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Abstract

Purpose—To investigate the longitudinal alterations of subbasal corneal nerves in patients with 

infectious keratitis (IK) during acute phase, cessation of treatment and recovery phase by in vivo 

confocal microscopy (IVCM).

Design—Prospective, longitudinal, case-control, single-center study.

Subjects—Fifty-six eyes of 56 patients with the diagnosis of bacterial (n=28), fungal (n=15), and 

Acanthamoeba (n=13) keratitis were included in the study. Thirty eyes of 30 normal volunteers 

constituted the control group.

Methods—Corneal sensation and serial IVCM of the central cornea were performed 

prospectively, by using the Heidelberg Retina Tomograph 3/Rostock Cornea Module (Heidelberg 

Engineering, Germany). IVCM images were assessed at 3 time points: at the first visit of the 

patient to the cornea service, at cessation of antimicrobial treatment, and up to six months after the 

resolution of infection.

Main outcome measures—Total nerve number and length, main nerve trunks, branching and 

corneal sensation were assessed during the follow-up period.

Results—Corneal nerves were significantly reduced during the acute phase in eyes with IK 

compared with controls across all subgroups, with total nerve length of 5.47 ± 0.69 vs. 20.59 ± 
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1.06 mm/mm2; p<0.0001. At the cessation of treatment, corneal nerves in patients with IK had 

regenerated, including total nerve length (8.49 ± 0.94; p=0.02) and nerve branch length (4.80 ± 

0.37; p=0.005). During the recovery phase, after resolution of infection, corneal nerves further 

regenerated, including total nerve length (12.13 ± 1.97; p=0.005), main nerve trunk length (5.80 ± 

1.00; p=0.01) and nerve branch length (6.33 ± 0.76; p=0.003) as compared to the acute phase, but 

were still significantly lower when compared to controls (p<0.05 for all parameters). Corneal 

degeneration and regeneration correlated with corneal sensation (r=0.47, p=0.0009).

Conclusion—Patients with IK, suffering from profound loss of corneal nerves during the acute 

phase of infection, demonstrate an increase of corneal nerve density during the first six months 

after the resolution of infection. However, despite significant nerve regeneration, corneal nerve 

density does not fully recover and remains low as compared to controls. By providing an objective 

methodology to monitor corneal re-innervation, IVCM adds potentially important findings that 

may have implications for clinical management and surgical planning.

INTRODUCTION

Infectious keratitis (IK) is a vision-threatening disease that varies in incidence depending 

upon geographic location and predisposing risk factors. It is estimated that 30,000 new cases 

of IK (including bacteria, fungus and Acanthamoeba) occur annually in the United States.1,2 

These microorganisms trigger an immune response, leading to severe corneal inflammation, 

ulceration and scarring.1,3–8 The corneal ulceration and the subsequent scarring may result 

in corneal nerve damage with clinical consequences, due to impaired corneal nerve function.

The human cornea is supplied by the terminal branches of the ophthalmic division of the 

trigeminal nerve and is the most densely innervated tissue of the body.1,4,9–14 Nerves 

penetrate the cornea in the deep peripheral stroma in a radial distribution and then course 

anteriorly, running parallel to the ocular surface, forming the subbasal nerve plexus between 

the Bowman’s layer and the basal epithelium.1,8 Corneal innervation has important trophic 

functions and plays an important role in the regulation of epithelial integrity, proliferation, 

and wound healing.1,3,6,8 Although herpetic keratitis is the entity most frequently associated 

with a decrease in the subbasal corneal nerve plexus and with neurotrophic keratopathy, 

other infectious diseases may be associated with corneal nerve loss as well. 4,9,11–14

Laser in vivo confocal microscopy (IVCM) is a non-invasive, high-resolution tool that 

allows imaging of the living cornea at the cellular level, providing images comparable with 

histochemical methods.8,9,11 In recent years, the use of IVCM has revealed the importance 

of corneal nerves in both healthy eyes and ocular diseases, including infectious keratitis, 

cornea transplantations, laser keratorefractive surgeries, neurotrophic keratopathy and dry 

eye disease.4,15,16 Using IVCM, we have recently demonstrated a decrease in corneal nerves 

and an increase in immune dendritic cells in patients with microbial keratitis.9,11 While 

these findings may have significant clinical and surgical implications, no longitudinal 

studies have yet been performed in these patients to assess whether corneal nerve damage 

persists or resolves through re-innervation.

The aim of the present study was to investigate the longitudinal changes in subbasal corneal 

nerves in patients with Acanthamoeba, fungal and bacterial keratitis beyond the treatment 
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period. We hypothesized that corneal re-innervation takes place after the acute phase of 

infectious keratitis. Herein, we describe the level of nerve degeneration in the acute phase of 

infectious keratitis and regeneration after resolution of infection.

METHODS

Patients

This was a prospective, longitudinal, single-center study, conducted in a controlled, single-

blinded fashion. Fifty-six eyes of 56 patients treated for acute infectious keratitis at the 

Cornea Service of the Massachusetts Eye & Ear Infirmary (MEEI), Boston, MA, USA 

between 2008 to 2014 were included in the study. Thirty eyes of 30 normal volunteers 

comprised the control group, out of which 18 were contact lens wearers. This study was 

Health Insurance Portability and Accountability Act (HIPAA)-compliant, adhered to the 

tenets of the Declaration of Helsinki, and was approved by the Institutional Review Board 

(IRB)/Ethics Committee of our institution. Written informed consent was obtained from all 

subjects after a detailed explanation of the nature of the study.

The diagnosis of acute infectious keratitis was made by cornea specialists based on clinical 

history and ophthalmic examination. All patients and healthy controls underwent slit-lamp 

bio-microscopy. Only patients with positive corneal cultures or positive confocal findings 

for fungal or Acanthamoeba keratitis were included. The study excluded subjects with a 

history of any prior episode of infectious keratitis, ocular inflammatory disease, ocular 

trauma, previous eye surgery, and diabetes.

In Vivo Confocal Microscopy

Laser scanning in vivo confocal microscopy (Heidelberg Retina Tomograph 3 with the 

Rostock Cornea Module, Heidelberg Engineering GmbH, Heidelberg, Germany) of the 

central cornea was performed in all subjects. This microscope uses a 670-nm red wavelength 

diode laser source, and it is equipped with a 63X objective immersion lens with a numerical 

aperture of 0.9 (Olympus, Tokyo, Japan). The IVCM provides images that represent a 

coronal section of the cornea of 400 X 400 μm, which is 160,000 μm2, at a selectable 

corneal depth and is separated from adjacent images by approximately 1 to 4 μm and lateral 

resolution of 1 μm/pixel.

Digital images were stored on a computer workstation at 30 frames/per second. A disposable 

sterile polymethylmethacrylate cap (Tomo-Cap; Heidelberg Engineering GmbH, 

Heidelberg, Germany), filled with a layer of hydroxypropyl methylcellulose 2.5% (Genteal 

gel, Novartis Ophthalmics) in the bottom, was mounted in front of the Rostock Cornea 

Module optics for each examination. One drop of topical anesthesia of 0.5% proparacaine 

hydrochloride (Alcaine, Alcon) was instilled in both eyes, followed by a drop of 

hydroxypropyl methylcellulose 2.5% (GenTeal gel, Novartis Ophthalmics) in both eyes. 

One drop of hydroxypropyl methylcellulose 2.5% was also placed on the outside tip of the 

Tomo-Cap to improve optical coupling, and manually advanced until the gel contacted the 

central surface of the cornea.
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IVCM was performed at three time points for each study eye: at the first visit of the patient 

to the cornea service (acute phase), at the day of cessation of antimicrobial treatment, and 

also at their last visit in the interval between one to six months after cessation of 

antimicrobial treatment (recovery phase). A total of six to eight volume and sequence scans 

per time point were obtained from the center of each cornea, at least three of which were 

sequence scans with particular focus on the subepithelial area and the subbasal nerve plexus, 

typically at a depth of 50 to 80 μm. Sequence scans allow imaging the same area 

continuously, permitting the capture of large numbers of images of the subbasal nerve 

plexus per scan. Thus, the scans yielded 300–400 images of the subbasal layer alone. When 

a corneal ulcer was present with an epithelial defect, both the ulcer and the surrounding 

areas were scanned.

Corneal Sensation

Corneal sensation was measured in the central area of the cornea with the Cochet-Bonnet 

esthesiometer (Luneau Ophthalmologie, Chartres, France) in all subjects as previously 

described.13 This test mechanically stimulates corneal nerves by touching the tip of a 

retractable 6.0-cm long monofilament nylon thread of 0.12-mm diameter against the corneal 

surface, decreasing in steps of 1.0 cm if a positive response was not obtained or advancing 

by 0.5 cm if a positive response was obtained. The longest filament length that resulted in a 

positive response was considered the corneal threshold.

Data Analysis

Three representative images were selected for analysis of each eye for each time point. The 

images were selected from the layer immediately at or posterior to the basal epithelial layer 

and anterior to the Bowman’s layer by one experienced observer (R.M.). The criteria for 

selecting the images were the best-focused and most complete images, with the whole image 

in the same layer, without motion, without folds and with good contrast. Two observers 

(R.M. and F.A.), masked to the study groups and diagnoses, performed the IVCM image 

analyses. The nerve analysis was done using the semi-automated tracing program 

NeuronJ,17–19 a plug-in for ImageJ (http://www.imagescience.org/meijering/software). 

Nerve density was assessed by measuring the total length of the nerve fibers in micrometers. 

Main nerve trunk was defined as the total number of main nerve trunks in one image after 

analyzing the images anterior and posterior to the analyzed image in order to confirm that 

these did not branch from other nerves. Nerve branching was defined as the total number of 

nerve branches in one image. The number of total nerves measured was defined as the 

number of all nerves, including main nerve trunks and branches in one image (Fig. 1).

Statistical Analysis

Statistical analysis was performed using Stata version 13.0 (Stata Corp, TX, USA). 

Continuous variables were expressed as mean ± standard error of the mean, whereas 

categorical variables were described by frequency and percentage, unless otherwise 

indicated. The distribution of data was investigated using Shapiro-Wilk normality test. Chi-

square test was applied to compare qualitative variables. Wilcoxon signed-rank test (for 

paired groups) or Kruskal-Wallis (for unpaired groups) were used to assess differences 

between visits or groups. Bonferroni post-hoc test was used for further analysis, when 
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appropriate. Spearman’s correlation coefficient was used to determine the correlation of 

nerve changes from baseline (acute phase) and the time of the two follow-up visits. Multiple 

linear regression was applied to assess predictors of nerve parameters, using age, gender, 

contact lens use and time of the follow-up visits as independent variables. For each test, a p-

value of less than 0.05 was considered significant.

RESULTS

Fifty-six eyes of 56 patients (31 male and 25 female) with Acanthamoeba (n=13), fungal 

(n=15) or bacterial (n=28) keratitis met the inclusion and exclusion criteria, were recruited, 

and constituted the infectious keratitis (IK) group. Thirty healthy eyes of 30 volunteers (10 

male and 20 female) comprised the control group, matched for age and contact lens use. 

Figure 2 shows representative slit-lamp photographs and IVCM images of the study groups. 

The mean age was 42.4 ± 2.1 and 42.3 ± 2.1 years in patients and controls, respectively 

(p=0.47). Patients with Acanthamoeba, fungal and bacterial keratitis were treated with 

topical antimicrobials for an average of 366.8 ± 73.4, 135.4 ± 31.8 and 35.3 ± 5.7 days, 

respectively. Table 1 presents the demographics and treatment duration of these groups.

Subbasal Corneal Nerve Alterations by IVCM

Nerve Alterations During the Acute Phase—The total subbasal nerve length during 

the acute phase was 5.47 ± 0.69 mm/mm2 for the combined IK group and was 2.91 ± 0.64, 

4.65 ± 0.95, and 7.71 ± 1.24 mm/mm2 for the Acanthamoeba, fungal, and bacterial keratitis 

groups, respectively (p<0.0001 for all, compared to controls: 21.59 ± 1.06 mm/mm2). A 

significant diminishment in the main nerve trunk length (2.44 ± 0.42 mm/mm2) and in the 

nerve branch length (3.03 ± 0.24 mm/mm2) was found in the combined IK group as 

compared to controls (10.61 ± 0.46 and 10.98 ± 0.80 mm/mm2, respectively) and also in the 

Acanthamoeba, fungal and bacterial subgroups (p<0.0001 for all).

The total number of subbasal nerves during the acute phase was decreased in the combined 

IK group (3.70 ± 0.35 nerves/frame) and also in the Acanthamoeba (2.36 ± 0.40), fungal 

(3.27 ± 0.53) and bacterial (4.66 ± 0.65) subgroups, as compared to controls (20.00 ± 1.80, 

p<0.0001 for all). Moreover, a significant diminishment in the number of main nerve trunks 

and nerve branches was found in the combined IK group, as well as in all the subgroups, as 

compared to controls (p<0.0001 for all, Tables 2 and 3).

Nerve Alterations During Cessation of Treatment Phase—The total subbasal nerve 

length during the cessation of treatment showed a significant increase compared to the acute 

phase in the combined IK group (8.49 ± 0.94 vs. 5.47 ± 0.69 mm/mm2, p=0.02) and also in 

the Acanthamoeba subgroup (9.24 ± 1.97 vs. 2.91 ± 0.64, p=0.01); however, no statistical 

difference was found in the fungal (6.37 ± 2.00 vs. 4.65 ± 0.95, p=0.89) and bacterial 

subgroups (9.18 ± 1.81 vs. 7.71 ± 1.24, p=0.18). A significant increase in nerve branch 

length was found at the cessation of treatment compared to the acute phase, in the combined 

IK group (3.03 ± 0.24 vs. 4.80 ± 0.37, p=0.005). However, all the subgroups showed an 

increase in nerve branch length compared to the acute phase, although this was not 

statistically significant. The main nerve trunk length showed a slight increase in the 

combined IK group (3.69 ± 0.64 vs. 2.44 ± 0.42 mm/mm2, p=0.13); however, only in the 

Müller et al. Page 5

Ophthalmology. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acanthamoeba subgroup was this increase statistically significant (5.09 ± 1.51 vs. 0.37 ± 

0.24, p=0.01). Figure 3 shows subbasal corneal nerve length alterations in the IK groups and 

controls over time.

A significant difference was found when comparing the total number of nerves during the 

cessation of treatment phase with the acute phase, including the combined IK group (5.50 ± 

0.55 vs. 3.70 ± 0.35 nerves/frame, p=0.009) and the Acanthamoeba (5.91 ± 0.87 vs. 2.36 ± 

0.40, p=0.007). Despite increasing on average, the fungal (4.38 ± 1.16 vs. 3.27 ± 0.53, 

p=0.8) and bacterial (5.85 ± 1.02 vs. 4.66 ± 0.65, p=0.09) subgroups did not showed 

significant differences. A significant increase in the number of nerve branches was found in 

the combined IK group, despite no difference observed in the number of main nerve trunks. 

The Acanthamoeba subgroup showed a significant increase in the number of main nerve 

trunks and nerve branches, whereas no difference was found in the fungal and in the 

bacterial subgroups (Table 3).

Nerve Alterations During the Recovery Phase—The total nerve length during the 

recovery phase showed a significant increase compared to the acute phase, in the combined 

IK group (12.13 ± 1.97 vs. 5.47 ± 0.69 mm/mm2, p=0.005) and also in the Acanthamoeba 

(12.70 ± 2.77 vs. 2.91 ± 0.64 mm/mm2, p=0.04) and fungal (14.85 ± 3.12 and 4.65 ± 0.95, 

p= 0.03) subgroups. Furthermore, the main nerve trunk length and the nerve branch length 

showed an increase in the combined IK group, as well as in the Acanthamoeba and fungal 

subgroups. However, no statistical difference was found in the bacterial subgroup, when 

comparing the recovery phase to the acute phase, regarding the total nerve length, main 

nerve trunk length and nerve branch length (Table 3).

The total number of nerves during the recovery phase (Figure 4) showed a significant 

increase, compared to the acute phase in the combined IK group (7.85± 1.16 vs. 3.70 ± 0.35 

nerves/frame, p=0.007) as well as in the Acanthamoeba (8.12 ± 1.77 vs. 2.36 ± 0.40, 

p=0.04) and fungal subgroups (9.82 ± 2.26 vs. 3.27 ± 0.53, p=0.03).

Despite the nerve regeneration over time, the total nerve length and number of total nerves 

were still significantly lower compared to controls in the combined IK group (12.13 ± 1.97 

mm/mm2, p=0.002 and 7.85 ± 1.16 nerves/frame, respectively, p<0.0001), in the 

Acanthamoeba (12.70 ± 2.77 mm/mm2, p=0.04 and 8.12 ± 1.77 nerves/frame, p=0.03) and 

bacterial subgroups (9.39 ± 3.28 mm/mm2, p=0.002 and 5.99 ± 2.16 nerves/frame, p=0.01).

Corneal Nerve Regeneration: Due to the variability of follow-up times among infectious 

keratitis subgroups, we investigated the correlation of nerve changes from baseline (acute 

phase) to the time of both follow-up visits. Figure 5 demonstrates the scatter plot of 

morphological nerve alterations over time. Total nerve length and the total nerve number 

increased significantly over time (R=0.46, P=0.003 and R=0.41, p=0.01, respectively). After 

multiple adjustments for age, gender, and contact lens use, the association between the time 

of follow-up visits and the nerve density parameters, including total nerve length and total 

nerve number, remained significant in the linear regression model (p=0.009 and 0.03, 

respectively). The average rate of nerve regeneration was 1.02 ± 0.52 mm/mm2 per month in 

the combined IK group. While the rate of nerve regeneration, between the acute phase and 
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the cessation of treatment phase was 0.61 ± 0.15 mm/mm2 per month, the rate between the 

cessation of treatment phase and the recovery phase was 1.60 ± 0.56 mm/mm2 per month in 

the combined group. Moreover, the corneal sensation also increased over time, from 3.9 ± 

0.4 cm at the acute phase, to 5.6 ± 0.1 cm at cessation of treatment and finally to 5.9 ± 0.1 at 

the recovery phase (p=0.004). The corneal sensation showed a significant correlation with 

total nerve length (r=0.47, p=0.0009), and total number of nerves (r=0.43, p=0.002).

DISCUSSION

This prospective, longitudinal, controlled study demonstrates corneal nerve regeneration of 

the subbasal layer after resolution of infectious keratitis. We show that while corneal nerves 

do regenerate, they do not reach normal levels, even in the recovery phase, up to six months 

after cessation of treatment. To our knowledge, this is the first study that systematically 

analyzes changes in the corneal subbasal nerve plexus in patients with IK, beyond the acute 

phase of infection. We have previously demonstrated a decrease in the subbasal corneal 

nerve density during the acute phase of IK, including Acanthamoeba, fungal and bacterial 

keratitis.9,11

In vivo confocal microscopy has routinely been used for diagnostic purposes in patients with 

Acanthamoeba and fungal keratitis over the past several years.7,20,21 More recently, 

attention to other histological cellular and structural details of the cornea, in particular the 

corneal nerve fibers, has yielded additional information regarding the status and prognosis of 

corneal health.4,11,15,22,23 Until recently, the assessment of corneal innervation in the 

clinical setting has only been possible through the measurement of corneal sensation (e.g., 

by the Cochet-Bonnet esthesiometer or the Belmonte esthesiometer).17,19,24 IVCM, and 

more recently laser IVCM, now allow for systematic studies of subbasal corneal nerve 

parameters in patients. Advantages of this device include its speed, ease of use, objectivity, 

and the non-invasiveness of the imaging procedure. Moreover, it allows for serial studies in 

patients providing histological features, a unique feature that is not possible with tissue 

biopsies.

Although corneal nerves regenerate during follow-up after resolution of the infection and 

cessation of treatment in the combined IK group, the IK subgroups do not show the same 

level of regeneration. The Acanthamoeba and fungal keratitis subgroups reveal an increase 

in subbasal nerve parameters at the recovery phase compared to the acute phase. However, 

this regeneration pattern is not noted in the bacterial subgroup. This can be explained by the 

fact that treatment duration and subsequent follow-up time for bacterial keratitis patients are 

much shorter, and thus the shorter follow-up time does not allow for detection of corneal 

nerves changes, which typically takes longer without active intervention.

The pharmacotherapy for IK is usually prolonged and toxic, particularly in cases of 

Acanthamoeba and fungal keratitis. Therefore, amoebicidal medication can result in corneal 

cytotoxicity. Dose- and time-dependent keratocyte cell death has previously been observed 

using polyhexamethylene biguanide and chlorhexidine.11,20 Further, toxic keratopathy 

caused by propamidine has been described.11,22,25 Berry et al. showed that with increased 

exposure to antibiotics, antifungals or their combinations, drug-dependent toxicity increases. 

Müller et al. Page 7

Ophthalmology. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



However, the toxicity of drug combinations is not merely cumulative; thus, decreasing the 

dose does not necessarily diminish the cytopathic effects.24,26 Therefore it is conceivable 

that the prolonged and concurrent use, and the numerous combinations of antimicrobial eye 

drops used by patients with IK may be a limiting factor in the corneal re-innervation 

process.

The Acanthamoeba subgroup shows a reduction in the subbasal nerve density, which is 

more pronounced than the fungal and bacterial subgroups during the acute phase. This 

difference can be caused by the occurrence of perineuritis, a hallmark of Acanthamoeba 

keratitis. In addition, Pettit et al. showed that Acanthamoeba trophozoites were able to 

destroy nerve cells in vitro, both by cytolysis and by digestion.15,25,27–29 A similar pattern 

of subbasal nerve damage during the acute phase of IK was previously addressed in a paper 

published by our group.11,30

In a recent cross-sectional study, Cruzat et al. demonstrated a strong and significant 

correlation between the increase in dendritiform cell density and the decrease in subbasal 

corneal nerves in patients with IK, suggesting a connection between corneal immune 

response and nerve alterations.11,15,31–33 However, it is unknown whether the nerve damage 

observed during the acute phase is caused by severe corneal inflammation alone or may be 

related to pathogen-induced damage.11,25,27. The resulting neurogenic inflammation is an 

important defense mechanisms that protects tissues from damage from a variety of 

pathogens, which can be a double-edged sword.34 The exposure of the cornea to a microbial 

insult triggers the release of inflammatory cells and pro-inflammatory mediators. On the one 

hand, the production of pro-inflammatory cytokines results in the release of bioactive 

substances such as proteases, leading to extensive tissue injury.11,26 On the other hand, it 

has been shown that neurotrophic factors (e.g., nerve growth factor and vascular endothelial 

growth factor) and inflammatory mediators (e.g., T lymphocytes and interleukins) are 

involved in immunomodulation, corneal nerve repair and regeneration.15,31–33,35

Previously, IVCM has also been used to assess re-innervation of the subbasal corneal nerves 

in patients subjected to surgical corneal procedures, such as photorefractive keratectomy 

(PRK), laser-assisted in-situ keratomileusis (LASIK), and corneal transplantation. In 

patients after PRK, subbasal nerves regenerate to near preoperative density within three 

years.15,28,29,36 During LASIK procedures, stromal nerves are being transected at a much 

deeper layer than in advanced surface ablation procedures, with a decrease in the subbasal 

nerves of more than 80%, and a gradual but incomplete postoperative regeneration at two 

years.28,36,37 In contrast, following corneal transplantation, subbasal and epithelial re-

innervation of the donor graft occurs partially, although stromal innervation is limited. The 

subbasal nerve density may not recover to normal levels even after 40 years, with persistent 

anatomic disorganization of corneal nerves.38,39 We observed a decrease in the subbasal 

nerve density during the acute phase of about 70%, compared to controls. Previous studies 

have demonstrated that the subbasal nerve regeneration rate post PRK and LASIK is 

approximately 25% and 33% at 6 months from the baseline, respectively.15 During the 

recovery phase (from the cessation of the antimicrobial treatment to up six months 

thereafter), our study showed an increase of approximately 40% in the nerve density. 

Specifically, we show a regeneration rate between the acute phase and the cessation of the 
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antimicrobial treatment of 0.61 ± 0.15 mm/mm2 per month, whereas between the cessation 

of treatment and the recovery phase the regeneration rate almost triples, reaching 1.60 ± 0.56 

mm/mm2 per month. Thus, regeneration of corneal nerves beyond the acute phase of the 

disease may be an important consideration in predicting the long-term prognosis of corneal 

health.

Lagali et al. reported that the subbasal nerve regeneration is delayed up to ten months after 

total Bowman’s layer (BL) removal by phototherapeutic keratectomy (PTK). In addition, 

they showed that patients without BL had a delay in nerve regeneration compared to patients 

with partial BL, evidence that the partial preservation of the BL may promote faster 

regeneration of central subbasal nerves.37 The impairment of the BL, presents in the 

majority of patients with corneal ulcers and IK, resulting in residual stromal scarring and 

fibrotic tissue, may be a possible factor that slows down or affects the re-innervation of the 

subbasal corneal nerves in these patients.

The correlation between corneal innervation and corneal sensation has previously been 

demonstrated in several studies.13,40,41 In addition to their important sensory function, 

corneal nerves play a role in maintaining the functional integrity of the ocular surface by 

releasing neuronal factors that promote corneal epithelial homeostasis.42 Diminished 

sensitivity due to impaired innervation may affect the afferent reflex arm, reducing tear 

production, blink reflex, avoidance of mechanical or chemical stimuli, and slowing the 

healing response by compromising the epithelium.42–44 Moreover, a stable tear film, 

combined with a healthy corneal epithelium, provides a physical barrier against microbial 

invasion and environmental trauma.45,46 Thus, the damage to corneal nerves may result in 

signs and symptoms of ocular surface disease, such as epithelial defects, superficial cornea 

vascularization, burning, foreign body sensation and light sensitivity.14

Long-term contact lens wear has been associated with a considerable reduction in corneal 

sensation.47–49 Decreased oxygen and carbon dioxide gaseous exchange, leading to 

reductions in the pH of the cornea and consequently depressing nerve function, are potential 

factors affecting the corneal sensitivity.47 However, while corneal nerve function has been 

shown to be altered, our study demonstrates that the corneal subbasal nerve density does not 

seem be affected in our control contact lens users. 48,49 Moreover, regression analysis 

demonstrated that a positive history of contact lens wear did not show a significant effect on 

the rate of nerve regeneration in patients with IK.

A limitation of the present study is the fact that only the subbasal nerve plexus of the central 

cornea was analyzed; therefore, we cannot necessarily extrapolate our findings to the 

peripheral cornea. Moreover, poor topographic reproducibility and the difficulty of ensuring 

that the exact same locations are tested in all patients and at all time points are currently not 

optimal.

In conclusion, patients with IK reveal corneal nerve regeneration of subbasal nerves during 

the first six months after the resolution of infection and cessation of treatment. Nevertheless, 

the nerve density remains significantly lower than in the control group and thus did not 

reach normal levels. These findings may explain the development of ocular surface disease 
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after microbial keratitis,14,50–52 suggesting that treatments promoting corneal re-innervation 

may prevent ocular surface disease in these patients. Future studies may elucidate the 

underlying mechanisms of corneal re-innervation in patients with infectious keratitis, 

allowing the development of therapeutic approaches.
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Figure 1. 
(A) In vivo confocal microscopy image of normal corneal subbasal nerve plexus in a normal 

control group. (B) All nerves were traced using Neuron J, including the main nerve trunks 

(red tracings) and nerve branches (green tracings).
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Figure 2. 
Slit-lamp photographs and in vivo confocal microscopy (IVCM) images obtained at the level 

of the corneal subbasal nerve plexus. (A–C) IVCM of Acanthamoeba keratitis during the 

acute phase (A), cessation of the treatment (B) and recovery phase (C). (D–F) IVCM of 

fungal keratitis during the acute phase (D), cessation of treatment (E) and recovery phase 

(F). (G–I) IVCM of bacterial keratitis during the acute phase (G), cessation of treatment (H) 

and recovery phase (I).

Müller et al. Page 14

Ophthalmology. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Bar graphs showing subbasal corneal nerve length alterations in infectious keratitis and 

controls during the acute phase, cessation of treatment, and recovery phase. (A) Infectious 

keratitis combined, (B) Acanthamoeba keratitis, (C) fungal keratitis and (D) bacterial 

keratitis. Bars indicate mean ± standard error of the mean. * = p<0.05 for nerve branches, † 

= p<0.05 for main nerve trunks and ‡ = p<0.05 for total of nerves.
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Figure 4. 
Bar graphs showing subbasal corneal nerve number alterations in controls and infectious 

keratitis groups during the acute phase, cessation of treatment, and recovery phase. (A) 
Infectious keratitis combined, (B) Acanthamoeba keratitis, (C) fungal keratitis and (D) 
bacterial keratitis. Bars indicate mean ± standard error of the mean. * = p<0.05 for nerve 

branches, † = p<0.05 for main nerve trunks and ‡ = p<0.05 for total of nerves.
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Figure 5. 
Scatter plot showing the correlation between the subbasal corneal nerve alterations over 

time. A significant positive correlation was found between the changes in total nerve length 

(A) and total number of nerve (B) with the time interval between the time points. 

Spearman’s correlation coefficient was used.
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Table 2

Corneal subbasal nerve parameters in controls and infectious keratitis patients.

Controls Combined Infectious Keratitis

Acute Phase Cessation of Treatment Recovery Phase

Total nerve length, mm/mm2 21.59 ± 1.06 5.47 ± 0.69* 8.49 ± 0.94*† 12.13 ± 1.97*†

Main nerve trunk length, mm/mm2 10.61 ± 0.46 2.44 ± 0.42* 3.69 ± 0.64* 5.80 ± 1.00*†

Nerve branch length, mm/mm2 10.98 ± 0.80 3.03 ± 0.24* 4.80 ± 0.37*† 6.33 ± 0.76*†

Total nerve number, n/frame 20.00 ± 1.80 3.70 ± 0.35* 5.50 ± 0.55*† 7.85 ± 1.16*†

Main nerve trunk number, n/frame 4.35 ± 0.19 0.99 ± 0.17* 1.43 ± 0.25* 2.14 ± 0.36*†

Nerve branch number, n/frame 15.65 ± 1.65 2.71 ± 0.20* 4.07 ± 0.34*† 5.71 ± 0.66*†

Values are reported as mean ± standard error of the mean.

*
Statistical significance (p<0.05) compared to controls.

†
Statistical significance (p<0.05) compared to acute phase.

Ophthalmology. Author manuscript; available in PMC 2016 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Müller et al. Page 20

T
ab

le
 3

C
or

ne
al

 s
ub

ba
sa

l n
er

ve
 p

ar
am

et
er

s 
in

 in
fe

ct
io

us
 k

er
at

iti
s 

su
bg

ro
up

s.

A
ca

nt
ha

m
oe

ba
 K

er
at

it
is

F
un

ga
l K

er
at

it
is

B
ac

te
ri

a 
K

er
at

it
is

A
cu

te
 P

ha
se

C
es

sa
ti

on
 o

f 
T

re
at

m
en

t
R

ec
ov

er
y 

P
ha

se
A

cu
te

 P
ha

se
C

es
sa

ti
on

 o
f 

T
re

at
m

en
t

R
ec

ov
er

y 
P

ha
se

A
cu

te
 P

ha
se

C
es

sa
ti

on
 o

f 
T

re
at

m
en

t
R

ec
ov

er
y 

P
ha

se

T
ot

al
 

ne
rv

e 
le

ng
th

, 
m

m
/m

m
2

2.
91

 ±
 0

.6
4*

9.
24

 ±
 1

.9
7*

†
12

.7
0 

±
 2

.7
7*

†
4.

65
 ±

 0
.9

5*
6.

37
 ±

 2
.0

0*
14

.8
5 

±
 3

.1
2†

7.
71

 ±
 1

.2
4*

9.
18

 ±
 1

.8
1*

9.
39

 ±
 3

.2
8*

M
ai

n 
ne

rv
e 

tr
un

k 
le

ng
th

, 
m

m
/m

m
2

0.
37

 ±
 0

.2
4*

5.
09

 ±
 1

.5
1*

†
5.

38
 ±

 1
.5

0*
†

2.
07

 ±
 0

.6
7*

1.
62

 ±
 1

.0
6*

8.
38

 ±
 1

.4
3†

4.
16

 ±
 0

.7
0*

4.
02

 ±
 0

.8
2*

4.
16

 ±
 1

.9
1*

N
er

ve
 

br
an

ch
 

le
ng

th
, 

m
m

/m
m

2

2.
54

 ±
 0

.4
2*

4.
15

 ±
 0

.6
3*

7.
32

 ±
 1

.3
6†

2.
58

 ±
 0

.3
5*

4.
75

 ±
 0

.9
9*

6.
47

 ±
 1

.0
4†

3.
55

 ±
 0

.4
0*

5.
16

 ±
 0

.4
9*

5.
23

 ±
 1

.4
8*

T
ot

al
 

ne
rv

e 
nu

m
be

r,
 

n/
fr

am
e

2.
36

 ±
 0

.4
0*

5.
91

 ±
 0

.8
7*

†
8.

12
 ±

 1
.7

7*
†

3.
27

 ±
 0

.5
3*

4.
38

 ±
 1

.1
6*

9.
82

 ±
 2

.2
6†

4.
66

 ±
 0

.6
5*

5.
85

 ±
 1

.0
2*

5.
99

 ±
 2

.1
6*

M
ai

n 
ne

rv
e 

tr
un

k 
nu

m
be

r,
 

n/
fr

am
e

0.
15

 ±
 0

.1
0*

1.
97

 ±
 0

.6
0*

†
1.

96
 ±

 0
.5

6*
†

0.
85

 ±
 0

.2
9*

0.
58

 ±
 0

.3
8*

3.
08

 ±
 0

.4
7†

1.
52

 ±
 0

.2
9*

1.
58

 ±
 0

.3
3*

1.
56

 ±
 0

.7
0*

N
er

ve
 

br
an

ch
 

nu
m

be
r,

 
n/

fr
am

e

2.
21

 ±
 0

.3
2*

3.
94

 ±
 0

.3
6*

†
6.

16
 ±

 1
.2

4†
2.

42
 ±

 0
.3

1*
3.

80
 ±

 0
.7

9*
6.

74
 ±

 0
.7

8†
3.

14
 ±

 0
.3

5*
4.

27
 ±

 0
.5

6*
4.

43
 ±

 1
.2

0*

V
al

ue
s 

ar
e 

re
po

rt
ed

 a
s 

m
ea

n 
±

 s
ta

nd
ar

d 
er

ro
r 

of
 th

e 
m

ea
n.

* St
at

is
tic

al
 s

ig
ni

fi
ca

nc
e 

(p
<

0.
05

) 
co

m
pa

re
d 

to
 c

on
tr

ol
s.

† St
at

is
tic

al
 s

ig
ni

fi
ca

nc
e 

(p
<

0.
05

) 
co

m
pa

re
d 

to
 a

cu
te

 p
ha

se
.

Ophthalmology. Author manuscript; available in PMC 2016 November 01.


