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Abstract

Purpose—Treatment of neuropathic corneal pain (NCP) is intricate, and involves a long-term
combined multistep approach. The self-retained cryopreserved amniotic membrane (PROKERA®,
Bio-Tissue, Miami, FL) has been utilized for multiple ocular surface disorders. We evaluate the
efficacy, safety, and tolerability of ProKera® Slim [PKS] and ProKera® Clear [PKC] in the
treatment of NCP.

Methods—Retrospective case series of 9 patients who received PKS/PKC for the acute treatment
of NCP. Patient demographics, prior therapies, clinical examination, duration of PKS/PKC
retention, changes in pain severity, corneal subbasal nerve density and morphology by in vivo
confocal microscopy (IVCM; HRT3/RCM, Heidelberg Engineering, Heidelberg, Germany), and
adverse events were recorded.

Results—PKS/PKC were placed in 10 eyes of 9 patients. Pain severity improved by 72.5+8.4%
(from 6.3+£0.8 to 1.940.6, scale 1-10, p=0.0003) after retention for 6.4+1.1 days. Despite shorter
retention for 4.0+0.7 days in patients with ring dysesthesia (4 eyes) or premature implant
disengagement (2 eyes), pain severity still improved by 63.1+12.5% (from 6.8+1.0 to 2.4+0.9,
p=0.009). During a follow-up of 9.3+0.8 months, two patients reported recurrence of pain after 2.3
and 9.6 months respectively, which was treated effectively with additional PKS/PKC placement.
IVCM showed a 36.6+17.6% increase in total nerve density, from 17,700.9+1,315.7 to
21,891.32,040.5 um/mm? (p=0.047), while the fellow PKS/PKC-untreated eyes did not show a
significant interval change. Main nerve trunk and branch nerve densities were not statistically
different. Dendritiform cell density decreased from 46.0+8.2 to 32.0+6.0 cells/mm? (p=0.01).
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Conclusions—PKS/PKC provide a safe and effective treatment approach to achieve sustained
pain control in patients with NCP.
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1. INTRODUCTION

Neuropathic corneal pain (also termed corneal neuralgia, keratoneuralgia, or corneal
neuropathy) results from damaged trigeminal nerve terminals, eliciting disproportionate
sensation of pain in response to both innocuous stimuli (hyperalgesia) and non-noxious
triggers (allodynia).1® Patients with neuropathic corneal pain usually experience non-
specific perception of pain, such as photoallodynia (painful sensitivity to light), severe eye-
ache, burning, irritation, and sensation of eye pressure, with none to minimal signs observed
on slit-lamp examination.®7 This has posed a great diagnostic and therapeutic challenge to
the ophthalmology community, particularly considering the detrimental effects of severe
pain, which can result in significant decrease in quality of life and autonomy, impaired
physical and social function, and even existential agony.8-1! Fortunately, as a result of recent
scientific advances in the understanding of the pathophysiology of neuropathies and
development of pain, both awareness and knowledge about neuropathic corneal pain have
increased among ophthalmologists and other vision care providers. Moreover, heurosensory
abnormalities have recently been introduced as part of the definition and pathophysiology of
dry eye disease.12

Given that the diagnosis of neuropathic pain requires the demonstration of nerve damage,
typically attained by skin biopsies in cases of non-ocular neuropathic disease, slit-lamp
examination alone does not suffice. As such, in vivo confocal microscopy (IVCM), a
noninvasive real-time imaging device that provides high-resolution images of the corneal
nerve plexus at a cellular level, has enabled us to document the presence of corneal nerve
alterations through optical biopsies.13-15 [VCM in patients with neuropathic corneal pain
has demonstrated decreased nerve density, presence of microneuromas (engorged abrupt
endings of the subbasal nerves), increased nerve tortuosity and beading (small beads along
the nerve fibers), as well as various degrees of inflammation, confirming the underlying

diagnosis and allowing for objective assessment of responses to therapeutic interventions.
4,16,17

Treatment is often complex, refractory, and involves a multistep and potentially multi-
disciplinary approach, involving the exclusion of other causes of pain and management of
co-morbidities (e.g., ocular allergies, conjunctivochalasis, exposure keratopathy), employing
neuro-regenerative and anti-inflammatory therapies, systemic pharmacotherapy, and even
alternative medicine.218 Neuro-regenerative therapies, such as autologous serum tears, can
lead to the restoration of nerve density and morphology, as well as slow symptomatic
improvement of neuropathic pain.? Interestingly, amniotic membranes have been found to
have regenerative effects, since amniotic epithelial cells synthesize multiple anti-
inflammatory, antiscarring, and mitogenic factors, as well as neurotransmitters and
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neurotrophins, which play significant roles in neuronal development and survival.19-24 The
commercially available self-retaining cryopreserved amniotic membranes (ProKera® Slim
[PKS] and ProKera® Clear [PKC], Bio-Tissue, Miami, FL) have largely been utilized with
positive clinical results for the treatment of multiple ocular surface disorders, including
limbal stem cell deficiency,2® chemical burns,6 bacterial keratitis,?” refractory dry eye
disease,28 and neurotrophic ulcers, among others.2%30 |ts safety, availability in the clinics,
and promising regenerative effects prompted us to study the efficacy, tolerability, and safety
of PKS/PKC in the treatment of patients with acute neuropathic corneal pain.

2. METHODS

The Institutional Review Board of Tufts Medical Center/Tufts University Health Sciences
approved the retrospective single-center medical record review of patients who received
PKS/PKC for the treatment of neuropathic corneal pain between July 2015 and May 2016.
Patients were seen at the Cornea Service of the New England Eye Center, Tufts Medical
Center, Boston, MA. The protocol conformed to the Declaration of Helsinki and adhered to
the Health Insurance Portability and Accountability Act (HIPAA).

Diagnosis of neuropathic corneal pain was made in the presence of confirmed corneal nerve
damage by IVCM with an unremarkable clinical slit-lamp examination, along with the
absence of other active ocular surface disease or any other concomitant causes of pain or co-
morbidities. Central cause of pain (central sensitization) was ruled out by the proparacaine
challenge test as previously described,® since PKS/PKC placement would theoretically help
with peripheral but not central pain. Patients initially received PKS. When PKC, which
provides a central aperture that maintains clarity of the visual axis, became available, we
switched to the use of PKC. Patient demographics, ocular and systemic medical history,
underlying etiology of neuropathic pain, prior treatment regimens, clinical examination,
duration of PKS/PKC retention, adverse events, and corneal 1VCM findings were reviewed.
Charts were also reviewed for pain severity, which was based on patient self-assessment and
measured on the visual analogue scale from 1 to 10, ten being the greatest. Pain level had
been registered before and after placement of PKS/PKC. Esthesiometry was not routinely
checked in patients with neuropathic corneal pain, as the hyperalgesia and allodynia may
yield inaccurate measurements.

In vivo confocal microscopy (Heidelberg Retina Tomograph 3 with the Rostock Cornea
Module, Heidelberg Engineering GmbH, Heidelberg, Germany) was performed routinely on
all patients with pain and discomfort for confirmation of corneal subbasal nerve alterations,
as previously described.# IVCM provides 400 x 400 um full-thickness coronal corneal scans,
which allow visualization of the central cornea, and assessment of corneal nerve alterations.
In order to evaluate changes in subbasal corneal nerves with placement of PKS/PKC,
quantitative analysis of subbasal nerve density and morphology was performed in a masked
fashion on 4 representative images of 4 patients, in which images were available both before
and after PKC/PKS placement as imaging was not routinely performed after PKS/PKC
placement. Images were selected by a masked observer as previously described.#31 These
were traced with Image J using the previously described semiautomatic plug-in Neuron J32
(available online at http://www.imagescience.org/meijering/software/neuronj/) to assess total
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nerve density, main nerve trunk density, and branch nerve density. Dendritiform cell (DC)
density was assessed manually using Image J. These measurements were then compared to
reference controls.*

Statistical analysis was performed in STATA TM (StataCorp, College Station, TX- version
13) with paired Student’s t-test to compare the pre- and post-treatment findings, and with
unpaired t-test to analyze differences in baseline conditions between groups. Statistically
significant difference was defined as P values of less than 0.05.

3. RESULTS

3.1. Patient Demographics

Ten eyes of 9 patients with diagnosis of neuropathic corneal pain were included in the study.
Eight of them were females and one was a male, with a mean age of 58.8 + 4.3 years (range
24 to 72). Details are summarized in Table 1.

3.2. Clinical Features

The underlying etiology of neuropathic corneal pain included prior history of dry eye
disease (six eyes), prior history of obstructive meibomian gland dysfunction (three eyes),
conjunctivochalasis (two eyes), post-surgical (two eyes, status post strabismus surgery and
photorefractive keratectomy, respectively), thyroid eye disease (one eye), and blepharospasm
secondary to Meige syndrome (one eye). All patients had been treated for these conditions,
which had resolved and were deemed not to be causative of pain at the time of PKS/PKC
placement. Prior therapeutic regimens included maximal lubrication with preservative-free
artificial tears, emulsion-based drops or ointment in all cases, as well as hot compresses with
lid massage, and medical therapy and/or intraductal meibomian gland probing for patients
with obstructive meibomian gland dysfunction. All patients had also received trials of
topical steroid treatment with an initial regimen of loteprednol 0.5% QID, followed by a bi-
weekly taper until a maintenance dose of loteprednol once or twice weekly. Five patients
were under treatment with 20% autologous serum tears eight times daily: two had been on
these drops for 6 months, two for 1.5 years, and one for 4 years. They had all improved with
the autologous serum tears, but complained of recurrence of pain while on autologous serum
tears on the day PKS/PKC placement was chosen. Three of these patients had shown
decreased corneal nerve density prior to PKS/PKC insertion. Two patients had poor
compliance with the treatment regimen (and one of these had decreased nerve density on
IVCM). Two patients were receiving topical compounded off-label 0.03% testosterone drops
in both eyes three times daily. Furthermore, three patients had been treated with a trial of
oral nortriptyline. Oral trihexyphenidyl therapy and botulinum toxin injection had been
implemented for the treatment of one case with concomitant Meige syndrome and
blepharospasm. None of the treatments had more recently resulted in complete control of
symptoms, with an average pain severity of 6.3 + 0.8 on a scale from 0 to 10 prior to
PKS/PKC placement. Best-corrected visual acuity in logMAR (logarithmic minimum angle
of resolution) was 0.176 (20/30) in 3 eyes, 0.097 (20/25 Snellen equivalent) in 7 eyes, and
0.0 (20/20) in 3 eyes. IVCM had been performed on all patients for the diagnosis of
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neuropathic corneal pain. Baseline characteristics included decreased nerve density and
presence of microneuromas in all the eyes.

3.3. Efficacy of treatment

Eight PKS and 2 PKC were initially placed in 10 eyes of 9 patients (Table 2). Mean severity
of pain prior to amniotic membrane placement was 6.3 + 0.8. PKS/PKC were removed after
amean of 6.4 £ 1.1 days (range 2-14 days). The average pain severity was found to improve
by 72.5 + 8.4%, reducing the mean pain level to 1.9 + 0.6 (p=0.0003; Fig. 1A). Interestingly,
one patient (patient #4) reported simultaneous resolution of pain in the fellow PKC-
untreated eye as well.

3.4. Tolerability and Retention

One patient required PKS removal minutes after insertion due to intolerance to the ring
(Table 2). In addition, late onset discomfort resulted in the removal of PKS/PKC prior to
complete dissolution of the membrane in 3 eyes, while the amniotic membrane fell out
spontaneously in 2 eyes. Nevertheless, despite a slightly shorter retention time of 4.0 £ 0.7
days (range 2-6 days) in these 5 patients, the pain severity still improved by 63.1 + 12.5%
(from 6.8 + 1.0 to 2.4 £ 0.9; p= 0.009; Fig. 1B). In contrast, patients with the planned ring
retention period experienced a 76.7 + 8.7 % improvement in pain, from5.6 £+ 1.0t0 1.4 + 0.5
(p=0.002; Fig. 1C). The difference in pain level prior to PKS/PKC placement was not
statistically significant between patients who had removal of PKS/PKC upon dissolution of
the membrane (5.6 £+ 1.2) and patients who requested earlier removal due to discomfort (7.3
+ 0.9, p=0.17), although increased pain levels were observed in this last group.

3.5. Recurrence of Pain and Re-treatment

3.6. Safety

Over the average follow-up period of 9.3 + 0.8 months (range 7.6—-13.8 months), only two
patients reported recurrence of pain after a mean of 6.0 + 2.1 months. PKS placement in the
first patient resulted in improvement in pain levels from 9/10 to 0/10. Pain recurred to a level
of 3/10 after 2.3 months. Placement of a second PKC resulted in improvement to 1.5/10.
Pain recurred to 7/10 after 6.1 months, at which point a third PKC was placed, resulting in
improvement of pain to 0/10.

PKS placement in both eyes in the second patient resulted in improvement of pain from 9/10
to 4/10 in the right eye and 3/10 in the left eye. Pain recurred in the left eye after 9.6 months,
at a level of 6/10. A second PKS placement resulted in improvement of pain to 3/10.

No other eye experienced recurrence of pain during the follow-up period.

Best-corrected distance visual acuity pre- and post-PKS/PKC remained statistically
unchanged in all eyes immediately after removal and at last follow-up visit (0.099 £ 0.021
logMAR at baseline vs. 0.099 + 0.023 after removal; p=0.49, and 0.086 + 0.021 at last
follow-up; p= 0.31). No significant adverse events were experienced by the treated patients.
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3.7. IVCM Findings

IVCM was performed before and after treatment on 4 patients, on average 48.8 + 16.5 days
(range 34-63 days) after placement of the PKS/PKC. Analysis of those patients showed a
36.6 + 17.6% increase in total subbasal nerve density, rising from a mean density of
17,700.9 + 1,315.7 to 21,891.3 + 2,040.5 um/mm? (p=0.047; Figs. 2 and 3A). The fellow
untreated eyes of these same patients did not show a significant simultaneous interval
change (23,358.0 + 1,546.4 vs. 23,038.2 + 2,054.6 um/mm?2, p=0.45). In comparison, our
reference controls have a subbasal nerve density of 24,714.0 + 1,056.0 um/mm?24 Main
nerve trunk density measurements were statistically unchanged after treatment (6,050.2
+727.9 pm/mm? before PKS/PKC vs. 7,425.8 + 989.7 after PKS/PKC; p= 0.104; Fig. 3B).
Branch nerve density appeared to increase from 11,650.7 + 1,190.8 to 14,465.5 + 1,486.5
um/mm2, but similarly, the difference was not statistically significant (p= 0.09; Fig. 3C).
Lastly, DC density decreased in the PKS/PKC-treated eyes from 46.0 £ 8.2 t0 32.0 £ 6.0
cells/mm? (p= 0.01), while the density was found not to change in the untreated eyes (71.0
+21.8 vs. 44.8 + 12.2 cellssmm?; p= 0.16; Fig. 3D). In comparison, DC density is 17.3 + 4.4
cells/mm? in reference controls.#

4. DISCUSSION

Previous studies have validated the efficacy of self-retained cryopreserved amniotic
membrane placement in the treatment of multiple ocular surface disorders, including
persistent neurotrophic epithelial defects and ulcers, attributing its healing properties
primarily to the promotion of epithelialization and inhibition of fibrosis.21:33-38 |_jkewise,
persistent epithelial defects have been effectively treated with tissue-cultured human
amniotic epithelial cells seeded on collagen shields.3? To our knowledge, the use of amniotic
membrane transplantation in the treatment of neuropathic corneal pain has previously not
been explored. Therefore, the current study is the first report demonstrating positive clinical
and IVCM-based results of self-retained cryopreserved amniotic membrane placement in the
acute treatment of neuropathic corneal pain.

The amniotic membrane closely covers the embryo as the innermost layer delineating the
amniotic cavity, and is formed by three main layers: the epithelial layer, a basement
membrane, and the avascular mesenchymal stromal matrix.4%41 The amnion exchanges
many nutritional, gaseous, immunologic, and hormonal elements with the mother through
the surrounding chorion, providing a protective developmental environment for the fetus.
However, the exact biochemical mechanisms behind the amniotic membrane’s ocular
healing properties have not been completely elucidated. To date, it is known that amniotic
membrane epithelial and mesenchymal cells express numerous anti-inflammatory, anti-
fibrotic, and mitogenic mediators, such as interleukin (IL)-1 receptor antagonist (IL-1 RA),
IL-10, tissue inhibitors of metalloproteinases (TIMPSs), transforming growth factor (TGF)-B,
and epidermal growth factor (EGF).#2-45 Of note, uncontrolled inflammation can contribute
to nerve degeneration, a key component of corneal neuropathy, required for the development
of neuropathic pain.3146 Interestingly, amniotic cells have been found to produce
neurotrophic factors, such as nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), and ephrin-Az2, all of which are fundamental for neuronal
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development and cell survival.23:24 These factors are also of great importance for corneal
nerve regeneration and maintenance.#’=4° This has been demonstrated clinically through
topical application of autologous serum tears, which owing to the supply of multiple
neurotrophic and immunomodulatory factors,%0 have been shown to improve photoallodynia
in patients with corneal neuropathy even in the presence of intact epithelium, and to result in
concomitant regeneration of damaged subbasal corneal nerves.*

We postulate that the neurotrophic and anti-inflammatory microenvironment induced by the
placement of amniotic membranes is responsible for the regeneration of subbasal corneal
nerves as seen in a subset of our patients. Thus, it is plausible that the subjacent mechanism
of pain alleviation results from induction of neurotropism and restoration of nerve function,
which could be effective in both patients with neurotrophic keratopathy and neuropathic
corneal pain, as these entities share in common the underlying dysfunction and damage to
the trigeminal nerve endings. Ultimately, further morphological, functional, and biochemical
alterations may lead to a higher threshold for pain. Sustained pain control in the majority of
patients for more than 9 months suggests that the amniotic membrane treatment restored a
certain degree of neuronal integrity and functionality, then conceivably maintained by the
baseline topical and systemic therapies for neuropathic pain, which patients continued using
in the interim.

IVCM findings have previously not been studied in patients with neuropathic corneal pain,
treated with amniotic membrane placement, and further reinforce our clinical findings,
potentially by induction of neurotropism and a higher threshold for pain. However, the fact
that IVCM was repeated in average almost 2 months after PKS/PKC placement potentially
allows for concurrent regenerative therapies, such as autologous serum tears, to influence
our findings on nerve density. Nevertheless, when compared to the fellow eyes not treated
with amniotic membrane placement, which simultaneously also received autologous serum
tears, nerve density was significantly higher only in the eyes with PKS/PKC placement. The
non-treated fellow eyes did not show a statistically significant increase in nerve density. Of
note, patients on autologous serum tears had been on this treatment for at least 6 months.
Given the retrospective nature of this study, only a subset of patients had IVCM images
before and after amniotic membrane placement. However, the results warrant larger
randomized controlled trials to confirm the results of our pilot study in order to further
characterize morphological and functional changes following amniotic membrane treatment.

Self-retained cryopreserved amniotic membrane placement has not been associated with any
significant adverse reactions or unexpected long-term effects.>! However, PKS/PKC have
been found to cause discomfort in the form of foreign body sensation given the addition of
the surrounding polycarbonate ring.>2 This can be particularly pronounced in neuropathic
corneal pain patients with hyperalgesia. Nevertheless, even patients with much shorter
retention of PKS/PKC demonstrated significant improvement in pain intensity. Assessment
of baseline pain did not seem to be a predictor of discomfort caused by the ring, suggesting
that hyperalgesia does not directly correlate to pain severity. Moreover, one of the 4 patients
who required earlier removal of the ring in one eye, was able to tolerate 2 placements in the
fellow eye without complains of discomfort, suggesting that discomfort due to hyperalgesia
may be asymmetric.
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A limitation of amniotic membrane implantation is the transient decrease in vision by an
average of 1.26 logMAR compared to baseline, which recovers immediately after removal of
the membrane.>2 In the present study, our patients did not complain of that transient
decreased vision, presumably from the unaffected visual acuity in the fellow eyes due to the
nature of their disease. Also, patients who underwent PKC placement had an additional
advantage: the central aperture in the amniotic membrane is intended to maintain visual
acuity during treatment.

The limitations of the current study include its retrospective nature, small sample size, and
limited number of patients who underwent IVCM imaging both before and after PKS/PKC
placement. However, given the rare population of these patients, the severity of pain and
impact on quality of life, and the constrained availability of effective treatment options, the
current study is of significant importance in the management of these patients.

5. CONCLUSIONS

The use of self-retained cryopreserved amniotic membranes represents a novel and
promising therapeutic option for patients with neuropathic corneal pain based on rapid
patient-reported improvement of pain severity and increase in corneal nerve density as
shown by IVCM. Patients seemed to tolerate treatment well, except for ring intolerance in a
subset of patients and earlier removal in 40% of the eyes, with nevertheless significant
reduction of pain after shorter retention. The present study further demonstrates sustained
pain control in 80% of the treated eyes for more than 9 months after a single placement of
PKS/PKC. Therefore, we conclude that PKS/PKC placement is a safe and effective
therapeutic approach for acute management of neuropathic corneal pain, a challenging and
undertreated condition.
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Average severity of pain before and after first PKS/PKC placement in all patients (A), in
whom pain severity improved by 72.5 + 8.4 % after treatment. Average severity of pain
before and after PKS/PKC placement improved by 63.1 = 12.5 % in patients where the
amniotic membrane was removed before complete dissolution of the membrane (B), and
76.7 + 8.7 % in patients who retained the membrane for the planned period of time (C).
**p<.01, ***p<.001, compared to the pre-treatment group by paired t-test.
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TREATED EYE FELLOW EYE TREATED EYE FELLOW EYE
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Figure 2.
Representative IVCM pictures of patients #2 and 9, who were imaged before (A-D) and

then again 36 (E, F) and 63 (G, H) days after PKS/PKC placement, respectively. For each
patient, treated eyes are presented on the left column and untreated eyes, on the right.
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Comparison of total nerve density in the central corneal subbasal plexus pre- and post-self-
retained cryopreserved amniotic membrane in treated and untreated eyes imaged with
IVCM, as well as reference controls, showing a 36.6 + 17.6% increment after PKS/PKC
treatment (A). Main nerve trunk (B) and branch nerve (C) densities, as well as presence of
microneuromas (D) and dendritiform cell density (E) were also compared before and after
PKS/PKC placement in treated and untreated eyes, and to reference controls. *p<.05, **p<.
01, compared to fellow eyes by unpaired t-test, and to the pre-treatment group by paired t-
test. /7= 4 patients.
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Table 1
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Patient no. | Age/Gender | Eye | Causes Prior treatments

1 51/F oS DED ML, WC/LM, FSO, loteprednol

2 72/F oD DED, conjunctivochalasis ML, WC/LM, PP, loteprednol, AST, nortriptyline

3 68/F OS | DED, MGD/blepharitis ML, WC/LM, loteprednol, AST

4 59/F oS DED, TED ML, WC/LM, FSO, doxycycline, loteprednol, AST, TD

5 66/F OD | DED, s/p strabismus surgery ML, WC/LM, PP, loteprednol, TD

6 63/F OD | MGD ML, WC/LM, FSO, MG, MGP, loteprednol, AST,
nortriptyline

oS

7 64/F oD MGD ML, WC/LM, FSO, azithromycin, doxycycline, MGP,
loteprednol

8 24/M OD | s/p PRK ML, WC/LM, doxycycline, loteprednol, nortriptyline

9 55/F OS | DED, conjunctivochalasis, blepharospasm | ML, WC/LM, PP, loteprednol, AST, trihexyphenidyl, BTx

AST= autologous serum tears; BTx= botulinum toxin injection; DED= dry eye disease; F= female; FSO= flaxseed oil; M= male; MG= moisture
goggles; MGD= meibomian gland dysfunction; MGP= meibomian gland probing; ML= maximal lubrication; OD= right eye; OS= left eye; PP=
punctal plug/s; PRK= photorefractive keratectomy; TD= testosterone drops; TED= thyroid eye disease; WC/LM= warm compresses/lid massage
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