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Abstract

Purpose: To evaluate corneal subbasal nerve alterations in evaporative and aqueous-deficient dry 

eye disease (DED) as compared to controls.

Methods: In this retrospective, cross-sectional, controlled study, eyes with a tear break-up time 

of less than 10 s were classified as DED. Those with an anesthetized Schirmer’s strip of less than 

5 mm were classified as aqueous-deficient DED. Three representative in vivo confocal microscopy 

images were graded for each subject for total, main, and branch nerve density and numbers.

Results: Compared to 42 healthy subjects (42 eyes), the 70 patients with DED (139 eyes) 

showed lower total (18,579.0 ± 687.7 μm/mm2 vs. 21,014.7 ± 706.5, p = 0.026) and main (7,718.9 

± 273.9 vs. 9,561.4 ± 369.8, p < 0.001) nerve density, as well as lower total (15.5 ± 0.7/frame vs. 

20.5 ± 1.3, p = 0.001), main (3.0 ± 0.1 vs. 3.8 ± 0.2, p = 0.001) and branch (12.5 ± 0.7 vs. 16.5 

± 1.2, p = 0.004) nerve numbers. Compared to the evaporative DED group, the aqueous-deficient 

DED group showed reduced total nerve density (19,969.9 ± 830.7 vs. 15,942.2 ± 1,135.7, p = 

0.006), branch nerve density (11,964.9 ± 749.8 vs. 8,765.9 ± 798.5, p = 0.006) total nerves number 

(16.9 ± 0.8/frame vs. 13.0 ± 1.2, p = 0.002), and branch nerve number (13.8 ± 0.8 vs. 10.2 ± 1.1, p 

= 0.002).

Conclusions: Patients with DED demonstrate compromised corneal subbasal nerves, which is 

more pronounced in aqueous-deficient DED. This suggests a role for neurosensory abnormalities 

in the pathophysiology of DED.
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1. Introduction

Dry eye disease (DED) is one of the most common disorders of the eye [1]. The 2017 

Dry Eye Workshop II (DEWS II) defined DED as “a multifactorial disease of the ocular 

surface characterized by a loss of homeostasis of the tear film, and accompanied by ocular 

symptoms, in which tear film instability and hyperosmolarity, ocular surface inflammation 

and damage, and neurosensory abnormalities play etiological roles” [2]. The neurosensory 

aspect of DED includes corneal sensory innervation, which is then transmitted and 

processed within the central nervous system causing tear production via parasympathetic 

innervation. The cornea is the most densely innervated tissue in the human body For the 

purposes of this study, it is important to note that a nerve plexus called the subbasal nerve 

plexus exists at the interface between Bowman’s layer and the basal epithelial cells, and its 

anatomical integrity can be assessed using in vivo confocal microscopy (IVCM) [3–6].

Previous studies using IVCM have found that the corneal nerves are affected in patients 

with a variety of conditions [3–6], including diabetes 7–9, fibromyalgia [10], multiple 

sclerosis [11,12], rheumatoid arthritis [13], HIV [14], orthokeratology lens wear [15,16], 

myopia [17], corneal infections 18–24, corneal dystrophies [25–28], DED [29–35], and 

neuropathic corneal pain (NCP) [36–38]. One study investigated non-Sjögren’s DED vs. 

Sjögren’s syndrome DED and demonstrated that subbasal nerve density was reduced in 

non-Sjögren’s DED as compared to control subjects, and was reduced by a larger amount 

in Sjögren’s syndrome DED [31]. Two additional studies investigated DED unrelated to 

ocular graft-versus-host disease vs. DED caused by ocular graft-versus-host disease, but 

neither showed a significant difference in subbasal nerve density between these groups [33, 

34]. However, no published literature has reported on corneal nerve differences between 

evaporative DED and aqueous-deficient DED, the most common types of DED.

Evaporative DED refers to the process by which the tear film evaporates from the ocular 

surface due to conditions such as meibomian gland dysfunction, while aqueous-deficient 

DED refers to patients with a reduced tear volume [39]. Reduced tear volume suggests 

reduced tear production, which, as referenced previously, is in part mediated by corneal 

nerves. Therefore, an investigation into differences in corneal nerves between these groups 

would strengthen the theorized relationship between reduced corneal nerve density and 

reduced tear production in aqueous-deficient DED. This finding of reduced corneal nerve 

density would guide researchers and clinicians toward treatments aimed at increasing 

corneal nerve density within aqueous-deficient DED patients. Thus, we hypothesized that 

both types of DED will have a reduced subbasal corneal nerve density compared to control 

subjects and that aqueous-deficient DED patients will have a greater reduction compared to 

evaporative DED patients, given the involvement of the lacrimal gland. This study aims to 

assess if total, main, and/or branch nerves vary in evaporative and aqueous-deficient DED.
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2. Material and methods

2.1. Study design and patients

In this cross-sectional, retrospective, controlled study, the study group consisted of subjects 

with a clinical diagnosis of DED, and the control group consisted of a sample of subjects 

from a reference control database [19,40]. The study group included all patients from the 

Cornea Service, Massachusetts Eye & Ear Infirmary, Harvard Medical School, Boston, 

Massachusetts seen by one of the authors (P.H.) between 2009 and 2012, who met the 

inclusion/exclusion criteria outlined below and had an IVCM dataset available for analysis. 

The reference control database was prospectively enrolled and was designed to provide 

IVCM data for comparison in our IVCM studies. While IVCM is performed during routine 

clinical assessment of patients with corneal infections and ocular surface disease (and thus 

allowing for retrospective analysis), it is not performed on normal patients during their 

routine clinical assessments. Therefore, the reference control database used in this study 

was designed to provide IVCM data for comparison to data collected during routine clinical 

assessment of diseased samples. Subjects included in this database reported no symptoms 

of ocular discomfort, had no corneal or conjunctival staining, fluorescein tear break-up time 

(TBUT) >10 s, and had an anesthetized Schirmer’s wetting test of >15mm. To avoid bias of 

subject selection from this database, the entire database was initially included in the control 

group and then the youngest control subjects were excluded one by one until the control 

and DED groups did not differ significantly in age or sex. The protocol of the study was 

approved by the Institutional Review Board/Ethics Committee, complied with the Health 

Insurance Portability and Accountability Act (HIPAA) and adhered to the tenets of the 

Declaration of Helsinki.

The exclusion criteria in both the study group and the reference control groups included use 

of topical anti-glaucoma or anti-inflammatory medications, active ocular allergy, a history 

of contact lens wear or infectious keratitis in the past three months, and a history of ocular 

surgery in the past six months. DED for the study group was diagnosed clinically with the 

presence of typical DED symptoms for more than 6 months, such as dryness, irritation, 

discomfort, foreign body sensation, burning, stinging, light sensitivity, and intermittent 

blurriness, as well as a TBUT < 10 s. Subjects within the study group were classified as 

evaporative DED if they had an anesthetized Schirmer’s wetting test of greater than 5 mm. 

Subjects were classified as aqueous-deficient, if they had an anesthetized Schirmer’s wetting 

test of less than or equal to 5 mm. Of note, one subject from the DED group did not have 

both eyes included in the analysis because one eye did not meet the inclusion criteria for the 

evaporative DED or aqueous-deficient DED groups. When acquiring the study group data, 

the protocol allowed for collection of data from both eyes. In the protocol for collection of 

data for the control database, only one eye’s data was collected per subject.

2.2. In vivo confocal imaging

IVCM image acquisition for all DED and control subjects was completed using the 

Heidelberg Retina Tomograph 3 with Rostock Cornea Module (Heidelberg Engineering 

GmbH, Heidelberg, Germany) equipped with a ×63 objective lens, a numerical aperture 

of 0.9 (Olympus, Tokyo, Japan), and a 670-nm red wavelength diode laser source, as 
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previously described [19]. Digital images were recorded with the sequence mode at a rate 

of 30 frames per second, including 100 images per sequence. There was a separation of 1 

μm between adjacent images, and a lateral resolution of 1 μm/pixel. A total of six to eight 

sequence scans of non-overlapping areas were recorded from the full thickness of the central 

cornea, with 3–4 sequence scans focusing on the subbasal layer, resulting in 300–400 images 

of the subbasal layer alone per patient. The subbasal plexus is seen in subepithelial area, 

immediately at or posterior to the basal epithelial layer and anterior to the Bowman’s layer, 

typically at a depth of 50–80 μm.

2.3. Image analysis

Representative non-overlapping images were selected by a masked observer (A.K.) 

based on sharpness of focus, lack of motion, and good contrast. Two masked graders 

(A.K, F.A.) analyzed three representative images from the 300–400 subbasal images 

for each eye, performed using the semi-automated tracing program NeuronJ (http://

www.imagescience.org/meijering/software/neuronj/) [41], a plug-in for ImageJ software 

(developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available 

at http://rsb.info.nih.gov/ij/http://rsb.info.nih.gov/ij/) as previously described [19]. The 

following metrics were assessed: (1) Total nerve density was assessed by measuring the total 

length of the nerve fibers in micrometers per frame (160,000 μm2) (Fig. 1); (2) Main nerve 

trunks were defined as the total number of main nerve trunks in one image after analyzing 

the images anterior and posterior to the analyzed image to confirm that these did not branch 

from other nerves; (3) Nerve branching was defined as the total number of nerve branches 

in one image; (4) The number of total nerves measured was defined as the number of all 

nerves, including main nerve trunks and branches in one image. The data were expressed as 

density (μm/mm2) ± SEM. For each IVCM parameter, an intra-grader average of the three 

images from each subject was calculated. If the difference between the two intra-grader 

averages was less than 10%, an inter-grader average for each IVCM parameter values was 

calculated and used for analysis. In case of any discrepancy, the images were analyzed by a 

third grader.

2.4. Statistical analysis

IBM SPSS version 21 (IBM Corp., Armonk, NY) was used for all statistical analyses. 

Kolmogorov-Smirnov was used to determine normality. Independent t-test and chi-square 

tests were used to analyze for differences in age and sex, respectively, between the groups. 

In the study group, data for each eye was collected. Therefore, for these subjects, percent 

difference between the eyes was determined. To determine if the eyes should be treated 

individually for analysis purposes, Wilcoxon signed-rank test was used to determine if the 

percent differences were significantly different from a hypothesized zero difference. Two 

sets of generalized estimating equation analyses were performed to test for differences 

in IVCM parameters between groups. Both included age as a covariate due to previous 

literature that suggested that age could impact corneal nerves [30,35], and subject was 

included as a random variable to account for correlation between eyes. The first set tested 

for differences between the control and DED groups for each of the IVCM parameters, and 

the second set tested for differences between the control, evaporative DED, and aqueous-

deficient DED groups. In the second, differences between groups were identified via post-
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hoc pairwise comparison testing within the generalized estimating equation analysis module, 

which uses the marginal means from the model, with Bonferroni correction.

3. Results

3.1. Demographics

This study included 139 eyes of 70 patients with DED (42 females and 28 males) and 42 

eyes of 42 normal control subjects (26 females and 16 males). There was no difference in 

the sex distribution between the groups (p = 0.842). The average age (±standard error) of 

the DED and control subjects was 54.2 ± 2.0 years and 49.7 ± 1.6 years, respectively (p 

= 0.077). Table 1 provides the demographics for the control and DED groups. Within the 

DED group, 91 (65.5%) eyes were classified as having evaporative DED and 48 (34.5%) 

were classified as having aqueous-deficient DED. Demographics for the evaporative and 

aqueous-deficient DED groups were not provided since within the same subject, one eye 

could classify as evaporative and the other eye as aqueous-deficient.

3.2. Clinical signs

The DED group had an average (±standard error) TBUT of 4.1 ±0.2 s (n = 139 eyes) and 

an average Schirmer’s strip result of 9.8 ± 0.6 mm (n = 139 eyes). These values for the 

evaporative DED group were 4.6 ± 0.2 s (n = 91 eyes) and 13.5 ± 0.6 mm (n = 91 eyes). For 

the aqueous-deficient DED group, the average TBUT was 3.2 ± 0.3 s (n = 48 eyes), and the 

average Schirmer’s strip results were 2.9 ± 0.2 mm (n = 48 eyes).

3.3. Comparisons between eyes

The average (±standard error) percent difference between eyes for total, main, and branch 

nerve densities were 29.5 ± 5.0%, 35.6 ± 5.1%, and 39.0 ± 5.4%, respectively. The average 

(±standard error) percent difference between eyes for number of total, main, and branch 

nerves were 35.2 ± 5.1%, 36.5 ± 5.1%, and 40.0 ± 5.4%, respectively. Because these percent 

differences were significantly different from zero (all p < 0.001), the eyes were treated 

individually within the analysis.

3.4. Corneal nerve alterations by IVCM

The summary for morphological nerve parameters for eyes with DED and normal control 

groups are reported in Table 2. Representative IVCM images from each DED subgroups 

and controls are shown in Fig. 2. Table 2 and Figs. 3–6 provide descriptive statistics of the 

IVCM parameters for each group.

The average (±standard error) total, main, and branch nerve densities for all the DED 

patients were 18,579.0 ± 687.7 μm/mm2, 7718.9 ± 273.9, and 10,860.2 ± 576.0, respectively 

These values for control group were 21,038.1 ± 720.5, 9,581.4 ± 394.9, and 11,296.8 ± 

557.9, respectively. Differences between the control (Fig. 2A) and DED groups (Fig. 2B and 

C) were identified by the first models, which showed a significant effect of group on the 

models for total nerve density (χ1
2 = 4.979, p = 0.026) and main nerve density (χ1

2 = 12.153, 

p < 0.001) (Fig. 3). However, there was no significant effect of group identified in the 

branch nerve density model (χ1
2 = 0.293, p = 0.588). The average number of total, main, and 
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branch nerves for the DED group were 15.5 ± 0.7/frame (96.9 ± 4.4/mm2), 3.0 ± 0.1 (18.8 

± 0.6), and 12.5 ± 0.7 (78.1 ± 4.4), respectively. These same values for the control group 

were 20.5 ± 1.3/frame (125.0 ± 7.5/mm2), 3.8 ± 0.2 (23.8 ± 1.3), and 16.5 ± 1.2 (103.1 

± 7.5), respectively. There was a significant difference in total (χ1
2 = 11.446, p = 0.001), 

main (χ1
2 = 11.637, p = 0.001), and branch (χ1

2 = 8.317, p = 0.004) nerve numbers between 

these groups (Fig. 4). The results of the generalized estimating equation model comparing 

the control and DED group showed that age had no significant effect on any of the confocal 

nerve findings (all p > 0.05).

The average total, main, and branch nerve densities for the evaporative DED group were 

19,969.9 ± 830.7 μm/mm2, 8,005.0 ± 313.1, and 11,964.9 ± 749.8, respectively. These 

values for the aqueous-deficient DED group were 15,942.2 ± 1,135.7 μm/mm2, 7,176.3 ± 

522.2, and 8,765.9 ± 798.5. In the second set of models, which included these subgroups 

of DED and the control group, a significant effect of group was identified for total nerve 

density (χ2
2 = 11.592, p = 0.003), main nerve density (χ2

2 = 12.915, p = 0.002), and branch 

nerve density (χ2
2 = 8.325, p = 0.016). Pairwise comparisons were needed to identify 

between group differences in these models because more than two groups were used in 

the model. Fig. 5 shows these pairwise comparisons between the groups based on marginal 

means. The control group exhibited a significantly higher main nerve density compared 

to the evaporative DED group. All density parameter values were increased in the control 

group compared to the aqueous-deficient DED. There was also an increased total nerve 

density and branch nerve density in the evaporative DED group compared to the aqueous-

deficient DED group. The average total, main, and branch nerve counts for the evaporative 

DED group were 16.9 ± 0.8/frame (105.6 ± 5.0/mm2), 3.1 ± 0.1 (19.4 ± 0.6), and 13.8 ± 

0.8 (86.3 ± 5.0), respectively. These same values for the aqueous-deficient DED group were 

13.0 ±1.2 (81.3 ±7.5), 2.8 ±0.2 (15.6 ± 1.3), and 10.2 ± 1.1 (63.8 ± 6.9), respectively. The 

models showed a significant effect of group on models for total (χ2
2 = 21.798, p < 0.001), 

main (χ2
2 = 21.476, p = 0.002), and branch (χ2

2 = 19.493, p < 0.001) nerve numbers, and Fig. 

6 shows the pairwise comparisons between the groups based on marginal means. The control 

group exhibited significantly more total nerves and main nerves per image compared to the 

evaporative DED group. All nerve number parameter values were increased in the control 

group compared to the aqueous-deficient DED. The number of total nerves and branch 

nerves per image were increased in evaporative DED compared to aqueous-deficient DED. 

The results of the generalized estimating equation model that included control, evaporative 

DED, and aqueous-deficient DED also showed that age did not have a significant effect on 

any of the confocal nerve findings (all p > 0.05).

3.5. Post-hoc power

The total nerve density data was used for the calculation of the power for this study. 

Because the aim of the study was to identify differences between evaporative DED and 

aqueous-deficient DED, the means and standard errors of these groups as listed in Table 2 

were used for the power analysis. Using this data, the power of this study was 81.0%.
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4. Discussion

Herein, we report a statistically significant reduction in total, main, and branch nerve 

numbers and nerve density in a large cohort of DED patients compared to controls. 

Moreover, we demonstrate that this reduction is significantly more pronounced in aqueous-

deficient DED as compared to the evaporative DED. Total nerve density reported by this 

study falls between total nerve density values reported previously 19, 29–31,33,36–38,42], 

which range from 15,956 (SD = 2,431) to 26, 422.8 (SD = 4,491.0) μm/mm2. The total 

nerve density reported by this study for the DED group was slightly higher than values 

reported previously 29,30,33,34,37,42,43, which range from 9,426 (SD = 2,640) [29] to 

18,300 (SD = 5,100) μm/mm2 [34]. The value reported for the evaporative DED group is 

higher than this range, and the aqueous deficient DED group is within this range. Some 

studies used an automated software for quantification of nerves; however, these studies 

reported lower total nerve density, total nerve count, and total branch nerve count values 

compared to values reported using the semi-automated technique used here [44–46]. In 

addition, the evaporative DED group showed values that were similar to that identified in 

previous literature, which used criteria similar to that outlined in this study [47].

Previous IVCM studies have shown nerve alterations in DED, these reports have been 

inconsistent [29–31,35,42,48]. While some studies have report reduced nerve density 

patients with DED compared to normal controls [29–31,35,42,37], none have compared 

nerve alterations between the most common types of DED, namely evaporative and aqueous-

deficient DED. One study reported a higher nerve density in a DED group compared to 

controls, but this difference was not statistically significant [49]. However, it appears that 

the control group had characteristics consistent with DED, such as reduced Schirmer’s 

strip scores, which could explain the inconsistency with other studies in the literature. A 

second study reported that a larger number of nerves were present in Sjögren’s syndrome 

aqueous-deficient DED patients compared to controls and non-Sjögren’s aqueous deficient 

DED subjects [50]. However, this study utilized a white-light confocal microscope device, 

which has lower resolution as compared to the laser IVCM [5,51]. However, no study to 

date has provided a direct comparison between the two major types of DED, evaporative and 

aqueous-deficient DED.

Compared to other ocular conditions, the loss of subbasal corneal nerve plexus seen with 

DED is less pronounced. Patients with toxic keratopathy [52], ocular graft-versus-host-

disease [33], and limbal stem cell deficiency [53] shows greater loss in nerve density, as 

do patients with Fuchs’ endothelial corneal dystrophy and bullous keratopathy [54]. In 

addition, eyes with herpetic infections 20,38,55 have greater loss of corneal nerves than 

DED patients or their subgroups. However, interestingly, the main nerve density of both 

DED subgroups and the combined DED group is similar to the unaffected eyes of unilateral 

herpes zoster ophthalmicus patients, and the number of branches and total number of nerves 

is greater in our DED sample compared to the unaffected eyes of herpes zoster ophthalmicus 

patients [20]. Aqueous-deficient DED group has a similar total nerve density compared to 

the unaffected eyes of herpes zoster ophthalmicus patients [20] and eyes with keratoconus 

[56].
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Studies have also used IVCM to assess the presence of inflammatory cells [19,20,31,46,57–

62]. A negative correlation between inflammation and nerve density has been identified 

in many of these studies [19, 20,31,57]. Evidence has also shown that patients with 

Fuchs’ endothelial corneal dystrophy [54], infectious keratitis [19,20], DED [31,61], and 

autoimmune disease [31] have a reduction in nerve density and an increase in inflammatory 

cell density compared with controls. The results of this study along with a previous 

study, which reported higher levels of inflammation in aqueous-deficient DED compared 

to evaporative DED using the same diagnostic criteria as that outlined in this study [63], 

only further supports the association between inflammation and corneal innervation. This 

association has led many to investigate the relationship between immune cells and nerves, 

which is now commonly termed neuro-immune crosstalk [64]. Neuro-immune crosstalk 

typically begins with an increased presence of inflammation. This increased presence of 

inflammation could be caused by trauma, autoimmune conditions, or disease/pathology. 

However, it is also possible that stimulation of the corneal sensory nerves, which release 

pro-inflammatory mediators could cause the increase in the density of inflammatory cells 

[65–68]. It is important to note that the presence of increased inflammation is established as 

part of the pathogenesis of dry eye disease [69]. Cytokines produced by immune cells are 

recognized by receptors on nerves, which may result in nerve degradation [70].

It is unclear if aqueous-deficiency may result in nerve fiber loss or if the nerve fiber loss 

causes aqueous-deficiency. The lacrimal functional unit, which transmits corneal sensations 

to the lacrimal glands, begins with the afferent sensory corneal nerves of the cornea, which 

travel from the cornea to the trigeminal nucleus of the brain stem [71]. From the trigeminal 

nucleus, ascending neurons project to the thalamus and superior salivatory-lacrimal nucleus 

[72,73]. The thalamic path then continues to the primary somatosensory cortex [74], and 

the superior salivatory-lacrimal nucleus pathway continues to the pteryopalantine ganglion 

and lacrimal gland [75]. It is through the superior salivatory-lacrimal nucleus pathway that 

stimulation of the corneal nerves can cause lacrimation [76]. Therefore, degeneration of 

the corneal nerves caused by any inflammatory event or trauma could disrupt the superior 

salivatory-lacrimal nucleus pathway and cause decreased tear production. However, it is also 

possible that reduced aqueous production itself may result in increased inflammation and 

thereby nerve loss.

Loss of corneal nerves has several clinical implications. We have previously demonstrated 

in a randomized double-masked controlled clinical trial that DED patients with near-normal 

nerve density respond significantly better in both symptoms and corneal fluorescein staining 

to artificial tear and anti-inflammatory treatment compared to DED patients that presented 

with significantly diminished corneal nerves; however, only the steroid treatment improved 

nerve density [77]. Given that IVCM is not available for routine clinical use in practice, 

our current study would suggest that DED patients without aqueous-deficiency may respond 

symptomatically better to treatments than those with aqueous deficiency and that it may be 

beneficial to provide steroid treatment to those with aqueous-deficiency in order to improve 

their nerve status. Furthermore, the association between inflammation and nerve density is 

important when considering the development of neuropathic corneal pain in patients [37]. 

It was previously outlined that the aqueous-deficient eyes in this study had a lower nerve 

density and based on our prior study also a higher dendritiform cell density compared to the 
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evaporative DED group [63]. This presence of nerve damage and concurrent inflammation 

can theoretically result in peripheral nerve sensitization and the development of neuropathic 

pain [78]. Thus, both the increased inflammation and nerve damage observed in the 

aqueous-deficient DED group within the cornea suggests that these patients may be at a 

higher risk for neuropathic corneal pain.

Despite demonstrating the differential impact of DED subtypes on corneal nerve density 

and neurosensory abnormalities, our study has several limitations. The retrospective nature 

of the study did not allow us to have a full data set on patient symptom questionnaires for 

the diagnosis of DED, although all patients did have symptoms of DED for more than 6 

months and the same experienced clinician assessed all patients. The diagnosis of DED was 

also limited to utilization of TBUT and Schirmer’s test due to the retrospective nature of 

this study. Future prospective studies will allow for more extensive parameters. In addition, 

while evaporative and aqueous deficiency were defined subtypes of DED, the DEWS II 

criteria present this now as a continuum with severity of both components that is more 

difficult to separate. Since, given the inclusion criteria, the TBUT was less than 10 s in all 

patients DED, we used the Schirmer’s test as a measure for tear secretion, to categorize 

the patients into these two subtypes of evaporative and aqueous-deficient DED. Therefore, 

the aqueous-deficient DED patients have both low Schirmer’s test values and low TBUT. 

Eyes with pure aqueous tear deficiency and normal TBUT are not included in the current 

study, as most all patients have some evaporative component as highlighted by the DEWS 

II report. Another limitation to this study is that there was no assessment of the Meibomian 

glands beyond TBUT; therefore, the contribution of corneal nerve changes on gland 

dysfunction or vice versa cannot be assessed further. Moreover, only the central cornea was 

assessed for nerve alterations, and thus the results cannot be generalized to the peripheral 

cornea. Nevertheless, the current study provides, for the first time, a detailed quantitative 

assessment of subbasal nerve alterations for IVCM images in patients with evaporative 

and aqueous-deficient forms of DED, which may aid in the improved assessment of 

neurosensory abnormalities in DED, further elucidating the pathogenesis of this complex 

disease. Additional future studies to further expand our knowledge of DED could include an 

investigation of how severity of DED is associated with inflammation and nerve changes and 

how treatment could impact these IVCM parameters. Furthermore, the presence or absence 

of autoimmune conditions, and in particular autoimmune-mediated (dysimmune) small fiber 

neuropathy on corneal nerve alterations need to be further investigated.

5. Conclusions

In conclusion, patients with predominantly evaporative or aqueous-deficient DED 

demonstrate differential decrease in corneal subbasal nerves, suggesting the presence 

of neurosensory abnormalities in DED. These changes can be detected and quantified 

objectively by corneal IVCM, allowing its use for clinical practice and clinical trials. 

Clinicians may also find it helpful to focus treatment on increasing corneal nerve density of 

DED patients, especially those with the aqueous-deficient type.

Cox et al. Page 9

Ocul Surf. Author manuscript; available in PMC 2024 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abbreviations:

DED Dry eye disease

IVCM in vivo confocal microscopy

TBUT tear break up time
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Fig. 1. Confocal Image Analysis Methodology.
Illustration of confocal image analysis methodology can be observed in the in vivo confocal 

image provided to each grader (A) and in the same image with the nerves traced (B). Red 

tracings highlight main nerves, and blue tracings highlight branch nerves.
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Fig. 2. IVCM Images for Each Group.
Representative IVCM images obtained at the level of the corneal subbasal nerve plexus for 

the control group (A), evaporative DED group (B), and aqueous-deficient DED group (C).
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Fig. 3. Comparison of Nerve Density between Controls and DED.
Bar graph showing average for the total (A), main (B), and branch (C) nerve density for each 

group. Error bars represent standard error of the mean. Horizontal bars indicate significant 

differences between groups (* indicates p < 0.05, ** indicates p < 0.005, *** indicates p < 

0.001).
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Fig. 4. Comparison of Nerve Numbers between Controls and DED.
Bar graph showing average for the total (A), main (B), and branch (C) nerve number per 

frame for each group. Error bars represent standard error of the mean. Horizontal bars 

indicate significant differences between groups (* indicates p < 0.05, ** indicates p < 0.005, 

*** indicates p < 0.001).
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Fig. 5. Comparison of Nerve Density between Controls, Evaporative DED, and Aqueous-
Deficient DED.
Bar graph showing average for the total (A), main (B), and branch (C) nerve density for each 

group. Error bars represent standard error of the mean. Horizontal bars indicate significant 

differences between groups based on post-hoc pairwise comparisons after use of generalized 

estimating equation analysis and Bonferroni correction (* indicates p < 0.016, ** indicates p 

< 0.005, *** indicates p < 0.001).
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Fig. 6. Comparison of Nerve Numbers between Controls, Evaporative DED, and Aqueous-
Deficient DED.
Bar graph showing average for the total (A), main (B), and branch (C) nerve number per 

frame for each group. Error bars represent standard error of the mean. Horizontal bars 

indicate significant differences between groups based on post-hoc pairwise comparisons 

after use of generalized estimating equation analysis and Bonferroni correction (* indicates 

p < 0.016, ** indicates p < 0.005, *** indicates p < 0.001).
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Table 1

Descriptive statistics for the control and DED groups.

Control All DED p-value

Number of subjects 45 70 -

Number of eyes 45 139 -

Age (mean ± standard deviation 49.7 ± 1.6 years 54.2 ± 2.0 years 0.077

Sex distribution (female/male) 26/16 42/28 0.842
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Table 2

In vivo confocal microscopy parameters for corneal nerves in controls and dry eye disease patients.

Control All DED Evaporative DED Aqueous-deficient DED

n (eyes) 42 139 91 48

Total nerve density (μm/mm2) 21,038.1 ± 720.5 18,579.0 ± 687.7a 19,969.9 ± 830.7 15,942.2 ± 1,135.7a,b

Main nerve density (μm/mm2) 9,581.4 ± 394.9 7,718.9 ± 273.9a 8,005.0 ± 313.1a 7,176.3 ± 522.2a

Branch nerve density (μm/mm2) 11,296.8 ± 557.9 10,860.2 ± 576.0 11,964.9 ± 749.8 8,765.9 ± 798.5a,b

Total nerves per frame (n/mm2) 20.5 ± 1.3 (125.0 ± 7.5) 15.5 ± 0.7a (96.9 ± 4.4) 16.9 ± 0.8a (105.6 ± 5.0) 13.0 ± 1.2a,b (81.3 ± 7.5)

Main nerves per frame (n/mm2) 3.8 ± 0.2 (23.8 ± 1.3) 3.0 ± 0.1a (18.8 ± 0.6) 3.1 ± 0.1a (19.4 ± 0.6) 2.8 ± 0.2a (15.6 ± 1.3)

Branch nerves per frame (n/
mm2)

16.5 ± 1.2 (103.1 ± 7.5) 12.5 ± 0.7a (78.1 ± 4.4) 13.8 ± 0.8 (86.3 ± 5.0) 10.2 ± 1.1a,b (63.8 ± 6.9)

All parameters are presented as mean ± standard error.

a
Indicates significant difference compared to control group.

b
Indicates significant difference between evaporative DED and aqueous-deficient DED groups.
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