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Purpose: To investigate the geometrical feature of the whorl-like corneal nerve in dry eye disease (DED)
across different severity levels and subtypes and preliminarily explore its diagnostic ability.

Design: Cross-sectional study.
Participants: The study included 29 healthy subjects (51 eyes) and 62 DED patients (95 eyes).
Methods: All subjects underwent comprehensive ophthalmic examinations, dry eye tests, and in vivo

confocal microscopy to visualize the whorl-like corneal nerve at the inferior whorl (IW) region and the straight
nerve at the central cornea. The structure of the corneal nerve was extracted and characterized using the fractal
dimension (CNDf), multifractal dimension (CND0), tortuosity (CNTor), fiber length (CNFL), and numbers of
branching points.

Main Outcome Measures: The characteristics of quantified whorl-like corneal nerve metrics in different
groups of severity and subtype defined by symptoms and signs of DED.

Results: Compared with the healthy controls, the CNDf, CND0, and CNFL of the IW decreased significantly
as early as grade 1 DED (P < 0.05), whereas CNTor increased (P < 0.05). These parameters did not change
significantly in the straight nerve. As the DED severity increased, CNDf and CNFL in the whorl-like nerve further
decreased in grade 3 DED compared with grade 1. Significant nerve fiber loss was observed in aqueous-deficient
DED compared with evaporative DED (P < 0.05). Whorl-like nerve metrics correlated with ocular discomfort, tear
film break-up time, tear secretion, and corneal fluorescein staining, respectively (P < 0.05). Furthermore, merging
parameters of whorl-like and linear nerve showed an area under the curve value of 0.910 in diagnosing DED.

Conclusions: Geometrical parameters of IW could potentially allow optimization of the staging of DED.
Reliable and objective measurements for the whorl-like cornea nerve might facilitate patient stratification and
diagnosis of DED.
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sures at the end of this article. Ophthalmology Science 2025;5:100669 ª 2024 by the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Dry eye disease (DED) is a growing global public health
problem, with an estimated global prevalence of 5% to 35%,
and China is one of the countries with a high incidence.1,2

Dry eye disease impairs visual acuity and causes ocular
discomfort, leading to changes in quality of life and
financial burdens.3 Therefore, early and accurate diagnosis
for DED is crucial. Previous definitions emphasized the
pathophysiological features of DED in terms of tear film
instability, ocular surface inflammation, and damaged
ocular surface epithelium.4 However, neurosensory
abnormalities are regarded as one of the key causes of
DED and have been recently added to the updated
definition of the Tear Film and Ocular Surface Society
Dry Eye Workshop II in 2017. Chronic inflammation
damages corneal nerves, impairing conduction and causing
paresthesia, disrupting ocular surface homeostasis.5
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As the body’s most densely innervated tissue,6 the cornea
contains the subbasal nerve plexus (SBNP), assessed
through in vivo confocal microscopy (IVCM).7e10

Although it has been demonstrated that the corneal nerves
are affected in DED in several studies, the opinions remain
divided. Most studies have reported a decrease in nerve
density in both Sjögren and non-Sjögren DED patients,11,12

whereas others note no change or increased density in a
specific subgroup.13 These discrepancies arise from
variations in DED stages and severity, resulting in
different neurodegeneration/regeneration patterns and
levels of inflammation.5,14 Therefore, the changing trend
of corneal nerves in different severities of dry eye remains
to be determined.

Previous IVCM studies regarding DED have primarily
focused on the assessment of straight nerve fiber bundles at
1https://doi.org/10.1016/j.xops.2024.100669
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the SBNP.11,15e17 Actually, nerve fibers converge to an area
(known as inferior whorl [IW]) inferior and slightly nasal to
the corneal apex, forming a distinct whorl-like pattern,
which is a more distal part of the SBNP.18 In particular, the
SBNP at the IW region could serve as an ideal anatomical
landmark for consistent scanning.19 Intriguingly, recent
studies verified that morphological metrics of the IW can
potentially aide in early detection of diabetic neuropathy
and small-fiber polyneuropathy in nervous system dis-
eases.20,21 However, little is known about alterations of IW
structure in the DED setting. Therefore, an investigation into
corneal nerves at the IW would further enhance the
understanding of DED-induced corneal nerve injury.

Accurate extraction of nerve structures is crucial for
quantitative analysis. Traditional methods for corneal nerve
fiber segmentation and evaluation are time-consuming and
semiautomated, warranting enhanced efficiency and accu-
racy.22e24 With the development of deep learning algo-
rithms, medical image segmentation technology has
achieved breakthroughs, and convolutional neural networks
have become a powerful tool for segmentation tasks and
have been applied in various fields of ophthalmology.25,26

Hence, it is reasonable to apply this technique to
investigate the complex curvilinear structure of corneal
nerves.

In this study, we aimed to explore the alterations of
geometrical characteristics of whorl-like and straight corneal
nerve in different severities and subtypes of DED, as well as
their correlations with dry eye parameters.
Methods

Study Design and Participants

This cross-sectional study was conducted in Zhongshan
Ophthalmic Center (Sun Yat-sen University, Guangzhou, China)
between January 2021 and December 2022. This study was
approved by the Medical Ethics Committee of Zhongshan
Ophthalmic Center (2021KYPJ124) and was in accordance with
the principles of the Declaration of Helsinki. Informed consent was
obtained from all subjects before data collection.

Subjective symptoms of ocular discomfort were first assessed
using a validated 12-item ocular surface disease index (OSDI)
questionnaire with a scale of 0 to 100 points.27 All participants then
underwent comprehensive and standardized ophthalmic
evaluations, including the following (listed in order): (1)
assessment of the best-corrected visual acuity and intraocular
pressure; (2) slit-lamp biomicroscopy examination; (3) noninvasive
tear film break-up time (TBUT) measurement using the Kerato-
graph 5M (Oculus); (4) corneal fluorescein staining (CFS)
assessment by National Eye Institute grading scale28; (5) Schirmer
test without anesthesia; (6) measurement of central corneal
sensation using the Luneau 12/100-mm CocheteBonnet
esthesiometer (Luneau; Prunay-LeGillon); and (7) IVCM using
the Heidelberg Retinal Tomograph III Rostock Cornea Module
(HRT3-RCM, Heidelberg Engineering).

The inclusion criteria were as follows: subjects over 18 years
old, and the ability to understand the study consent and to coop-
erate with ocular examinations. Exclusion criteria included
diabetes, neurological disorders, recent use of topical anti-
inflammatory medications or optical soft contact lenses within 2
weeks before enrollment, eyelid malposition, active ocular allergy,
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previous diagnoses of StevenseJohnson syndrome, mucous
membrane pemphigoid, or infectious keratitis, and ocular surgery
within the last 6 months. Participants with a known history of
glaucoma in either eye were also excluded. Each eligible patient
was thereafter assigned to either the DED group or the healthy
control group as previously defined by Tear Film and Ocular
Surface Society Dry Eye Workshop II criteria29: (1) an OSDI �13;
(2) TBUT <10 seconds; or (3) >5 dots of CFS. The clinical
severity of DED in each patient was assessed using a partially
modified grading standard based on DEWS 2007,4,30e32 in
which a combination of DED symptom and clinical signs were
used to classify disease severity. This classification scheme is
objective and clinically applicable for grading DED currently.
Because corneal nerve evaluations require high-quality IVCM
images, eyes whose SBNP were difficult to identify were excluded.
Patients were classified as having evaporative DED if their TBUT
was <10 seconds and Schirmer test results exceeded 5 mm. On the
other hand, if a patient exhibited both a low Schirmer test result
(<5 mm) and a TBUT of <10 seconds, they were considered to
have aqueous-deficient DED.16,33

In Vivo Confocal Microscopy Image Acquisition

All participants underwent IVCM examination. This process was
performed by the same experienced examiner (Z.F.). The micro-
scope enables a lateral spatial resolution of 0.5 mm and a depth
resolution of 1 to 2 mm, generating coronal section images that
cover a 400 � 400emm area of cornea consisted of 384 � 384
pixels. To improve optical coupling, the objective lens of cornea
module was covered by a disposable sterile cap (Tomocap, Hei-
delberg Engineering) coated with a layer of 0.2% carbomer eye gel.
Both eyes of each subject received a drop of tetracaine hydro-
chloride for topical anesthesia. To recognize the central cornea, the
images of subjects were captured in the primary gaze position, and
red reflex from the laser of the IVCM was observed from a side
camera to determine the corneal apex. The imaging depth was
adjusted to capture the SBNP layer as clear as possible, typically at
a depth of 50 to 80 mm. To locate the IW region, participants were
instructed to gaze superonasally with their nonimaged eye at the
external target. When the whorl-like structure was observed,
placing the center of the whorl in the center of the field of view
where possible. The image acquisition speed was 10 frames/second
for SBNP in the central cornea and whorl-like zone.

Overlapping corneal nerve images and those containing stromal
or epithelium layers (not in a single layer) or motion artifacts or
folds were excluded by 2 masked independent investigators (K.Y.
and R.X.) who had no access to the patient identity and clinical
outcomes during IVCM image selection. The selected images were
the best focused, completed and high contrast.34 Finally, 3
representative images of SBNP in the central cornea and 1 in the
whorl-like zone for each eye were selected for further quantified
analysis.

Quantitative Assessment of Nerve Images

For nerve image segmentation and subsequent automatic calculation
of morphologic metrics, a deep learning-based system for corneal
nerve structure analysis which was developed and validated by our
group.35 Briefly, an encoder-decoder based semisupervized seg-
mentation method was proposed for nerve segmentation and the
segmented binary masks were skeletonized. An expert (J.Y.) clini-
cian meticulously inspected each automatic segmentation result, and
manual correction was carried out using NeuronJ plugin in ImageJ
software (https://imagej.net/software/fiji/) if necessary. The
following metrics were assessed: (1) corneal nerve fractal dimension
(CNDf) was assessed by measuring the space-filling degree of a

https://imagej.net/software/fiji/
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fractal, reflecting the spatial availability of a complex shape36,37; (2)
corneal nerve multifractal dimension (CND0) was defined as the
complex fractal structure divided into multiple regions, which is a
more detailed evaluation of the complexity and inhomogeneity of
a fractal and could reflect the density and complexity of complex
curvilinear structure37; (3) corneal nerve tortuosity (CNTor) was
based on the multiple segmentation algorithm to determine the
degree of distortion38,39; (4) corneal nerve fiber length (CNFL)
was defined as the total length of nerves per square millimeter
(mm/mm2); and (5) corneal nerve branching points (CNBPs, n/
mm2) was defined as the same point that is a start point for 1
nerve segment and an end point for another nerve segment. The
final result of linear nerve was recorded as the mean values of 3
measurements. The final values of the above metrics were defined
as the mean values obtained by the 2 masked investigators.

Statistical Analysis

All data were analyzed using SPSS 26.0 software. The distribution
of variables was assessed using the ShapiroeWilk test. Continuous
variables were presented as mean � standard deviation. Sex pro-
portions were compared using the chi-square test. Age differences
between groups were analyzed using Student t test. When both
eyes of 1 participant were eligible, both eyes were included in the
study. Cornea nerve metrics were compared between groups using
generalized estimating equations (GEEs) to account for the corre-
lation between fellow eyes of the same subject. Within GEE
models, the statistical analysis of measurement data, which were
consecutively acquired from both eyes of the same subject, was
conducted as repeated measures. Pairwise comparisons were con-
ducted using the least significant difference post hoc test within the
GEE. Gender and age were included as covariates. Linear GEE
models were employed to investigate the associations between
OSDI, tear secretion, corneal sensation, TBUT, and geometric
parameters of whorl-like nerves. A 2-sided critical P value of
<0.05 was considered statistically significant. To explore the
diagnostic value of corneal nerve geometrical features, the statis-
tical analysis was conducted using R software (version 4.2.1). First,
the least absolute shrinkage and selection operator was used for
variables filtering and selection. Next, multivariate logistic
regression was applied to construct combined predictive model for
the diagnosis of DED. The discriminatory capacity of the model
was evaluated by using the area under the receiver operating
characteristic curve (AUC). Internal validation was performed by
bootstrapping (1000 resampling). After that, the calibration of the
model was assessed by the HosmereLemeshow test.

Results

Demographic Data and Clinical Characteristics

A total of 146 eyes of 91 subjects were enrolled for the
study, including 51 eyes of 29 healthy subjects (control
group), and 95 eyes of 62 subjects with DED. Participants
with DED were older than healthy controls (P ¼ 0.082).
There was no significant difference in sex distribution be-
tween the groups (P ¼ 0.075). Compared with the healthy
subjects, patients with DED had a higher OSDI, a shorter
TBUT, a more severe National Eye Institute score, and
lower Schirmer I test (all P < 0.05). However, there was no
difference in central and peripheral corneal sensitivity be-
tween 2 groups. Detailed demographics and clinical data are
summarized in Table 1. Table 2 represents the ocular surface
characteristic of patients with DED of varying severity
based on DEWS classification. Patients with DED had
higher OSDI score and CFS with increasing sequence
severity (P < 0.001). Tear film break-up times in grade 2
and grade 3 were lower than grade 1 (P < 0.001). The
Schirmer I test in grade 3 was lower than grade 1 and grade
2 (P < 0.001).

Multiparametric Changes of Corneal Nerve in
DED Patients

Figure 1 and Table 3 present geometric parameters of the
whorl-like nerve for different levels of DED severity, after
adjustment for the eye examined, gender, and age by GEE.
The CNDf, CND0, and CNFL started to significantly
decrease, as early as grade 1 DED (1.446 � 0.013, 1.483 �
0.011, 21.129 � 0.896 mm/mm2, respectively) compared
with the control group (1.499 � 0.006, 1.528 � 0.005, and
25.183 � 0.496 mm/mm2, respectively, P < 0.05), and the
CNTor increased in grade 1 DED (3.307 � 0.064 vs. 3.069
� 0.026, P < 0.05). The CNDf and CNFL were further
reduced in grade 3 DED (1.407 � 0.012 and 18.720 �
0.684 mm/mm2) compared with grade 1 (1.446 � 0.013 and
21.129 � 0.896 mm/mm2, P < 0.05). There was no sig-
nificant difference for CNBP in grade 1 DED compared with
the control (P > 0.05), but a significant decrease was
observed in grades 2 and 3 (P < 0.05). The representative
whorl-like nerve images before and after segmentation with
specific corneal nerve geometric parameters in each group
are shown in Figure 2. By contrast, geometric parameters of
the straight nerve did not change significantly in grade 1
DED compared with the control group (P > 0.05), as
detailed in Figure 3 and Table 3. In grades 2 and 3 DED,
the CNDf, CND0, CNBP, and CNFL decreased
significantly compared with both grade 1 DED and the
control group (P < 0.05), whereas the CNTor increased
(P < 0.05).

Table 4 presents the nerve parameters for different DED
subtypes. Compared with the evaporative DED group, the
aqueous-deficient group demonstrated reduced CNFL
(20.937 � 0.533 vs. 18.795 � 0.491 mm/mm2, P < 0.05),
CNDf (1.447 � 0.008 vs. 1.408 � 0.010, P < 0.05), CND0

(1.483 � 0.007 vs. 1.452 � 0.009, P < 0.05), and CNBP
(310.151 � 14.535 vs. 258.750 � 10.126 n/mm2, P < 0.05)
at the whorl region, and reduced CNFL (18.835 � 0.568 vs.
17.224 � 0.528 mm/mm2, P < 0.05), CNDf (1.401 � 0.009
vs. 1.374 � 0.009, P < 0.05) and CND0 (1.437 � 0.008 vs.
1.411 � 0.007, P < 0.05) for the straight nerve. The CNTor
of the straight nerve was increased in the aqueous-deficient
DED group compared with the evaporative DED group
(3.227 � 0.035 vs. 3.361 � 0.037, P < 0.05).

Evaluation of the Clinical Associations and
Diagnostic Performance of Subbasal Nerve
Plexus Parameters

The relationships between clinical characteristics of DED
and whorl-like nerve parameters are summarized in Table 5.
After adjustments for age and gender via GEE, the CNFL,
CNDf, CND0, and CNBP showed a negative correlation
with OSDI and CFS, and CNTor was positively correlated
3



Table 1. Demographics and Ocular Surface Parameters for the Control and DED Groups

Characteristics Control DED P Value

Number of eyes 51 95
Number of subjects 29 62
Age (yrs) 34.66 � 11.28 39.47 � 12.57 0.082
Sex distribution (female/male) 14/15 42/20 0.075
OSDI score 3.89 � 2.84 32.27 � 15.92 <0.001
Clinical data
TBUT (sec) 14.44 � 5.07 5.49 � 4.61 <0.001
CFS 0 2.88 � 2.77 <0.001
Schirmer I test (mm) 17.39 � 8.08 11.62 � 9.87 0.002
Central corneal sensitivity (cm) 5.78 � 0.34 5.79 � 0.40 0.726
Periphery cornea sensitivity (cm) 5.63 � 0.47 5.68 � 0.47 0.538

Dry eye severity Grade 1: 15 (16%)
Grade 2: 52 (55%)
Grade 3: 28 (29%)

Dry eye subtype Evaporative: 55 (58%)
Aqueous-deficient: 40 (42%)

Data are presented as mean � standard deviation; the chi-square test was used to compare groups by gender; The ManneWhitney U test was used to
compared ocular surface parameters between groups; P values in bold indicate statistically significant differences. CFS ¼ corneal fluorescein staining; DED ¼
dry eye disease; OSDI ¼ ocular surface disease index; TBUT ¼ tear film break-up time.
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with them (P < 0.01). The CNFL, CNDf, CND0, and CNBP
were positively correlated with TBUT (P < 0.05), whereas
it was negatively correlated with CNTor. The CNFL, CNDf,
and CND0 were positively associated with Schirmer I (P <
0.01). However, there was no association between nerve
metrics and corneal sensation (P > 0.05).

Of 10 corneal nerve parameters collected from partici-
pants, 4 parameters were selected based on nonzero co-
efficients calculated by least absolute shrinkage and
selection operator regression analysis (Fig 4). These
parameters included whorl-like CNFL, whorl-like CNTor,
linear CNDf, and linear CNTor. To generate a predictive
model for DED, multivariable logistic regression analysis
was conducted based on the above 4 parameters selected by
the least absolute shrinkage and selection operator regres-
sion model (Fig 5). The AUC for the proposed model was
0.910 (95% confidence interval, 0.861e0.949) after
bootstrapping (resampling ¼ 1000) for internal validation
(Fig 5). The HosmereLemeshow test yielded a P value of
0.813, indicating that the model was well-calibrated (Fig 5).
Table 2. Clinical Findings in Different DED

Ocular Surface Parameters

DEWS Clinical S

Grade 1 (n ¼ 15) Grade

OSDI score 20.14 � 7.32 29.8
TBUT (sec) 8.73 � 3.52 5.3
CFS 0.87 � 1.46 2.2
Schirmer I test (mm) 18.53 � 9.46 14.0

Data are presented as mean � standard deviation. CFS ¼ corneal fluorescein stai
surface disease index; TBUT ¼ tear film break-up time.
*P < 0.05 compared with grade 1.
yP < 0.05 compared with grade 2 assessed by general estimating equation.

4

Discussion

Traditional morphological analysis of corneal nerves has
primarily focused on the straight structure at the central
cornea.11,12,15,16,40 However, because of the limited field of
view of IVCM, it is challenging to objectively evaluate the
overall changes of corneal nerves. Previous studies have
suggested that the whorl region offers an ideal position to
assess corneal nerve.19,20,41 Nevertheless, the complex
curvilinear nature of whorl-like nerves requires higher seg-
mentation accuracy and a broader range of parameters to
capture their distinctive characteristics. In this article, we
used artificial intelligence-based segmentation algorithm
and methods to quantify the whorl-like nerve and demon-
strated its geometric parameters were significant indicators
for severity of DED. Moreover, significant nerve fiber loss
was found at the whorl-like region in the aqueous-deficient
DED compared with the evaporative DED. In addition,
geometric parameters based on IVCM images of corneal
nerves showed good performance in diagnosing DED.
Severity Based on DEWS Classification

everity in DED Group

P Value (GEE)2 (n ¼ 52) Grade 3 (n ¼ 28)

0 � 14.71* 44.04 � 15.79*,y <0.001
0 � 4.87* 4.12 � 3.90* <0.001
1 � 2.33* 4.86 � 2.72*,y <0.001
0 � 10.04 4.50 � 4.84*,y <0.001

ning; DED ¼ dry eye disease; DEWS ¼ Dry Eye Workshop; OSDI ¼ ocular



Figure 1. Changes in geometric parameters of the whorl region across different DED severities. *Compared with the healthy controls, P < 0.05; yCompared
with grade 1 DED, P < 0.05; #Compared with grade 2 DED, P < 0.05; P value was based on GEE analysis accounting for the correlation between eyes of the
same participant with gender and age as a covariate. CNBP ¼ corneal nerve branching point; CNDf ¼ corneal nerve fractal dimension; CND0 ¼ corneal
nerve multifractal dimension; CNFL ¼ corneal nerve fiber length; CNTor ¼ corneal nerve tortuosity; DED ¼ dry eye disease; GEE ¼ generalized estimating
equation; HC ¼ healthy control.
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Although noninvasive IVCM could provide high-
resolution in vivo images of microstructure for dry eye
evaluations, including nerves and inflammatory cells, lack
Table 3. In Vivo Confocal Microscopic Findings in Differ

Corneal Nerve Parameters Control (n [ 51) Grade 1

Whorl-like nerve
CNFL (mm/mm2) 25.183 � 0.496 21.129 �
CNDf (unitless) 1.499 � 0.006 1.446 �
CND0 (unitless) 1.528 � 0.005 1.483 �
CNBP (n/mm2) 364.092 � 11.706 337.162 �
CNTor (unitless) 3.069 � 0.026 3.307 �

Straight nerve
CNFL (mm/mm2) 21.431 � 0.321 22.043 �
CNDf (unitless) 1.449 � 0.006 1.456 �
CND0 (unitless) 1.473 � 0.006 1.487 �
CNBP (n/mm2) 227.759 � 8.629 262.291 �
CNTor (unitless) 3.093 � 0.035 3.087 �

Data presented as mean � standard error. CNBP ¼ corneal nerve branching
multifractal dimension; CNFL ¼ corneal nerve fiber length; CNTor ¼ corneal
*P < 0.05 compared with controls.
yP < 0.05 compared with grade 1.
zP < 0.05 compared with grade 2.
of scoring systems and quantitative methods is one of the
major problems hindering its wide application.42

Interestingly, our findings revealed that changes in CNDf,
ent Severities of DED Based on DEWS Classification

DEWS Clinical Severity in DED Group

(n ¼ 15) Grade 2 (n ¼ 52) Grade 3 (n ¼ 28)

0.896* 20.434 � 0.533* 18.720 � 0.684*,y,z

0.013* 1.440 � 0.010* 1.407 � 0.012*,y,z

0.011* 1.474 � 0.008* 1.456 � 0.010*
18.927 284.720 � 12.263*,y 270.750 � 15.910*,y

0.064* 3.221 � 0.040* 3.289 � 0.059*

0.808 17.203 � 0.452*,y 17.912 � 0.477*,y

0.011 1.372 � 0.007*,y 1.388 � 0.008*,y

0.009 1.412 � 0.006*,y 1.423 � 0.008*,y

15.647 144.429 � 7.535*,y 187.020 � 15.448*,y

0.039 3.337 � 0.034*,y 3.289 � 0.042*,y

point; CNDf ¼ corneal nerve fractal dimension; CND0 ¼ corneal nerve
nerve tortuosity; DED ¼ dry eye disease; DEWD ¼ Dry Eye Workshop.
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Figure 2. In vivo confocal microscopy images of whorl-like corneal nerve across different DED severities. Original corneal image (A) and corresponding
skeletonized map (B); The order from 1 to 4 was: normal subjects, grade 1, grade 2, and grade 3 DED patients. DED ¼ dry eye disease.
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corneal CND0, CNFL, and CNTor were easily detected in
the IW region in the mild DED, whereas there were no
changes in the straight structure compared with the control
group. Furthermore, most studies based on IVCM have
reported reduced density and increased tortuosity for
corneal straight nerve in DED patients compared with
normal controls, even though the changing trend across
different DED severity has not been describe.11,43e45 Our
results suggested that CNDf, CND0, and CNFL in IW region
decreased in grade 1 DED and further decreased in grade 3.
The CNTor increased in each grade compared with the
control group. These results suggested morphological pa-
rameters of IW were significant indicators for severity of
DED.

The geometric alterations of corneal nerve were closely
linked with pathophysiological mechanism of DED. It has
been well documented that corneal nerve injury is linked
with ocular surface inflammation.46 Moreover, when the tear
film covering the eye surface becomes thin, the mechanical
stress induced by blinking is abnormally increased,47

resulting in peripheral corneal nerve damage.48 This injury
initiates a cycle of degeneration and regeneration of
nerves, resulting in structural changes in corneal nerve
fibers, which exhibit reduced density, length, and
increased tortuosity.14 In addition, neurometabolic
alterations induced by tissue damage and released nerve
growth factors also contributed to the increased
tortuosity.49 Interestingly, previous studies showed that a
decrease in length of whorl-like nerve rather than linear
nerve length was detected in diabetic patients without pol-
yneuropathy,21,50 and similar results were obtained in
studies regarding neurological diseases.20,51 It is presumed
6

that corneal nerve degradation may firstly occur in a more
distal and highly innervated region, the IW. Thus, through
the objective quantitative analysis of whorl-like nerve
morphology, it is likely to establish a precision diagnosis
and therapy system for DED.

The present study also investigated the associations be-
tween geometric parameters of whorl-like cornea nerve and
ocular manifestations related to neurological function. The
findings revealed that the Schirmer I test had a positive
correlation with CNDf and CNFL. Likewise, evident nerve
fiber loss was found at the whorl-like region for aqueous-
deficient DED in our study. According to Cox et al,16

more pronounced loss of corneal subbasal nerves was
observed in aqueous-deficient DED compared with evapo-
rative DED. It is therefore presumed that degeneration of
corneal nerve networks is probably implicated in reduced
tear production, through disrupting the tear secretion
pathway. However, it is also possible that aqueous defi-
ciency itself can cause elevated inflammation and subse-
quent nerve loss.52

In addition, previous studies have confirmed that nerves
play an important role in maintaining corneal epithelial
homeostasis. Kheirkhah et al,53 in their randomized clinical
trial, showed that significant improvement in corneal
staining score were observed only in DED group with
near-normal CNFL after treatment, which underlined the
trophic support of corneal nerves. Previous caseecontrol
studies have also demonstrated density or length of
corneal nerves was negatively correlated with corneal
staining score, which is consistent with our results.11,40 As
we know, because there is fair amount of redundancy in
corneal nerves, the semiquantitative CocheteBonnet



Figure 3. Changes in geometric parameters of the linear nerve across different DED severities. *Compared with the healthy controls, P < 0.05; yCompared
with grade 1 DED, P < 0.05; P value was based on GEE analysis accounting for the correlation between eyes of the same participant with gender and age as a
covariate. CNBP ¼ corneal nerve branching point; CNDf ¼ corneal nerve fractal dimension; CND0 ¼ corneal nerve multifractal dimension; CNFL ¼
corneal nerve fiber length; CNTor ¼ corneal nerve tortuosity; DED ¼ dry eye disease; GEE ¼ generalized estimating equation; HC ¼ healthy control.

Feng et al � Changes of Whorl-like Nerve in Dry Eye
aesthesiometer may not be able to detect changes in corneal
sensitivity caused by subtle changes in nerve morphology.54

Therefore, it is reasonable that nerve morphology is not
Table 4. In Vivo Confocal Microscopic F

Corneal Nerve Parameters Control (n [ 51) Evap

Whorl-like nerve
CNFL (mm/mm2) 25.173 � 0.496
CNDf (unitless) 1.499 � 0.006
CND0 (unitless) 1.528 � 0.005
CNBP (n/mm2) 364.057 � 11.576
CNTor (unitless) 3.068 � 0.025
Straight nerve
CNFL (mm/mm2) 21.449 � 0.333
CNDf (unitless) 1.449 � 0.006
CND0 (unitless) 1.473 � 0.006
CNBP (n/mm2) 228.313 � 9.056
CNTor (unitless) 3.091 � 0.036

Data presented as mean � standard error. P value was based on post hoc pairw
CNBP ¼ corneal nerve branching point; CNDf ¼ corneal nerve fractal dimensi
fiber length; CNTor ¼ corneal nerve tortuosity; DED ¼ dry eye disease.
*P < 0.05 compared with the control group.
yP < 0.05 compared with the evaporative DED group.
associated with corneal sensitivity in our current study.
The OSDI includes items regarding pain, and sensitivity to
light and windy conditions, which may reflect neurologic
indings in Different Subtypes of DED

orative DED (n [ 55) Aqueous-Deficient DED (n [ 40)

20.937 � 0.533* 18.795 � 0.491*,y

1.447 � 0.008* 1.408 � 0.010*,y

1.483 � 0.007* 1.452 � 0.009*,y

310.151 � 14.535* 258.750 � 10.126*,y

3.218 � 0.033* 3.288 � 0.061*

18.835 � 0.568* 17.224 � 0.528*,y

1.401 � 0.009* 1.374 � 0.009*,y

1.437 � 0.008* 1.411 � 0.007*,y

184.291 � 11.882* 161.804 � 12.440*
3.227 � 0.035* 3.361 � 0.037*,y

ise comparison testing within the generalized estimating equation analysis.
on; CND0 ¼ corneal nerve multifractal dimension; CNFL ¼ corneal nerve
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Table 5. Association between Clinical Signs of DED and Geometrical Parameters of the Whorl-like Nerve

Outcome OSDI TBUT Schirmer I CFS Corneal Sensation

CNFL (mm/mm2)
b �1.934* 0.349* 0.442* �0.246* 0.002
P <0.001 0.012 0.010 <0.001 0.858

CNDf

b �119.2* 20.26* 32.09* �15.97* 0.204
P <0.001 0.027 0.003 <0.001 0.743

CND0

b �115.8* 24.65* 35.68* �17.91* 0.334
P <0.001 0.026 0.002 <0.001 0.641

CNBP (n/mm2)
b �0.055* 0.013* 0.016 �0.009* 0.001
P 0.001 0.030 0.058 <0.001 0.919

CNTor
b 17.70* �5.593* �3.106 2.115* �0.054
P <0.001 0.015 0.360 0.022 0.703

CFS ¼ corneal fluorescein staining; CNBP ¼ corneal nerve branching point; CNDf ¼ corneal nerve fractal dimension; CND0 ¼ corneal nerve multifractal
dimension; CNFL ¼ corneal nerve fiber length; CNTor ¼ corneal nerve tortuosity; DED ¼ dry eye disease; OSDI ¼ ocular surface disease index; TBUT ¼
tear film break-up time.
*b coefficient with P < 0.05.
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abnormalities.55 When corneal nerves are injured, they can
develop hyperalgesia and allodynia (neuropathic pain).56

The presence of a neuropathic activity may give rise to
ongoing discomfort manifested as dryness. For eyes with
DED, previous studies have also reported that lower
CNFL and higher CNTor were associated with more
severe OSDI.43,57 Notably, previous studies merely
correlated linear nerve morphology with ocular
Figure 4. Selection of corneal nerve features using the LASSO regression analy
against the log(l) sequence. This figure displays 10 variables (represented by 1
efficient changes for an individual predictor variable. As log(l) increases, the r
with fewer variables. The vertical axis indicates coefficient values, and the lowe
the number of nonzero coefficients in the model. B, Distribution of the mean squ
The x-axis represents log(l), and the y-axis shows the mean squared error, where
denote the number of remaining variables in the model at different l values. The
the highest model fit. The right dashed line indicates l_1-se, 1 standard error to
resulting in a simpler model. Predictor selection was based on the l_1-se criterio
LASSO ¼ least absolute shrinkage and selection operator; min ¼ minimum; se
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parameters. Thus, it is presumed that the whorl-like nerve
morphology can reflect the altered ocular surface parameters
as well in the DED setting.

Relatively few studies reported the performance of
corneal nerve parameters in diagnosing DED, especially
for the whorl region. Giannaccare et al15 showed that
corneal nerve fiber width had an AUC of 0.828 for the
diagnosis of DED. However, only patients with
sis with 10-fold cross-validation. A, A coefficient profile plot was produced
0 lines of different colors), where each curve depicts the trajectory of co-
egression coefficients converge toward zero, ultimately resulting in a model
r horizontal axis represents log(l), whereas the upper horizontal axis shows
ared error with the associated log(l) value in the LASSO regression model.
a lower value indicates a better fit of the model. The numbers atop the plot
left dashed line indicates l_min, which minimizes the error and represents

the right of l_min, where the model fit is still good but with fewer variables,
n, where 4 nonzero coefficients (variables) were selected for the final model.
¼ standard error.



Figure 5. The diagnostic ability of subbasal nerve plexus IVCM parameters. A,Multivariate logistic regression used to construct the predictive model for the
diagnosis of DED. B, Shows the AUC of internal validation using the bootstrap method (resampling ¼ 1000). C, The calibration curve displayed good
consistency between the actual diagnosed DED and the predicted probability (HosmereLemeshow test: P> 0.05). AUC ¼ area under the curve; DED¼ dry
eye disease; IVCM ¼ in vivo confocal microscopy.

Feng et al � Changes of Whorl-like Nerve in Dry Eye
moderate-to-severe DED affected by Sjögren syndrome or
ocular graft versus host disease were included in their
study. Cardigos et al40 reported corneal nerve length had an
AUC of 0.869 for discriminating Sicca syndrome from
normal control subjects. However, only linear nerve
images from the central cornea were selected for analysis
in their study. Our study included patients with DED
across different severity and the exploratory results of the
diagnostic value showed an AUC of 0.91 through
combining quantified nerve parameters at the whorl
region and central cornea, suggesting its potential clinical
application value.

Some possible limitations of this study must be consid-
ered. First, our sample size is limited, warranting additional
validation studies in a larger DED population. Second, the
cross-sectional study design limits causal inferences,
emphasizing the need for future longitudinal treatment co-
horts to confirm the relationship between corneal nerve
morphology changes and DED signs. Besides, the impact of
disease duration on attrition and regeneration patterns
should be considered in future studies. Third, although we
used rigorous internal validation, the diagnosis of DED via
corneal nerve metrics in different regions is exploratory and
lacks external validation; thus, large-scale studies are
needed to confirm the findings.

In conclusion, this study shows that quantitative analysis
of the whorl-like zone of the SBNP could provide a precise
assessment of nerve alterations in varying DED severities.
Moreover, the morphology parameters of the whorl-like
nerve are associated with the clinical signs of DED. These
findings offer novel insights for the future clinical diagnosis
and treatment of DED.
9
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