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A B S T R A C T

Purpose: To investigate the imaging, clinical, and tear proteomic profiles between neuropathic corneal pain 
(NCP) and dry eye disease (DED), and to identify potential imaging and molecular biomarkers for the differ
entiation of NCP from DED.
Methods: This cross-sectional study included 54 NCP patients (105 eyes), 53 DED patients (106 eyes), and 54 
healthy controls (108 eyes). All subjects were evaluated with ocular surface assessment, ocular pain assessment 
survey (OPAS), and in-vivo confocal microscopy to characterize corneal nerves, microneuromas (MNs), immune 
cells, and epithelial cells. Tear quantitative proteomics were analyzed.
Results: The percentage of presence of MNs, the number, total area, total perimeter, and average area of MNs 
were significantly higher in the NCP group than the other two groups. NCP patients had significantly higher 
corneal nerve fiber width. MNs parameters were significantly correlated with the OPAS scores (r = 0.20 to 0.48, 
all P < 0.05). Particularly, in peripheral NCP, both MNs total area and perimeter exhibited a significant corre
lation with the OPAS eye pain intensity (r = 0.55–0.57, both P < 0.05). Combinations of MNs parameters and 
OPAS scores had high diagnostic efficacy for NCP with an area under the curve (AUC) of 0.916. A total of 129 
significantly differential proteins were identified, such as up-regulated vinculin and down-regulated DLG asso
ciated protein 4 in NCP, as well as up-regulated S100A12 and matrix metallopeptidase 9 in DED. These dysre
gulated proteins were linked to neuron apoptosis, inflammatory response, and synaptic transmission.
Conclusion: NCP patients present with different imaging features, clinical characteristics and proteomic profiles, 
compared with DED patients. These can be used as differentiating indicators.

1. Introduction

Neuropathic pain is caused by peripheral nerve injury or changes in 
pain processing in the central nervous system [1]. When this 

phenomenon occurs in the cornea, it is referred to as neuropathic 
corneal pain (NCP), which presents as ocular pain, hyperalgesia, 
burning sensation, and photophobia. NCP significantly affects the 
quality of life (QoL) [2,3]. The etiology of NCP includes systemic dis
eases, such as diabetes, small fiber neuropathy, or systemic autoimmune 
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diseases, as well as ocular causes like refractive surgery, herpes simplex 
keratitis and dry eye [4-6]. Using in-vivo confocal microscopy (IVCM), 
several studies have identified alterations in the cornea microstructure 
in NCP, including reduced corneal nerve fiber density (CNFD), increased 
microneuromas (MNs) and immune cells, as well as activation of the 
stromal keratocytes [7-9]. The pathogenesis of NCP involves a cascade 
of neuromediators, inflammatory factors, and neuropeptides, contrib
uting to intricate pathogenesis associated with neuroinflammation, 
wound healing, neurotoxicity, neutrophil degeneration, and apoptosis 
signaling pathways [9,10]. Currently, there is no consensus on the 
diagnosis of NCP, and the diagnosis of NCP is primarily based on clinical 
features and symptoms [11]. However, there are often overlapping 
symptoms between NCP and dry eye disease (DED), and there is no 
objective biomarker available to differentiate NCP from DED.

DED is multifactorial and encompasses a combination of symptoms 
of ocular dryness, burning sensation, tenderness, and aching, which 
overlap with those of NCP [12]. The clinical manifestations include 
meibomian gland obstruction or atrophy, and ocular surface staining on 
the cornea or conjunctiva. Morphologically, DED patients present with 
reduced corneal nerve density [13], presence of nerve beading or neu
romas [14,15], increased nerve diameter and tortuosity, and increased 
immune cells on IVCM [16-18]. The pathogenesis is associated with the 
dysregulation of multiple inflammatory mediators [19], triggering 
neurogenic inflammation and leading to a vicious cycle of DED [20]. 
Given the similarity of parts of the symptomatology and pathogenesis, 
the treatment for NCP and DED, such as lubricants and 
anti-inflammatory agents [21-23], also overlap. However, a consider
able proportion of NCP patients are refractory to conventional dry eye 
treatment [11]. Furthermore, central type of NCP requires systemic 
pharmacotherapy for the alleviation of the symptoms [24]. These un
derscore the importance of differentiation between these 2 conditions to 
deliver more effective treatment.

Tear proteomics is a reliable approach for understanding the caus
ative mechanism and biochemical changes in ocular surface diseases. 
Several studies have investigated the tear proteomics of DED [25]. Our 
group has also for the first time characterized the tear proteomic profiles 
and associated biological pathways in NCP [9]. However, there is 
currently no existing literature comparing the molecular profiles be
tween NCP and DED, which may open an avenue to identify potential 
molecular biomarkers to distinguish these two conditions.

Researchers have been attempting to identify the differences be
tween NCP and DED in corneal nerve imaging. Moein [8] observed that 
MNs were only present in NCP patients but not in DED, suggesting that 
MNs could serve as a specific diagnostic marker for NCP. However, 
another study found that MNs can be present in 21.8 % of DED patients 
[15]. This suggests that the presence of MN alone may not have 

sufficient diagnostic ability for NCP. Clinicians would need more precise 
diagnostic parameters that can reflect the symptoms and signs of NCP.

In this study, we investigated and compared the corneal IVCM im
aging characteristics, ocular surface objective and subjective assess
ments, and tear proteomics among NCP, DED, and control subjects. We 
aimed to identify potential imaging or proteomic diagnostic panels to 
distinguish NCP from DED.

2. Methods

2.1. Study design and patients

This cross-sectional, comparative study was conducted in Singapore 
National Eye Centre and Singapore Eye Research Institute. Approval for 
the study was granted by the Institutional Review Board of SingHealth 
(number 2022/2046), Singapore. The study was conducted in accor
dance with the Declaration of Helsinki, and informed consent was ob
tained from all the subjects.

There is currently no consensus in the diagnostic criteria for NCP, 
and we used the published inclusion criteria for the present study [2,9,
26]: (1) Persistent (>3 months) ocular pain or pain-like symptoms such 
as burning sensation, allodynia, light sensitivity, or hyperalgesia, with 
scores at least 30 % on more than three questions in the Ocular Pain 
Assessment Survey (OPAS) questionnaire; (2) Abnormalities in corneal 
nerves such as MN formation, beading pattern, nerve tortuosity, 
reduction of CNFD, or corneal nerve fiber length (CNFL) on IVCM 
evaluation; and (3) Minimal ocular surface staining, with National Eye 
Institute (NEI) dot-count scores less than 2 [9,27]. The type of NCP was 
categorized based on the proparacaine challenge test: patients who 
experienced complete relief after topical proparacaine administration 
suggested peripheral NCP, while those who experienced partial relief or 
no response indicated mixed and central NCP, respectively [3].

DED was diagnosed based on the Dry Eye Workshop II criteria: an 
ocular surface disease index (OSDI) score ≥13, and tear break-up time 
(TBUT) < 10 second or presence of ocular surface staining (>5 corneal 
spots, >9 conjunctival spots, or lid margin >2 mm length and >25 % in 
width) [28].

The control group consisted of healthy individuals who were age- 
and sex-matched, had no history of ocular or systemic diseases, or ocular 
surgery, and did not use topical eye drops. Patients with active ocular 
surface disease and concomitant ocular diseases such as uveitis or other 
ocular inflammation that could potentially induce ocular pain, were also 
excluded.

2.2. IVCM scans and images analysis for corneal nerves, microneuromas, 
epithelial cells, and immune cells

Corneal nerve plexus, MNs, epithelial cells, and immune cells were 
evaluated using IVCM (Heidelberg Retina Tomography III, Rostock 
Cornea Module, Heidelberg Engineering GmbH). Scanning was per
formed at the central cornea and four areas positioned 3 mm above, 
below, nasal and, temporal to the apex of the cornea. The scanning depth 
encompassed from the corneal epithelium to the endothelium. The 
corneal nerve plexus was analyzed using the ACCMetrics software 
(University of Manchester) [29]. A total of 25 well-focused images were 
chosen from these five regions (five images per region with each trunk 
nerve and branch nerve being selected only once). The following pa
rameters were obtained: CNFD (fibers/mm2 with an area per frame =
0.16033 mm2), corneal nerve branch density (CNBD; branch points on 
main fibers/mm2), CNFL (total length of fibers mm/mm2), corneal total 
branch density (CTBD; total number of branch points/mm2), corneal 
nerve fiber area (CNFA; total nerve fiber area mm2/mm2), corneal nerve 
fiber width (CNFW; width of nerves fibers mm/mm2) and corneal nerve 
fiber fractal dimension (CFracDim). CFracDim represents a spatial loss 
in nerve distribution, with higher CFracDim values indicating a more 
uniform nerve distribution.

Abbreviations

NCP neuropathic corneal pain
DED dry eye disease
MNs microneruomas
OPAS Ocular Pain Assessment Survey questionnaire
OSDI ocular surface disease index
IVCM in-vivo confocal microscopy
QoL: quality of life
CNFD corneal nerve fiber density
CNBD corneal nerve branch density
CNFL: corneal nerve fiber length
CTBD corneal total branch density
CNFA corneal nerve fiber area
CNFW average width of corneal nerves fibers
CFracDim fractal dimension for nerves fibers
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MNs were defined as focal swellings of nerves characterized by 
relatively large, diffuse, and bright areas arising from the nerves [30]. 
All images containing MNs were selected, and the same MN was only 
selected once. These MNs were analyzed using ImageJ software (Na
tional Institutes of Health, MD). The area of each MN was quantified, 
and the number of all MNs was counted. Total MN area (μm2) and total 
MN perimeter (μm) represented the cumulative sum from all the images 
for their respective measurements. Average MN area (μm2) and average 
perimeter (μm) indicated the mean values calculated from all the 
images.

The AIConfocal Rapid Image Evaluation System (ARIES; ADCIS, S.A., 
Saint-Contest, France) was used for the analysis of the corneal epithelial 
cells and immune cells. For each eye, five best-focused images of the 
corneal epithelium were selected to obtain the following parameters: 
epithelial cell count, cell density (cells/μm2), average cell size (μm2), 
and cell circularity. Immune cells were defined as small white cells that 
separate from or connect to the nerve branches [31]. Ten representative 
images were chosen per eye, and the following parameters were ob
tained: cell density (cells/μm2), average length (μm), average area 
(μm2), and elongation (the absolute value of the difference between the 
major and minor axis divided by the sum of the major and minor axis).

2.3. Ocular surface objective and subjective assessments

The Schirmer’s I test, TBUT, Oxford and NEI scores were performed 
with the published protocols [32]. Assessment of the ocular surface and 
corneal integrity was performed using the Oxford score (0–5) [33] and 
NEI scale (0–15), respectively [34].

The OSDI questionnaire assesses the symptoms of dry eye (Q1-5), its 
impact on vision-related functioning (Q6-9), and the effect of environ
mental factors (Q10-12). The total OSDI score was then calculated as: 
OSDI = [(sum of scores for all questions answered) × 100]/[(total 
number of questions answered) × 4] [35]. The OPAS questionnaire is a 
validated multidimensional tool comprising six dimensions: eye pain 
intensity in the past 24 h, eye pain intensity in the last 2 weeks, 
non-ocular pain intensity, QoL assessment, aggravating factors, and 
associated factors examination. Participants rated their responses on a 
numerical scale ranging from 0 to 10 [36].

2.4. Tear proteomic profiles analysis

Tear proteomic quantitative analysis was conducted with the pro
tocol described previously [9,37,38]. The Schirmer strips were mixed 
with 100 μL lysis buffer and incubated. The Bio-Rad DC Protein assay 
was utilized to measure the total protein concentration. The tear pro
teins eluted were subjected to reduction, alkylation, trypsin digestion, 
and desalting processes. Subsequently, the quantification of the total 
peptide quantities was performed. All peptide samples underwent 
analysis by an Orbitrap Exploris™ 480 Mass Spectrometer using an 
EASY-Spray™ Source alongside an EASY-nLC 1200 system. The sepa
ration of liquid chromatography was conducted by employing an 
Acclaim PepMap 100C18 as a pre-column and a PepMap®RSLC C18 as 
an analytical column. A library-independent direct data-independent 
acquisition (DIA) workflow was employed to process the DIA data 
using Spectronaut 15 from Biognosys. Raw protein abundance values 
were derived after fragment ions were selected for quantification based 
on the default quality control criteria as implemented in the map DIA. 
The downstream data analysis, data visualization, and Gene Ontology 
term enrichment were performed using custom scripts in R (version 
4.1.1) software. The raw abundance data were median normalized and 
log-transformed for all the statistical analyses. Significant differentially 
expressed proteins were identified using the threshold of Wilcoxon 
Rank-Sum Test p < 0.05 and |log2FC| > 0.585. Partial Least Squares 
Discrimination Analysis (PLS-DA) was used to discriminate the proteo
mic profiles between NCP and DED. PLS-DA is a robust method for 
projecting and analyzing the data structure by maximizing the 

differences between the groups according to the predefined classifica
tion and identifying the influencing variables that cause the differences 
between the groups.

2.5. Statistical analysis

The normality of data distribution was assessed using the 
Kolmogorov-Smirnov test. Continuous variables were reported as mean 
± standard deviation. One-way analysis of variance (ANOVA) was used 
to analyze normally-distributed data, followed by Tukey’s multiple tests 
for pairwise comparisons. Non-normally distributed data were analyzed 
using a Kruskal-Wallis H test, with a Dunnett’s T3 test for pairwise 
comparisons. Chi-square test was used to compare the categorical var
iables. Spearman’s rank order correlation analysis examined the asso
ciations between the MN or corneal nerve parameters, and questionnaire 
scores. For the ocular surface objective parameters and IVCM parame
ters, the average of both eyes were used for the correlation analysis with 
the OPAS and OSDI scores which were patient-based, rather than eye- 
based scores. Receiver operating characteristic curve analysis exam
ined the diagnostic performance of the use of objective parameters for 
NCP from the DED. Areas under the curves (AUCs) were calculated as 
measures of the accuracy of the tests. Cutoff point, sensitivity, speci
ficity, positive predictive value and negative predictive value were also 
calculated. The required sample size was calculated based on type I error 
at 0.05, type II error at 0.20, confidence level at 0.95, the ratio of NCP 
and DED patients at 1/1, and expected AUC at 0.90 [39]. Hence, 51 
patients was required for each arm. A P value < 0.05 was considered 
statistically significant. Statistical analyses were performed using 
GraphPad Prism 9.3.0 (GraphPad software, La Jolla, California, USA).

3. Results

3.1. Demographic information and comorbidities

A total of 54 patients (105 eyes) with NCP, 53 patients with DED 
(106 eyes), and 54 healthy volunteers (108 eyes) were included in the 
study. The average age of the NCP, DED, and control groups was 55.7 ±
14.0, 59.6 ± 14.8, and 54.1 ± 15.2 years, respectively (P = 0.143). The 
study population was predominantly female, at 87.0 %, 75.5 % and 74.1 
%, in the NCP, DED and control groups respectively (P = 0.197). In the 
NCP cohort, 33 eyes (31.4 %) had peripheral NCP, 24 eyes (22.9 %) had 
central NCP, and 48 eyes (45.7 %) presented with mixed NCP. Forty-five 
patients (83.3 %) in the NCP group had systemic comorbidities, with the 
most common being sleep disorders (38.9 %), followed by chronic pain 
syndrome (37.0 %). Twenty patients (37.0 %) had ocular comorbidities, 
of which 11 patients (20.4 %) had a history of refractive surgery. In the 
DED group, 43.4 % and 49.1 % had systemic comorbidities and ocular 
comorbidities, respectively (Table 1).

3.2. Ocular surface assessment and subjective symptoms

On OPAS evaluation, 37 NCP patients (68.5 %) complained of 
varying extents of eye pain in the last 24 h. Other commonly reported 
symptoms included burning sensation (53.7 %), photophobia (53.7 %), 
and tearing (40.7 %). In the DED group, a lower percentage of patients 
experienced these symptoms: 27.3 % presented with eye pain in the last 
24 h 17.0 % of subjects exhibited burning sensation, 18.5 % complained 
of photophobia, and 20.8 % exhibited tearing. The mean scores of the six 
dimensions in NCP patients were significantly higher than those in DED 
and controls (all P < 0.001; Table 2). There was no significant difference 
between the DED and control group, except for the scores of the asso
ciated factors. The total OSDI score of the NCP group was also signifi
cantly higher compared to that of the DED and control groups (both P <
0.001; Table 2).

For the analysis of the three NCP subgroups, the mean scores of eye 
pain intensity for the last 24 h, non-eye pain intensity, QoL, aggravating 
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factors, and associated factors in the mixed group exhibited higher 
values compared to those reported in the peripheral and central NCP 
groups. However, these differences did not reach statistical significance 
(Supplementary Table 1).

For ocular surface assessment, the NEI score in the NCP group was 
significantly lower than that in the DED group (P < 0.001) and com
parable to that in the normal control group. The DED patients had 
significantly higher Oxford scores than the NCP patients (P = 0.001) and 
the controls (P < 0.001). There were no significant differences observed 
between the NCP group and DED group for the Schirmer’s I results, both 
of which were significantly lower than that of the normal control group 
(all P < 0.001). Significant differences in the TBUT were observed 
among the three groups, with the DED group presenting with the lowest 
value, followed by the NCP group, and the control group (all P < 0.0001; 

Table 2).

3.3. IVCM findings for microneuromas, corneal nerves, immune cells, and 
epithelial cells

3.3.1. Microneuromas
Corneal MNs were present in all the NCP patients (100 %), with the 

proportion significantly higher than that of DED patients (58.5 %) and 
the controls (35.2 %), respectively (P < 0.001, Table 3). The mean 
number of MNs in the NCP group was significantly higher than that in 
the DED group and controls (both P < 0.001), while there was no sig
nificant difference between the control and DED groups (Table 3 and 
Fig. 1). The total area total perimeter, and average area of MNs in the 
NCP group were significantly larger than those in both the DED and 
control groups (all P < 0.05). There were no significant differences be
tween the DED and the control group in all the MNs parameters. 
(Table 3, Fig. 1).

The number of MNs in the peripheral NCP (5.9 ± 3.0) and mixed 
NCP (6.3 ± 3.9) subgroups was significantly higher than that in the 
central NCP subgroup (3.8 ± 2.6) (P = 0.036 and P = 0.012 respec
tively), with no significant difference between peripheral and mixed 
NCP. There were no significant differences in the rest of the MNs pa
rameters among the three subgroups.

3.3.2. Corneal nerves
NCP and DED patients had significantly lower CNFD, CNBD, CNFL, 

and CTBD than the controls, while these parameters were comparable 
between the NCP and DED groups. Of note, when comparing between 
the NCP and DED group, NCP patients had significantly higher CNFW 
than DED patients (P = 0.036). DED patients had significant lower CNFA 
(P = 0.029) and CFracDim (P = 0.027) than NCP patients. When 
comparing NCP and control group, the NCP patients had significantly 
higher CNFW (P < 0.001) and significantly lower CFracDim (P = 0.017; 
Table 3 and Fig. 2).

3.3.3. Immune cells
The immune cells elongation was significantly lower in the NCP and 

DED groups than in the controls (P = 0.046 and P = 0.015, respectively), 
indicating longer processes and smaller cell bodies which suggest more 
mature immune cells morphology. The immune cells density in the NCP 
and DED groups was significantly higher than that of the controls (P =
0.003), while no significant difference was observed between the NCP 
and DED groups. (Table 4, Fig. 3).

3.3.4. Corneal epithelial cells
Comparisons of basal epithelial cells among the three groups are 

presented in Table 4 and Fig. 3. The DED group had the highest cell 
density and smallest epithelial cell size than the NCP and control groups 
(all P < 0.05).

3.4. Correlation between subjective symptoms and imaging parameters

The scores of five dimensions of the OPAS questionnaire on the 
ocular symptoms were significantly and positively correlated with all 
the MNs parameters, including the number, total area, total perimeter, 
average area, and average perimeter of MNs (r = 0.20 to 0.49, all P <
0.05). The total OSDI scores presented with significant and positive 
correlation with all the MNs parameters (r = 0.27 to 0.44, all P < 0.05). 
The total OSDI scores also significantly and negatively correlated with 
the CNBD, CNFL, CTBD, and CFracDim (r = − 0.17 to − 0.19, all P <
0.05) (Table 5). There were significant and positive correlations be
tween the CNFW and OSDI scores, as well as CNFW and eye pain in
tensity for the last two weeks and scores of associated factors on OPAS 
evaluation (all P < 0.05; Table 5).

We also specifically analyzed the correlation between the OPAS 
scores and imaging parameters for NCP patients. Negative correlations 

Table 1 
Characteristics in NCP and DED patients.

Parameter DED NCP

Duration of disease (mean ± SD years) 3.7 ±
2.8

4.1 ±
5.2

Systemic comorbidities (n, %) ​ ​
Sleep disorder 3 (5.7) 21 

(38.9)
Chronic pain syndrome 3 (5.7) 20 

(37.0)
Migraine 1 (1.9) 8 (14.8)
Others 2 (3.8) 12 

(22.2)
Anxious or depression 1 (1.9) 10 

(18.5)
Rheumatoid arthritis 1 (1.9) 4 (7.4)
Sjogren syndrome 1 (1.9) 3 (5.6)
Dyslipidemia 7 (13.2) 3 (5.6)
Allergic disease (asthma, allergic rhinitis, atopic 
dermatitis and eczema)

5 (9.4) 5 (9.3)

Diabetes mellitus 1 (1.9) 3 (5.6)
Trigeminal neuralgia 0 (0) 2 (3.7)
Fibromyalgia 0 (0) 2 (3.7)
Meige syndrome 0 (0) 1 (1.9)
Anaemia 1 (1.9) 1 (1.9)
Remissioned leukemia 2 (3.8) 0 (0)
Crohn’s disease 1 (1.9) 0 (0)
Thyroid disease 1 (1.9) 1 (1.9)

Ocular comorbidities (n, %) ​ ​
Refractive Surgery 7 (13.2) 11 

(20.4)
Other ocular surgeries (cataract surgery, eyelid surgery, 
strabismus surgery)

18 
(34.0)

6 (11.1)

Blepharospasm 1 (1.9) 6 (11.1)
Herpes zoster ophthalmicus 0 (0) 2 (3.7)

Systemic medications (n, %) ​ ​
No 47 

(88.7)
35 
(64.8)

Antihypertensive 1 (1.9) 1 (1.9)
Non-steroidal anti-inflammatory 1 (1.9) 3 (3.7)
Antitumor drugs 1 (1.9) 0 (0)
Anti-insomnia drugs 1 (1.9) 3 (3.7)
Gabapentin or Pregabalin 0 (0) 4 (7.4)
Antidepressants 0 (0) 5 (9.3)
Corticosteroids 0 (0) 2 (3.7)
Hydroxychloroquine 1 (1.9) 1 (1.9)

Topical medications (n, %) ​ ​
No 31 

(58.5)
35 
(64.8)

Artificial tears 3 (5.7) 5 (9.3)
Antihistamines 2 (3.8) 1 (1.9)
Corticosteroids 0 (0) 1 (1.9)
Cyclosporines 8 (15.1) 7 (13.0)
Diquafosol Sodium 9 (17.0) 6 (11.1)

Contact lenses history (n, %) ​ ​
Yes 12 

(22.2)
17 
(32.1)

No 42 
(77.8)

36 
(67.9)
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were observed between the OPAS scores of aggravating factors dimen
sion and corneal nerve parameters CNFL (r = − 0.37, P = 0.016), CNFD 
(r = -0.32, P = 0.037), as well as CFracDim (r = − 0.35, P = 0.021). 
Further analysis revealed that CNFL and CFracDim had significant 
negative correlations with increased pain when exposed to wind, dry air, 
heat, or air conditioning (r = − 0.33, P = 0.034; r = − 0.32, P = 0.043, 
respectively, all P < 0.05).

When looking into the three types of NCP, we found that in periph
eral NCP, both the total area and perimeter of MNs exhibited a signifi
cant positive correlation with eye pain intensity for the last 24 h (r =
0.55, P = 0.003; r = 0.57, P = 0.024, respectively; Fig. 4A and B). In 
terms of corneal nerve parameters, significant negative correlations 
were observed between the CNFL, CNFD, CFracDim and OPAS aggra
vating factors (r = − 0.56, P = 0.022; r = − 0.50, P = 0.043; and r =
− 0.56, P = 0.022, respectively; (Fig. 4C–E). No significant correlations 
were observed between these parameters in either the mixed or central 
NCP groups.

3.5. Potential imaging biomarkers for differentiating DED from NCP

As there are significant differences between the NCP and DED groups 
in the MN parameters, these parameters were included in the receiver- 
operating characteristic analysis. The AUC of MNs number for diag
nosis of NCP was 0.871 (sensitivity: 81.1 %; specificity: 78.3 %). The 
AUC of MNs total area was 0.863 (sensitivity: 69.8 %; specificity: 85.9 
%), and the AUC of MNs total perimeter was 0.864 (sensitivity: 76.4 %; 
specificity: 80.2 %). When these three parameters were combined, the 
AUC was 0.878, with a sensitivity of 82.1 % and specificity of 78.3 % 
(Table 6 and Fig. 4F).

Furthermore, we incorporated the OPAS items with the MN 

parameters. The AUC was improved to 0.910 (sensitivity: 79.4 %; 
specificity: 90.6 %) when combining the three MN parameters and Eye 
Pain Intensity for the last 2 weeks, and to 0.916 (sensitivity: 76.8 %; 
specificity 93.4 %) when combining the three MN parameters and 5 
dimensions of the OPAS questionnaire on ocular symptoms (Table 6 and 
Fig. 4G).

3.6. Tear proteomic profiles and associated biological pathways

The plots of the PLS-DA analysis displayed a clear separation in the 
tear proteomic profiles between NCP and DED patients (Fig. 5A). A total 
of 129 significantly differentially expressed proteins were identified 
between the NCP and DED groups (Fig. 5B), with the top 20 significantly 
up-regulated or down-regulated tear proteins being shown in Table 7. 
Vinculin (VCL, log2FC = 1.17), which is involved in neuronal mecha
nosensing; myosin ID (MYO1D, log2FC = 1.12) which plays a role in the 
formation and/or maintenance of myelin; cytoplasmic FMR1 interacting 
protein 1 (CYFIP1, log2FC = 1.07), which is involved in neuronal ac
tivity, and ADP ribosylation factor guanine nucleotide exchange factor 1 
(ARFGEF1, log2FC = 0.93) for neuro-inflammation, were significantly 
increased in NCP patients. On the other hand, DLG associated protein 4 
(DLGAP4), which is involved in neuronal cell signaling and neuronal 
migration, was significantly decreased in the NCP group (log2FC =
− 1.84). Matrix metallopeptidase 9 (MMP9) and S100 calcium-binding 
protein A12 (S100A12) were significantly higher in DED patients 
(log2FC = − 1.39 and log2FC = − 1.02, respectively). On the pathway 
analysis, these significantly dysregulated proteins were related to 
immunological and inflammatory responses, regulation of neuron 
apoptotic process, regulation of translation at postsynapse, synaptic 
transmission, oxidative stress, and epithelial cell differentiation 

Table 2 
Subjective and objective assessment on ocular surface.

Control DED NCP P value P values for post-hoc analysis

DED vs C NCP vs C NCP vs DED

Tear break-up time (Sec) 9.5 ± 2.0 2.1 ± 0.8 3.8 ± 2.6 <0.0001 <0.0001 <0.0001 <0.0001
Schirmer’s I test (mm) 13.5 ± 7.9 7.1 ± 6.4 6.1 ± 5.1 <0.0001 <0.0001 <0.0001 0.611
Oxford score (0–5) 0.0 ± 0.1 0.6 ± 0.9 0.2 ± 0.5 <0.0001 <0.0001 0.037 0.0001
NEI score (0–15) 0.1 ± 0.3 2.0 ± 2.4 0.4 ± 0.6 <0.0001 <0.0001 0.336 <0.0001
OSDI 5.5 ± 9.5 31.2 ± 16.3 45.1 ± 20.7 <0.0001 <0.0001 <0.0001 0.0003
OPAS questionnaire ​ ​ ​ ​ ​ ​ ​

Eye Pain Intensity for the last 24 h 0.1 ± 0.6 1.5 ± 3.5 7.8 ± 7.2 <0.0001 0.270 <0.0001 <0.0001
Eye Pain Intensity for the last 2 weeks 0.0 ± 0.3 1.7 ± 3.6 9.0 ± 7.7 <0.0001 0.188 <0.0001 <0.0001
Non-eye pain intensity 0.1 ± 0.7 0.1 ± 0.8 5.4 ± 7.1 <0.0001 0.999 <0.0001 <0.0001
QoL scores 0.1 ± 0.7 4.2 ± 10.3 23.8 ± 20.1 <0.0001 0.251 <0.0001 <0.0001
Aggravating Factors 0.1 ± 0.7 0.9 ± 3.1 4.9 ± 6.2 <0.0001 0.568 <0.0001 <0.0001
Associated Factors 0.1 ± 0.9 4.3 ± 9.5 12.2 ± 11.5 <0.0001 0.040 <0.0001 <0.0001

Table 3 
Comparison of microneuroma and nerve parameters among 3 groups.

Control DED NCP P values P values for post-hoc analysis

DED vs C NCP vs C NCP vs DED

Microneuroma parameters
Frequency (%) 38/108 (35.2 %) 62/106 (58.5 %) 108/108 (100 %) <0.0001 0.001 <0.0001 <0.0001
Number (n) 2.6 ± 2.1 2.7 ± 2.1 5.7 ± 3.5 <0.0001 >0.9999 <0.0001 <0.0001
Total area (μm2) 439.1 ± 265.6 542.1 ± 344.1 1479.2 ± 1028.1 <0.0001 0.892 <0.0001 <0.0001
Total perimeter (μm) 233.4 ± 112.1 307.1 ± 196.5 740.3 ± 497.7 <0.0001 0.591 <0.0001 <0.0001
Average area (μm2) 247.6 ± 140.5 263.3 ± 146.6 352.4 ± 246.7 0.004 0.926 0.019 0.019
Average perimeter (μm) 132.1 ± 52.2 133.0 ± 54.5 145.4 ± 63.5 0.300 0.997 0.460 0.386
Nerve parameters
CNFD (fibers/mm2) 14.4 ± 5.2 12.0 ± 5.3 12.5 ± 5.6 0.005 0.006 0.036 0.780
CNBD (fibers/mm2) 13.8 ± 8.8 10.2 ± 7.4 11.3 ± 7.6 0.006 0.002 0.033 0.282
CNFL (mm/mm2) 9.6 ± 2.6 8.0 ± 2.7 8.6 ± 2.7 0.0001 <0.0001 0.016 0.270
CTBD (branch points/mm2) 23.9 ± 12.3 18.1 ± 9.5 19.4 ± 9.2 0.0003 0.0003 0.006 0.605
CNFA (mm2/mm2) 0.0045 ± 0.001 0.0038 ± 0.001 0.0042 ± 0.001 0.002 0.0005 0.175 0.029
CNFW (mm/mm2) 0.0212 ± 0.001 0.0215 ± 0.001 0.0218 ± 0.001 <0.0001 0.012 <0.0001 0.036
CFracDim 1.41 ± 0.05 1.38 ± 0.05 1.40 ± 0.05 <0.0001 <0.0001 0.017 0.027
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(Fig. 5C).

4. Discussion

Currently, no objective imaging or molecular biomarkers are avail
able to differentiate between NCP and DED. We compared the imaging 
characteristics, clinical features, and proteomic profiles between NCP 
and DED. We also found that patients’ symptoms were positively 

correlated with MNs parameters, and the MN parameters help to 
differentiate NCP from DED. Additionally, the tear proteomics data 
serves as a valuable dataset for NCP and DED. These findings collectively 
provide important aspects in differentiating between NCP and DED, a 
challenge that has remained unmet in clinical practice.

We found that NCP patients had a higher percentage of systemic 
comorbidities. Insufficient sleep, persistent pain, and a decline in QoL 
may disrupt higher cognitive functions, leading to mood disorders. 

Fig. 1. Microneuromas (MNs) quantification and images in NCP, DED patients and controls. Comparison of MNs number (A), MNs total area (B), MNs total perimeter 
(C), MNs average area (D), MNs average perimeter (E); IVCM images of MNs in healthy controls (F), DED patients (G) and NCP patients (H) respectively. Error bars 
represent the standard error of the mean. *P < 0.05, ****P < 0.0001. ns represents not statistically significant.

Fig. 2. Corneal nerve quantification and images in NCP, DED patients and controls: Comparison of CNFD (A), CNBD (B), CNFL (C), CTBD (D), CNFA (E), CNFW (F) 
and CFracDim (G). IVCM images of corneal nerves in healthy controls (H), DED patients (I) and NCP patients (J) respectively. Error bars represent the standard error 
of the mean. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns represents not statistically significant.
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Table 4 
Comparison of corneal immune cell and epithelilal cell parameters among NCP, DED and control groups.

Control DED NCP P values P values for post-hoc analysis

DED vs C NCP vs C NCP vs DED

Immune cell parameters
Density (cells/μm2) 0.021 ± 0.003 0.022 ± 0.002 0.022 ± 0.002 0.003 0.003 0.018 0.808
Average area(μm2) 49.1 ± 7.7 45.4 ± 4.7 47.6 ± 7.4 0.002 0.001 0.486 0.044
Average length (μm) 11.8 ± 1.8 10.8 ± 0.8 11.2 ± 1.3 <0.0001 0.0001 0.078 0.038
Elongation (μm) 0.64 ± 0.06 0.62 ± 0.23 0.62 ± 0.06 0.010 0.015 0.046 0.994
Epithelial cell parameters
Cell density (cells/μm2) 0.0078 ± 0.0005 0.0083 ± 0.0007 0.0081 ± 0.0005 <0.0001 <0.0001 0.015 0.019
Average size (μm2) 129.3 ± 9.2 121.3 ± 11.4 125.1 ± 8.1 <0.0001 <0.0001 0.014 0.031
Circularity 0.72 ± 0.01 0.71 ± 0.01 0.72 ± 0.02 0.083 0.173 0.969 0.101

Fig. 3. Corneal immune cells and epithelial cell quantification and images in NCP, DED patients and controls: Comparison of immune cells density (A), immune cells 
average length (B), immune cells average area (C) and immune cells elongation (D); epithelial cell density (E), epithelial cell average size (F), and epithelial cell 
circularity (G). IVCM images of corneal immune cells in healthy controls (H), DED patients (I), NCP patients (J), corneal epithelial in healthy controls (K), DED 
patients (L) and NCP patients (M) respectively. Error bars represent the standard error of the mean. *P < 0.05, **P < 0.01, ***P < 0.001. ns represents not sta
tistically significant.

Table 5 
Correlations between imaging parameters and the scores of the OSDI and OPAS items in all participants.

OSDI Eye Pain Intensity for the last 24 h Eye Pain Intensity for the last 2 weeks QoL Aggravating 
Factors

Associated 
Factors

MNs number r 0.41 0.43 0.44 0.47 0.34 0.48
​ P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
MNs total area r 0.44 0.42 0.42 0.43 0.29 0.43

P <0.0001 <0.0001 <0.0001 <0.0001 <0.001 <0.0001
MNs total perimeter r 0.44 0.43 0.43 0.45 0.32 0.46

P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
MNs average area r 0.32 0.30 0.33 0.32 0.20 0.30

P <0.0001 <0.001 <0.0001 <0.0001 0.011 <0.001
MNs average perimeter r 0.27 0.26 0.26 0.25 0.21 0.25

P 0.001 0.001 0.001 0.002 0.007 0.002
CNFD r − 0.17 − 0.09 − 0.12 − 0.04 − 0.13 − 0.06

P 0.028 0.264 0.136 0.628 0.094 0.461
CNBD r − 0.19 − 0.08 − 0.12 − 0.02 − 0.09 − 0.03

P 0.015 0.318 0.122 0.805 0.240 0.722
CNFL r − 0.19 − 0.07 − 0.11 − 0.01 − 0.13 − 0.03

P 0.018 0.379 0.173 0.936 0.101 0.699
CTBD r − 0.16 − 0.06 − 0.10 0.00 − 0.07 0.01

P 0.040 0.427 0.193 0.955 0.409 0.920
CNFA r − 0.07 − 0.03 − 0.04 0.04 − 0.07 0.03

P 0.409 0.711 0.580 0.614 0.395 0.717
CNFW r 0.19 0.14 0.19 0.13 0.07 0.20

P 0.017 0.080 0.017 0.102 0.404 0.014
CFracDim r − 0.18 − 0.08 − 0.13 − 0.01 − 0.12 − 0.05

P 0.027 0.291 0.112 0.854 0.121 0.541
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Fig. 4. Scatter plots and ROC curves. Scatter plots for the relationship between OPAS questionnaire eye pain intensity for the last 24h and MNs parameters in patients 
with peripheral NCP: MNs total area (A) and MNs total perimeter (B). Scatter plots for the relationship between OPAS questionnaire aggravating factors and corneal 
nerve parameters in patients with peripheral NCP: CNFL (C), CNFD (D), and CFracDim (E). Linear fitting was used as the analysis of R-squared values and residuals 
indicated that it was the most suitable model. ROC curves of the three MN parameters and their combination for differentiation NCP and DED (F); ROC curves of three 
MN parameters combined with OPAS scores for differentiation NCP and DED (G).

Table 6 
Diagnostic efficacy for differentiation NCP and DED by MNs parameters and OPAS scores.

Evaluation parameters AUC (95 %CI) Cut-off 
value

Sensitivity Specificity Positive predictive 
value

Negative predictive 
value

MN parameters
MNs number (n) 0.871 

(0.824–0.918)
2.5 81.1 % 78.3 % 78.9 % 80.6 %

MNs total area (μm2) 0.863 
(0.816–0.911)

863 69.8 % 85.9 % 83.1 % 74.0 %

MNs total peremiter (μm) 0.864 
(0.816–0.912)

365.5 76.4 % 80.2 % 80.2 % 77.5 %

Combination of 3 MN parameters 0.878 
(0.833–0.923)

– 82.1 % 78.3 % 79.1 % 81.4 %

OPAS questionnaire
Eye Pain Intensity for the last 2 weeks 0.797 

(0.709–0.884)
1 74.5 % 79.3 % 78.7 % 76.9 %

QoL scores 0.802 
(0.714–0.889)

6.5 72.6 % 86.8 % 84.9 % 77.2 %

Combination of 3 MN parameters þ OPAS questionnaire
3 MN parameters + Eye Pain Intensity for the last 2 weeks 0.910 

(0.871–0.948)
– 81.4 % 83.0 % 83.0 % 83.0 %

3 MN parameters + QoL scores 0.906 
(0.868–0.945)

– 81.4 % 80.2 % 80.7 % 82.5 %

3 MN parameters + Eye Pain Intensity for the last 2 weeks 
+ QoL scores

0.912 
(0.875–0.949)

– 82.4 % 82.1 % 82.4 % 83.7 %

3 MN parameters + all OPAS scores on ocular symptoms 0.916 
(0.880–0.953)

– 83.8 % 83.0 % 83.4 % 85.1 %
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These negative emotions further intensify the experience of NCP, exac
erbating pain symptoms [40]. Our group previously reported that NCP is 
significantly more debilitating than DED in all aspects of QoL [2].

The corneal nerves stimulate the tear reflex, activating the efferent 
corneal nerves in the production of the tear film [41]. The abnormal 
nerve function in NCP patients leads to the impairment of tear reflex and 
neural nutritional effect, resulting in decreased tear production and 
stability. Additionally, the TBUT and ocular surface staining were the 
worst in the DED patients, highlighting the unstable tear film and 
disruptive ocular surface tight junctions.

The appearance and frequency of MNs have been a subject of 
research interest in NCP. There are several hyper-reflective physiolog
ical or pathological structures to be distinguished from MNs on IVCM. 
MNs typically present with bulges, varicosities, tangles, or hyper
reflective sites connecting to axons, while corneal stromal-epithelial 
nerve penetration sites (CSENPS) are mainly hyper-reflective but 

diffuse patterns associated with branch points and continuous with a 
stromal nerve trunk [42] (Supplementary Fig. 1). Other corneal 
hyper-reflectivities, such as irregular tear film, subepithelial fibrous 
reticular tissue, and the aggregation and infiltration of immune cells, 
could be also seen on IVCM images (Supplementary Fig. 2). However, 
these structures would not connected to nerves or axons and could be 
differentiated from corneal MNs. Our analysis revealed a significant 
increase in the number and size of MNs in NCP than in DED and controls. 
This suggests that MNs may serve as a pathological basis for NCP. We 
further demonstrated that MN parameters serve as highly effective 
biomarkers for distinguishing NCP from DED with an AUC of 
0.863–0.878. When we further identify the cut-off values, the number of 
MNs >2.5, the total area of MNs >863 μm2, and the total perimeter of 
MNs >365.5 μm, as well as the presence of eye pain (i.e. pain score >1) 
in the past two weeks, can be used as sensitive indicators for the diag
nosis of NCP. In clinical practice, it suggests that 91.6 % of NCP patients 

Fig. 5. Tear proteomic profiles of NCP patients and DED patients. Partial Least Squares Discrimination Analysis (PLS-DA) analysis showing a clear separation of the 
tear proteomic profiles of the NCP patients versus DED patients (A). Volcano plots presenting the fold changes (FC) of the tear proteins comparing NCP patients versus 
DED patients, red: significantly dysregulated, blue: not significantly dysregulated (B). Chord plot demonstrating GO analysis of top 20 up and down-regulated 
proteins and associated pathways in NCP group in comparison to the DED group (C). Significantly up-regulated (FC > 1.5 and P < 0.05, i.e. log2FC > 0.58) and 
down-regulated (FC < 0.67 and P < 0.05, i.e. log2FC < − 0.58) proteins are shown. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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can be accurately diagnosed by assessing the MNs and asking patients if 
they experienced eye pain for the past 2 weeks. This approach for the 
first time reported clinically practical imaging references for NCP 
diagnosis.

Our study also identified the presence of corneal MNs in controls and 
DED patients, which is in agreement with previous studies where MNs 
were observed in asymptomatic young individuals and various ocular 
surface diseases [17,30,43,44]. The frequency of MNs was higher in the 
DED group than in the controls. We also found that all five dimensions of 
OPAS scores exhibited significant and positive correlations with the 
number, total area, and total perimeter of MNs. Additionally, these MN 
parameters were positively correlated with the OSDI scores. When there 
is insult in corneal nerves, the injured region is initially colonized by 
regenerating healthy nerve fibers, followed by the reinnervation of 
damaged axons and development of MNs [45]. MNs are believed to be 
the source of spontaneous and aberrant firing, leading to hyperalgesia 
and abnormal pain in response to noxious stimuli [45,46]. MNs also 
induce spontaneous abnormal electrical activity in corneal nerve C fi
bers, transmitting pain sensations. All these led to patients’ symptoms as 
evaluated by the OPAS and OSDI.

In the present study, significantly worse corneal nerve metrics were 
observed in the NCP and DED patients compared to controls. When 
comparing the NCP with the DED group, we noted significantly lower 
CFracDim in the DED group, suggesting a more compromised nerve 
distribution. The mean CNFW was highest in the NCP group, possibly 
due to underlying neuroinflammation. Neuroinflammation triggers 
compensatory release of neurotrophic factors, leading to hypertrophy of 
the nerves. Our previous studies have shown a significant elevation in 
the tear NGF concentrations in NCP patients [9]. In this study, we also 
identified several proteins linked to neuroinflammation that were 
significantly upregulated in the NCP group, which may also contribute 
to the nerve swelling.

Furthermore, we found that hyperalgesia was significantly corre
lated with the CNFL, CNFD, and CFracDim, particularly in the peripheral 
NCP patients where a higher correlation was observed. Similarly, in a 
study on patients with corneal neuropathy and photoallodynia, a sig
nificant negative correlation was found between photoallodynia symp
tom severity and total nerve density [47].

Our study observed a significantly higher number of MNs in pe
ripheral and mixed NCP than in central NCP. This finding aligns with the 
previously reported results where the authors demonstrated a signifi
cantly higher number of MNs among individuals responsive to topical 
anesthetics than non-responsive individuals [5]. Our study also showed 
the total area and perimeter of MNs were significantly correlated with 
the eye pain score within the past 24 h in peripheral NCP, whereas no 
such correlation was observed in mixed or central NCP. These suggest 
that peripheral NCP is primarily associated with corneal nerve damage 

and abnormal repair processes, highlighting the potential use of the 
changes of the MN number and size to evaluate treatment effectiveness.

Our findings demonstrate a significantly higher immune cells density 
and more mature immune cells activities in the DED and NCP groups 
compared to the controls. Under neuroinflammatory stimulation and 
increased levels of corneal chemokines/cytokines, the number of 
corneal immune cells increases, partly by recruiting immune cells pre
cursors from the blood [48]. Furthermore, the maturity of corneal im
mune cells remains a subject of ongoing discussion [16,49]. Mature 
immune cells exhibited larger sizes, longer dendrites, and faster 
migration rates in response to neuroinflammation, while immature im
mune cells appeared rounder with shorter dendrites [50]. Yu et al. [51] 
proposed that corneal immune cells can establish links with neurons 
through dendrites, and mature immune cells seem to stabilize newly 
formed nerve endings and guide nerve regeneration. Additionally, we 
found that the immune cells density and elongation were not different 
between NCP and DED, suggesting that immune cells parameters may 
not be good differentiating factors for NCP and DED.

Hypertonicity and inflammation stimulate apoptosis in the corneal 
epithelial cells [52]. In our IVCM analysis, the DED group exhibited 
significantly higher epithelial cell density and smaller cells, potentially 
attributed to the increased apoptosis and compensatory proliferative 
ability of basal epithelial cells. Another research also reported a signif
icant increase in the corneal epithelial cell density in DED [53]. The 
density and size of the epithelial cells in NCP patients were between 
those observed in DED patients and controls, suggesting less corneal 
apoptotic activities compared to DED patients, which could explain the 
milder corneal staining observed in the NCP group.

In the tear proteomic analysis, several proteins were significantly up- 
regulated in NCP than DED. VCL is a key regulator of neuronal mecha
nosensing, modulating neuronal regeneration [54]. CYFIP1 is involved 
in neuronal activity, and its overexpression results in a reduction in the 
neurite length [55]. Up-regulated ARFGEF1 implies neurite outgrowth, 
initiation of myelination, and neuroinflammation [56], while a neuro
protective protein DLGAP4 was down-regulated in the NCP group. 
Conversely, inflammatory proteins, such as MMP9 and S100A12 were 
significantly upregulated in DED patients. Increased MMP9 activity on 
the ocular surface amplifies the chronic inflammation of dry eye [57], 
and S100A has been shown to play a role in ocular surface inflammatory 
diseases [58].

Several pathways linked to the abovementioned proteins were 
identified. The regulation of neuron apoptosis and modulation of syn
aptic transmission were up-regulated in NCP patients. The former was 
reported in the neuropathic pain with chronic constriction injury of 
sciatic nerves [59]. The latter involves in spinal postsynaptic potentia
tion and chronic pain [60]. Immunological and inflammatory responses, 
epithelial cell-cell, and neutrophil interactions were increased in DED 

Table 7 
Top 20 Significantly Up-regulated or Down-regulated Tear Proteins in Patients with NCP compared to DED.

Up-regulated 
proteins

Protein name Log2 
FC

P value Down-regulated 
proteins

Protein name Log2 
FC

P value

1 Ribosomal protein L15(RPL15) 1.375 <0.001 1 DLG associated protein 4 (DLGAP4) − 1.836 <0.001
2 Vinculin(VCL) 1.165 <0.001 2 Matrix Metallopeptidase 9 (MMP9) − 1.389 <0.001
3 keratin 5 (KRT5) 1.161 <0.001 3 Cathelicidin antimicrobial peptide 

(CAMP)
− 1.254 <0.001

4 Myosin ID (MYO1D) 1.119 <0.001 4 Elongin C (ELOC) − 1.250 <0.001
5 Sulfotransferase family 2B member 1(SULT2B1) 1.079 <0.001 5 Proteinase 3 (PRTN3) − 1.217 <0.001
6 Cytoplasmic FMR1 interacting protein 1(CYFIP1) 1.068 <0.001 6 S100 calcium binding protein A12 

(S100A12)
− 1.020 <0.001

7 Oxoglutarate dehydrogenase (OGDH) 1.021 <0.001 7 ATP binding cassette subfamily C member 
4 (PEL blood group) (ABCC4)

− 0.978 0.004

8 ADP ribosylation factor guanine nucleotide 
exchange factor 1(ARFGEF1)

0.927 0.030 8 Phosphoribosyl pyrophosphate 
synthetase 1(PRPS1)

− 0.963 <0.001

9 Hydroxyacyl-CoA dehydrogenase trifunctional 
multienzyme complex subunit alpha(HADHA)

0.890 <0.001 9 CEA cell adhesion molecule 8 (CEACAM8) − 0.942 <0.001

10 NAD(P)H quinone dehydrogenase 1(NQO1) 0.838 0.002 10 Desmoglein 2 (DSG2) − 0.795 <0.001
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patients, suggesting that mucosal immune responses play roles in the 
development and progression in DED [61].

There are several limitations in the present study. This was a cross- 
sectional study, as we aimed to compare the imaging and protein 
characteristics of NCP and DED patients. The causal effects can not be 
determined. Some DED or NCP patients have received treatments such 
as topical cyclosporin before referral, which may affect immune cells 
analysis. However, our data reflects the real-world clinical practice. DED 
and NCP may coexist, or one may be a precursor or a sequel. However, 
we used the established diagnostic criteria for our study as the ground 
truth. The data of corneal sensitivity data were not included in this work, 
as the study was retrospective, and corneal sensitivity evaluation is not a 
routine test in our DED clinics. It can be included in future work.

In conclusion, we described the differential characteristics in the 
clinical manifestations, imaging features, and tear proteomic between 
NCP and DED. Furthermore, the differential proteins we identified 
provide a better understanding of the pathophysiology between NCP 
and DED in the molecular aspect. It may also contribute to exploring 
novel biomarkers and new therapeutic targets for NCP. Although NCP 
and DED are not mutually exclusive, our multi-modal data offers more 
in-depth insight into NCP and DED, two common ocular surface diseases 
encountered in daily practice.
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