection was defined by symptomatic
presentation at hospital and confirmation of SARS-CoV-2 by
reverse transcriptase-polymerase chain reaction (RT-PCR) assay
of oropharyngeal and nasopharyngeal swabs. Exclusion criteria
were any existing ophthalmic disease requiring topical medica-
tions, contact lens use, a previous history of ocular surgery or
trauma, diabetes mellitus and any other systemic disease that
might cause peripheral neuropathy. Patient records were retro-
spectively reviewed for blood test results including white cell
count (WCC), C-reactive protein (CRP), fibrinogen, ferritin and
D-dimer levels during the acute infection.

A questionnaire in accord with the long COVID guideline
developed jointly by NICE, SIGN and the RCGP'® was admin-
istered to identify persisting symptoms at 4 and 12 weeks after
the diagnosis of acute COVID-19 (online supplemental file
E1). This questionnaire consists of 28 items in nine domains
including generalised, respiratory, cardiovascular, neurological,
musculoskeletal,  psychological/psychiatric, gastrointestinal,
dermatological, and ear, nose and throat symptoms, with a total
score ranging from 0 to 28. The neurological domain of this
questionnaire consists of seven items, scoring between 0 and 7.
The Douleur Neuropathique 4 (DN4) interview questionnaire
was used to identify neuropathic pain and consists of 10 items
with a total score ranging from 0 to 10. The Fibromyalgia Ques-
tionnaire (FM-Q) was used to localise and grade the severity
of muscle pain and overlapping symptoms including headache,
depression/anxiety, heartburn, irritable bowel, bladder prob-
lems, fatigue, waking up unrefreshed and cognitive issues, with a
total score ranging from 0 to 26."7

All subjects underwent laser scanning CCM using the Rostock
Corneal Module/Heidelberg Retina Tomograph 1l (Heidelberg
Engineering, Germany). The section mode was used to scan the
central cornea, and two-dimensional digital images with an image
size of 400x400um, a lateral digital resolution of 1pum/pixel, and
a depth resolution of 2 um/pixel were obtained. Three high-quality
sub-basal nerve plexus images were selected from each subject based
on a previously defined standardised image selection protocol.'® The

investigator (GB) undertaking the CCM was aware if the participant
was a control subject or a patient with COVID-19. However, the
investigator was not aware of the identity of the participant when
quantifying corneal nerve or DC morphology, as the images were
anonymised and coded. Corneal nerve plexus parameters were
manually quantified and included: corneal nerve fibre density
(CNFD)—the total number of major nerves (no/mm?); corneal
nerve branch density (CNBD)—the number of branches arising from
major nerves (no./mm?); and corneal nerve fibre length (CNFL)—
the total length of all nerve fibres and branches (mm/mm?) using
validated, purpose-designed software (CCMetrics, University of
Manchester, Manchester, UK).”” DC density was quantified in the
same image frames used to quantify the sub-basal nerve plexus. The
number of highly reflective cells with (mature) and without (imma-
ture) dendriform structures were counted manually using the branch
density quantification feature of the CCMetrics software, and the
density was derived as the number of cells in the area of frame
assessed (no./mm?).

Statistical analysis was performed using SPSS version 21.0
(Chicago, IL, USA) software. Basic descriptive statistics were calcu-
lated on all the data and are reported as mean=SD or median (IQR),
as appropriate. Normal distribution of continuous variables was
confirmed with the Shapiro-Wilk test. The Pearson y test was used
to compare categorical variables. Independent samples t-test for para-
metric data and Mann-Whitney U test for non-parametric data were
used to compare the measures between the post-COVID patients
and control subjects. One-way analysis of variance (ANOVA) test
followed by Tukey multiple comparison test or Kruskal-Wallis test
followed by Dunn’s test with adjusted p values using the Benjamini-
Hochberg procedure were used to compare the parameters among
the created subgroups. The Pearson % test and independent samples
t-test were used to compare the differences in age and gender among
the subgroups of patients with COVID-19. The associations between
variables were measured using Spearman’s rank correlation coeffi-
cient. For all evaluations, a two-sided p value <0.05 was considered
statistically significant.

RESULTS

Clinical and demographic measures

The demographic and clinical characteristics of the study partic-
ipants are summarised in table 1. There were no significant

Table 1 Baseline characteristics of the study participants

COVID-19 patients (n=40)

With neurological symptoms at 4 Without neurological symptoms at

Healthy controls (n=30) Total weeks (n=22) 4 weeks (n=18)
Age, mean=SD (years) 45.6+£14.3 45.4+13.1 48.3+13.1 41.8+12.5
Gender, no. (F/M) 14/16 18/22 10/12 8/10
Time from diagnosis, mean (SD) - 3.7+1.5 3.8+1.3 3.6+1.7
(months)
NICE-Q total score at 4 weeks, median - 3.5(1.0-6.8) 6.0 (4.8-8.0) 0.5 (0-2.3)
(IQR)
NICE-Q neurological score at 4 weeks, - 1.0 (0-2.0) 2.0 (1.8-3.0) -
median (IQR)
NICE-Q total score at 12 weeks, - 2.0 (0-3.0) 3.0 (2.5-4.0) 0 (0-0)
median (IQR)
NICE-Q neurological score at 12 - 0 (0-1.5) 1.0 (0.5-2.0) -
weeks, median (IQR)
DN4 score, median (IQR) - 0 (0-0) 0(0-4) -
FM-Q score, median (IQR) - 6.0 (2.0-11.0) 10.0 (5.8-12.0) 2.5(0.8-6.5)

DN4, Douleur Neuropathique 4; F, female; FM-Q, Fibromyalgia questionnaire; M, male; NICE-Q, National Institute for Health and Care Excellence long COVID questionnaire.
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Figure 1
in COVID-19 patients with (B) and without (C) long COVID.

differences between COVID-19 patients and control subjects for
age (mean (SE) difference —0.23 (3.29), 95% CI —6.79 to 6.34;
p=0.946) and gender (female/male 18/22 vs 14/16, respectively;
p=0.890). The mean time after the diagnosis of COVID-19 was
3.7%+1.5 months and was >12 weeks in 73% (29/40) of cases.
Patients had received treatment with favipiravir (n=32, 80%),
hydroxychloroquine (n=18, 45%), and enoxaparin (n=27,
68%) during the acute phase of COVID-19. In the acute phase,
22 patients (55%) had no clinical signs of pneumonia, 11 (28%)
had clinical signs of pneumonia not requiring oxygen therapy,
four (10%) were hospitalised with pneumonia and received
oxygen therapy, and three (8%) patients with pneumonia were
admitted to the intensive care unit (ICU) for respiratory support.
The median (IQR) and mean=SD duration of stay in hospital and
ICU were 11.0 (8.0-29.0) days and 10.7+3.5 days, respectively.

Representative corneal confocal microscopic images of the central corneal sub-basal nerve plexus in a healthy control participant (A), and

Pre-existing comorbidities included hypertension in five patients
(13%), asthma in three patients (8%), coronary artery disease
in one patient (3%), and euthyroid Hashimoto’s thyroiditis in
one patient (3%). The median (IQR) values of admission blood
parameters were as follows: WCC 6.3 (4.9-7.7) 10*/uL; CRP 4.8
(2.0-37.4) mg/L; fibrinogen 320.0 (268.0-445.0) mg/dL; ferritin
107.2 (33.6-215.1) ug/L; D-dimer 112.0 (53.3-173.8) ng/mL.

Corneal nerve and dendritic cell parameters

Figure 1 illustrates the CCM images of the central corneal sub-basal
nerve plexus in a healthy subject and COVID-19 patients with and
without neurological symptoms. CNBD was lower (mean (SE)
difference —11.16 (4.58), 95%CI —20.30 to —2.02; p=0.017),
total (median (IQR) 39.5 (13.2-92.5) vs 12.7 (0-30.4) cells/mm?;

Table 2 Corneal confocal microscopic parameters in COVID-19 patients and healthy control subjects

Total DC density (no./ Mature DC density ~ Immature DC density (no./

CNFD (no./mm?  CNBD (no./mm?) CNFL (mm/mm?)  mm?) (no./mm?) mm?)
Healthy control subjects  33.5+6.9 50.7+£19.5 19.2+3.7 12.7 (0-30.4) 0(0-4.2) 12.7 (0-24.7)
(n=30)
Post-COVID patients 31.0+7.0 39.5+18.6 17.4+4.6 39.5 (13.2-92.5) 7.3(0-16.7) 30.6 (8.9-69.9)
(n=40)
With neurological 28.7+6.1 36.1+16.9 15.9+4.2 35.1 (9.0-85.8) 7.3 (0-18.7) 22.7 (4.4-65.5)
symptoms at 4 weeks
(n=22)
Without neurological ~ 33.9+7.1 43.7+20.2 19.3+4.5 53.5 (22.0-95.7) 7.3 (0-15.1) 33.5(15.2-80.3)
symptoms at 4 weeks
(n=18)
P values
Post-COVID vs control ~ 0.141* 0.017* 0.080* 0.001t <0.001t 0.002t
With neurological 0.032% 0.020% 0.012% 0.0468 0.003§ 0.1018§
symptoms vs control
Without neurological ~ 0.981% 0.438% 0.998% 0.003§ 0.0108§ 0.007§
symptoms vs control
With vs without 0.044% 0.412% 0.027% >0.999% >0.999§ >0.999§
neurological
symptoms

Data are expressed as mean+SD for CNFD, CNBD and CNFL, and median (IQR) for DC density. The bold p values represent statistically significant differences.

*Independent samples t-test.
tMann-Whitney U test.
$One-way ANOVA test followed by Tukey test.

§Kruskal-Wallis test followed by Dunn’s test with adjusted p values using Benjamini-Hochberg procedure.
ANOVA, analysis of variance; CNBD, corneal nerve branch density; CNFD, corneal nerve fibre density; CNFL, corneal nerve fibre length; DC, dendritic cells.
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Figure 2 Corneal nerve fibre parameters and dendritic cell density in healthy control participants and patients with and without neurological
symptoms 4 weeks after the initial diagnosis of COVID-19. Error bars indicate mean (SD) for corneal nerve fibre density, nerve branch density and

nerve fibre length, and median (IQR) for dendritic cell density.

p=0.001), mature (median (IQR) 7.3 (0-16.7) vs 0 (0-4.2) cells/
mm?; p<0.001) and immature (median (IQR) 30.6 (8.9-69.9) vs
12.7 (0-24.7) cellsymm?; p=0.002) DC densities were higher, with
no difference in CNFD (mean (SE) difference —2.50 (1.68), 95%CI
—5.84 to 0.85; p=0.141) and CNFL (mean (SE) difference —1.81
(1.02), 95%CI —3.85 to 0.22; p=0.080) in COVID-19 patients
compared with control subjects (table 2).

Neurological symptoms were present at 4 and 12 weeks in
22/40 (55%) and 13/29 (45%) patients, respectively. Subgroup
analysis revealed that patients with neurological symptoms at 4
weeks had a lower CNFD (mean (SE) difference —4.85 (1.88),
95%CI —9.36 to —0.35; p=0.032), CNBD (mean (SE) differ-
ence —14.62 (5.30), 95%CI —27.32 to —1.91; p=0.020), and
CNFL (mean (SE) difference —3.35 (1.14), 95%CI —6.08 to
—0.62; p=0.012), and increased total (median (IQR) 35.1 (9.0-
85.8) vs 12.7 (0-30.4) cells/mm?; p=0.046) and mature (median
(IQR) 7.3 (0-18.7) vs 0 (0-4.2) cells/mm?; p=0.003) DC densi-
ties, compared with control subjects. Patients without neurolog-
ical symptoms had comparable corneal nerve parameters but
increased total (median (IQR) 53.5 (22.0-95.7) vs 12.7 (0-30.4)
cells/mm?; p=0.003), mature (median (IQR) 7.3 (0-15.1) vs 0
(0-4.2) cells/mm?; p=0.010) and immature (median (IQR) 33.5
(15.2-80.3) vs 12.7 (0-24.7) cells/mm?*; p=0.007) DC densities,
compared with control subjects (table 2). CNFD (mean (SE)
difference —5.22 (2.13), 95%CI —10.33 to —0.12; p=0.044)
and CNFL (mean (SE) difference —3.41 (1.29), 95%CI —6.50

to —0.32; p=0.027) were lower in patients with compared with
without neurological symptoms (figure 2).

Patients with neurological symptoms at 12 weeks had a lower
CNFD (mean (SE) difference —6.94 (2.22), 95% CI —12.28 to
—1.60; p=0.008), CNBD (mean (SE) difference —16.40 (6.31),
95%CI —31.59 to —1.21; p=0.031) and CNFL (mean (SE)
difference —4.51 (1.33), 95%CI —7.70 to —1.31; p=0.004),
and higher total (median (IQR) 59.6 (14.9-99.2) vs 12.7 (0-30.4)
cells/mm?; p=0.016), mature (median (IQR) 8.3 (4.1-21.9) vs 0
(0—4.2) cells/mm?; p=0.001), and immature (median (IQR) 41.2
(11.9=78.3) vs 12.7 (0-24.7) cells/mm?; p=0.039) DC densities,
compared with control subjects (table 3). CNFD (mean (SE)
difference —7.78 (2.49), 95%CI —13.78 to —1.78; p=0.008)
and CNFL (mean (SE) difference —4.80 (1.49), 95% CI —8.40
to —1.21; p=0.006) were lower in patients with compared with
without neurological symptoms.

CNFD (mean (SE) difference —6.38 (2.63), 95%CI —12.72
to —0.04; p=0.048) and CNFL (mean (SE) difference —4.56
(1.55),95%CI —8.29 to —0.83; p=0.013) were lower in patients
with compared with without long COVID (online supplemental
table S1). CNFD (mean (SE) difference —5.51 (2.12), 95%CI
—10.59 to —0.44; p=0.030) and CNFL (mean (SE) difference
—3.68 (1.28),95%CI —6.74 to —0.62; p=0.015) were lower in
patients with compared with without clinical signs of pneumonia
(online supplemental table S2).
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Table 3  Corneal confocal microscopic parameters in COVID-19 patients with and without persisting neurological symptoms at 12 weeks and

healthy control subjects

Total DC density (no./ Mature DC density Immature DC density (no./

CNFD (no./mm?)  CNBD (no./mm?) CNFL (mm/mm?)  mm?) (no./mm?) mm?)
Healthy control 33.5+6.9 50.7+19.5 19.2+3.7 12.7 (0-30.4) 0(0-4.2) 12.7 (0-24.7)
subjects (n=30)
With neurological 26.6+6.2 34.3+20.1 14.7+4.7 59.6 (14.9-99.2) 8.3 (4.1-21.9) 41.2 (11.9-78.3)
symptoms at 12 weeks
(n=13)
Without neurological ~ 34.4+6.7 46.6+17.0 19.5+3.9 27.8 (11.7-95.9) 6.2 (0-12.5) 18.4 (5.5-82.2)
symptoms at 12 weeks
(n=16)
P values
With neurological 0.008* 0.031* 0.004* 0.016% 0.001t 0.039%
symptoms vs control
Without neurological 0.914* 0.768* 0.969* 0.121t 0.112t 0.187t
symptoms vs control
With vs without 0.008* 0.201* 0.006* >0.999t 0.357t >0.999t
neurological
symptoms

Data are expressed as mean+SD for CNFD, CNBD and CNFL, and median (IQR) for DC density. The bold p values represent statistically significant differences.

*One-way ANOVA test followed by Tukey test.

tKruskal-Wallis test followed by Dunn'’s test with adjusted p values using Benjamini-Hochberg procedure.
ANOVA, analysis of variance; CNBD, corneal nerve branch density; CNFD, corneal nerve fibre density; CNFL, corneal nerve fibre length; DC, dendritic cells.

There were no significant differences for age and gender
among all compared subgroups of patients with COVID-19
(p>0.05 for all, data not shown).

Relationship to neuropathic pain (DN4)

There was no significant difference in the DN4 score between
subjects with and without long COVID (median (IQR) 0 (0-4.3)
vs 0 (0-0), respectively; p=0.060). The proportion of patients
with a DN4 =4, which defines patients with neuropathic pain,
was greater in patients with long COVID (5/18, 28%) compared
with patients without long COVID (0/11, 0%), but did not
achieve statistical significance (p=0.055).

Relationship to musculoskeletal symptoms (FM-Q)

The FM-Q score was significantly higher in subjects with long
COVID compared with subjects without long COVID (median
(IQR) 11.0 (7.5-12.0) vs 2.0 (1.0-8.0), respectively; p=0.001).

Correlations between CCM and NICE-Q, DN4, FM-Q disease
scores

Among patients with COVID-19, there were significant inverse
correlations between CNFD and the total score on the NICE
long COVID questionnaire at 4 (p=-0.436; p=0.005) and 12
weeks (p=—0.387; p=0.038), NICE questionnaire neurological
scores at 4 (p=—0.407; p=0.009) and 12 weeks (p=—0.547;
p=0.002), and FM-Q score (p=—0.399; p=0.011). There were
significant inverse correlations between CNFL and the total
score on the NICE long COVID questionnaire at 4 (p=—0.404;
p=0.010) and 12 weeks (p=—0.412; p=0.026), NICE ques-
tionnaire neurological scores at 4 (p=—0.386; p=0.014) and
12 weeks (p=—0.469; p=0.010), and FM-Q score (p=—0.419;
p=0.007). There were significant inverse correlations between
CNBD and the DN4 score (p=-0.347; p=0.028), CRP
(p=—0.365; p=0.043), total DC density (p=—0.365; p=0.020),
mature DC density (p=-0.419; p=0.007), and immature DC
density (p=-0.353; p=0.025).

DISCUSSION

To the best of our knowledge, this is the first study reporting
corneal nerve loss and an increase in DC density in patients
who have recovered from COVID-19, especially in subjects
with persisting symptoms consistent with long COVID. Several
studies have reported varied neurological manifestations related
to acute COVID-19, suggestive of both central and peripheral
nervous system involvement, including encephalitis, cranial
neuropathy, Guillain-Barré syndrome, and peripheral neurop-
athy.® 222 A case series of 214 patients from Wuhan reported
that 36.4% of patients had neurological symptoms and 2.3%
had neuropathic pain." In another study including 350 patients
with COVID-19, neurological manifestations were present in
18.9% and 3.1% had numbness or paresthesia.”’

A recent meta-analysis suggested that 80% of patients who
have recovered from COVID-19 continue to have at least one
symptom, sign, or abnormal laboratory parameter, beyond
2weeks after the initial diagnosis.** Carfi et al* reported that
87% of hospitalised patients had at least one persisting symptom
60 days after the acute diagnosis of COVID-19. In another study,
only 0.7% of patients were reported to be completely free of
symptoms, 79 days after the initial diagnosis of COVID-19.%
Our study shows that at least one neurological symptom was
present in 55% and 45% of patients, 4 and 12 weeks after the
onset of COVID-19, while at least one symptom was present in
78% and 62% of patients at 4 and 12 weeks, consistent with
long COVID.

There are now emerging studies which provide biological
plausibility for the development of peripheral neuropathy and
neuropathic pain as a result of COVID-19.% *’ It has also been
suggested that small fibre neuropathy may underlie long COVID
based on a case report of orthostatic cerebral hypoperfusion
syndrome and painful small fibre neuropathy in a patient with
COVID-19.® Odriozola et al’ have also reported the pres-
ence of a widespread sensory neuropathy and small and large
fibre dysfunction in diabetic patients who had recovered from
severe COVID-19. Although detailed neuromuscular studies are
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limited and tend to be biased, as they are based on reports from
patients with more severe acute COVID-19 and critical illness,
they nevertheless report abnormalities consistent with a periph-
eral neuropathy and myopathy.” >

We and others have previously reported on the utility of CCM to
identify small nerve fibre damage in various central and peripheral
neurodegenerative disorders.’® " 1 We have now utilised CCM
to demonstrate corneal nerve fibre damage, especially in those with
neurological symptoms, 4 and 12 weeks after the initial diagnosis of
COVID-19. Furthermore, we show significant associations between
corneal nerve fibre loss and the severity of long COVID based on
the NICE long COVID questionnaire, neuropathic pain based on
DN4, and musculoskeletal symptoms based on the FM-Q. This is
consistent with our previous studies showing corneal nerve fibre loss
in patients with idiopathic small fibre neuropathy, painful diabetic
neuropathy and fibromyalgia.'*"2

Another major finding of this study is that corneal DC density
was increased in COVID-19 patients, comprised of mature DCs in
patients with persisting neurological symptoms at 4 weeks, with an
increase in both mature and immature DCs at 12 weeks, providing
insights into the evolution of immune activation in COVID-19.
Brain autopsy material from a patient with SARS-CoV-2 infec-
tion showed microglial activation and pronounced neuronophagia
involving the inferior olivary nuclei and cerebellar dentate nuclei.’!
Neuropathological studies have also shown SARS-CoV-2 in the
cerebrum, cerebellum, cranial nerves, olfactory bulb and olfactory
epithelium, with associated microglial activation and lymphoid
inflammation.>* Furthermore, COVID-19 infection has been associ-
ated with Guillain-Barré syndrome, a post-infectious immune medi-
ated peripheral neuropathy,®® and an improvement in neuropathy
has been observed following plasma exchange.”® In this study, we
show an increase in mature and immature corneal DCs in patients
with COVID-19 which was associated with reduced CNBD. These
findings are consistent with an innate immune and inflammatory
process characterised by the migration and accumulation of DCs in
the central cornea in a number of immune mediated and inflamma-
tory conditions.'* * ** Further study of the relative change in mature
and immature DC density and corneal nerves in COVID-19 patients
over time may provide insights into the contribution of immune and
inflammatory pathways to nerve degeneration.

According to data from China, among 44415 confirmed
COVID-19 patients, 81% had mild or moderate disease, 14% had
severe disease, and 5% had critical illness.*® In the current study, 83%
of patients had mild and moderate disease (without clinical signs of
pneumonia and mild pneumonia not requiring oxygen support),
10% had severe disease (need for oxygen therapy), and 8% had
critical disease (requiring [CU admission due to respiratory failure),
indicating that our study population is comparable with other large
populations in terms of disease severity presentation. We also show
that patients with more severe acute COVID-19 had evidence of
greater corneal nerve damage, suggesting that the severity of nerve
damage may be related to the severity of disease at presentation.

We acknowledge several limitations, including the relatively
small number of study participants and the absence of longer-term
follow-up examination. Other limitations include the use of ques-
tionnaires to define the severity of neurological symptoms rather
than more objective measures of neuropathy including quantitative
sensory testing, nerve conduction studies and skin biopsy, and the
lack of assessment of ocular surface symptoms and corneal sensi-
tivity. Nevertheless, we show that patients with long COVID have
evidence of small nerve fibre damage which relates to the severity
of long COVID and neuropathic as well as musculoskeletal symp-
toms. Further studies of larger cohorts of patients using additional
measures of neuropathy and CCM are required. Corneal confocal

microscopy may have clinical utility as a rapid objective ophthalmic
test to evaluate patients with long COVID.
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