DISCORDANT DRY EYE DISEASE (AN AMERICAN OPHTHALMOLOGICAL SOCIETY THESIS)

By Roni M. Shtein MD MS, Daniel E. Harper PhD, Vincent Pallazola BS, Steven E. Harte PhD, Munira Hussain MS, Alan Sugar
MD, David A. Williams PhD, and Daniel J. Clauw MD

ABSTRACT

Purpose: To improve understanding of dry eye disease and highlight a subgroup of patients who have a component of central
sensitization and neuropathic pain contributing to their condition.

Methods: Prospective, cross-sectional, IRB-approved study comparing isolated dry eye disease (n=48) to fibromyalgia (positive
control; n=23) and healthy (negative control; n=26) individuals with ocular surface examination, corneal confocal microscopy,
quantitative sensory testing, and self-reported ocular symptoms and systemic associations. A subset of patients also underwent skin
biopsy and/or brain neuroimaging. Dry eye patients were split into concordant (ie, those with dry eyes on examination) and discordant
(ie, those with dry eye symptoms but normal examination) subgroups for further analysis. We hypothesized that on the systemic
measures included, concordant patients would resemble healthy controls, whereas discordant patients would show evidence of
centralized mechanisms similar to fibromyalgia.

Results: Schirmer test and Ocular Surface Disease Index (OSDI) scores indicated significant decreases in tear production (Schirmer:
healthy, 18.5+8.2 mm; dry, 11.2+5.4 mm; fibromyalgia, 14.4+7.5; P<.001) and increases in self-reported dry eye symptoms (OSDI:
healthy, 1.9+3.0; dry, 20.3£17.7; fibromyalgia, 20.3+17.1; P<.001) in the dry eye and fibromyalgia patients, compared to controls.
The discordant subgroup had decreased corneal nerve density and decreased visual quality-of-life scores, similar to patients with
fibromyalgia. Concordant patients were more similar to healthy controls on these measures.

Conclusions: Individuals with discordant dry eye may have a central pathophysiologic mechanism leading to their eye pain symptoms,
which could be an important factor to consider in treatment of chronic idiopathic dry eye.
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INTRODUCTION

Patients with conditions of uncertain etiology represent challenges to nearly all medical specialties, and the treatment of dry eye
disease (DED) has been a prominent subject of ongoing debate in ophthalmology. Strong evidence from other disciplines supports the
idea that changes in the central nervous system (CNS) underlie a variety of conditions that entail the experience of pain and other
irritative symptoms, sometimes diffusely throughout the body (eg, fibromyalgia [FM]), but in other cases only in fairly distinct body
regions (eg, irritable bowel syndrome, temporomandibular disorders, interstitial cystitis/bladder pain syndrome).'” Studies have
revealed numerous common biological mechanisms that unite these seemingly disparate conditions, most of which involve
perturbations in the CNS, leading to the perceptual amplification of pain and other sensory information."*¢ We hypothesize that there
is a subset of patients with DED who have the ophthalmic equivalent of a regional chronic pain syndrome, complete with this
spectrum of systemic pain and sensory amplification mechanisms known to be operative in FM and related centralized conditions.”"”
We therefore expect that the subset of DED patients complaining of ocular surface symptoms in the absence of clinical ocular surface
pathology will have evidence of centralized mechanisms contributing to their condition. In order to investigate these associations, we
performed a cross-sectional study examining the ophthalmic and systemic findings of a cohort of patients with dry eye complaints, and
compared them to both a “positive control” cohort of patients with FM and a “negative control” cohort of healthy individuals.

DRY EYE DISEASE

Dry eyes occur in 5% to 35% of the general population and are significantly more common in women (as are FM and related
conditions).''*!* Dry eye disease has a substantial impact on quality of life by affecting visual acuity, social and physical functioning,
and workplace productivity.'”** Utility assessment shows that patients with moderate to severe dry eyes have a quality of life similar
to patients with moderate to severe angina or who undergo hospital dialysis.”** There is also significant societal economic burden
associated with dry eyes, with associated costs estimated at approximately $55.4 billion per year in the United States.”>*®

Our current understanding of the pathophysiology of DED is incomplete. Much research has been devoted to improving our
understanding of DED,*"?® and there is evidence for the roles of the tear film,?*>” lacrimal gland,”"41 ocular surface epithelium,“'44
meibomian glands,”* and inflammation®****'**>? in the pathophysiology of dry eyes. The current definition of DED from the
International Dry Eye Workshop (2007) incorporates these various elements: “Dry eye is a multifactorial disease of the tears and
ocular surface that results in symptoms of discomfort, visual disturbance, and tear film instability with potential damage to the ocular
surface. It is accompanied by increased osmolarity of the tear film and inflammation of the ocular surface.” Although
comprehensive, this definition highlights the fact that there are no simple diagnostic criteria for DED, a hindrance for clinicians and
researchers who strive to find better treatments for patients with dry eyes. The Dry Eye Workshop’s updated classification scheme for
dry eye is quite intricate in combining etiology, mechanisms, and disease stage and further underscores the complexity of the
condition.”®

Intact corneal sensation is known to be critical in maintaining a healthy ocular surface, since corneal nerves have direct trophic
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effects that nourish the corneal epithelium and are required for maintaining the normal reflex arc to the lacrimal gland for regulating
the amount and quality of tears produced.’*>*>” There is evidence to indicate altered corneal sensation in patients with DED.>*>%>%6
Further, we might expect structural alterations of the corneal nerves in relation to ocular surface disorders. Corneal confocal
microscopy (CCM) can be used to directly image the cornea at the cellular level, including the sub-basal nerve layer, in individuals
with dry eyes*®%" and a variety of systemic conditions.®®”® Studies using CCM have confirmed altered sub-basal nerve density in
patients with DED.*3%63666870 The sources of these alterations are unclear and could represent either a peripheral nerve response to
local ocular surface changes or “top-down” peripheral nerve changes resulting from CNS pathology, as is seen in other chronic pain
states.”””” In this study, we assess corneal sensation and corneal nerve morphology in our three patient cohorts.

Dry eye disease may be induced by a variety of different mechanisms and therefore could be thought of as a collection of diverse
pathologies that lead to common symptoms of perceived ocular dryness and irritation. Dry eye disease is characterized by
inconsistency of disease findings with variations in symptom intensity over time and under different conditions.**™ There is also a
known lack of concordance between patient-reported symptoms and clinically measurable signs in some cases.***"**%7 In clinical
practice it is common to see patients with no clinical evidence of dry eyes who are highly symptomatic or, conversely, those who have
minimal symptoms despite visible damage to the ocular surface. We suspect this discordance might be an important consideration in
the evaluation and treatment of patients with DED, but it is still unclear what causes the perception of dry eyes in cases with normal
tear production and no damage to the ocular surface.

Prior research in DED pathophysiology has focused primarily on the complexities of the ocular surface and the local interactions
that contribute to ocular dryness. This study addresses the possibility that a subset of patients diagnosed with DED actually have what
we term irritable eye syndrome, a condition that involves not only peripheral changes but also alterations in the CNS that lead to more
systemic symptoms. Many pain conditions that were once thought to be solely peripherally driven, such as osteoarthritis and chronic
low back pain, are also now categorized as mixed pain states.'®”® This term is used because the pain and other symptoms seen in these
conditions had previously been thought to be exclusively or largely due to local factors in the joints or back, in spite of the fact that
clinical findings (ie, radiographs or magnetic resonance images [MRIs]) correlate very poorly with the presence and severity of pain in
these conditions. A more contemporary view is that peripheral-nociceptive factors play a prominent role in causing pain and other
symptoms in some individuals with these disorders, but that in others neural mechanisms, especially augmented pain processing by the
CNS (eg, central sensitization), can also play a major role.>*'%* In this study, we use techniques commonly utilized by chronic pain
researchers to test for evidence of centralized, chronic pain—like changes in individuals with DED, which we expect to observe in the
subgroup of patients whom we have identified as discordant (ie, those whose self-reported dry eye symptoms are out of proportion to
their clinical signs of ocular surface dryness).

CENTRALIZED PAIN SYNDROMES

Centralized pain and sensory amplification are underlying mechanisms in many chronic pain conditions. We use the term centralized
pain to describe CNS dysfunction or pathology that may contribute to the development or maintenance of chronic pain. The symptoms
experienced by individuals with central pain syndromes have been well characterized and consist of multifocal pain (with a high
current and lifetime history of pain in many bodily regions) and a cluster of co-occurring somatic symptoms (ie, fatigue, sleep
disturbances, memory difficulties)."*”*'**'* The leading pathogenic theory that couples somatic symptoms and higher-than-expected
rates of mood disorders with centralized pain states is that centrally acting neurotransmitters that play a role in modulating pain (eg,
low levels of norepinephrine, GABA, and serotonin, high levels of glutamate and substance P) also play prominent roles in controlling
sleep, mood, and alertness."'”> Overwhelming evidence reveals that what is often labeled as a localized chronic regional pain
syndrome is upon closer evaluation a chronic multisymptom illness, where the pain occurs at different places in the body at different
times and is given different names by different subspecialists who focus on “their region” of the body."'**1%*!?7

Recent research has improved the understanding of chronic pain pathogenesis in these pain states. Experimental sensory testing
and functional neuroimaging studies suggest that both animals and humans display wide individual variation in pain and perceptive
sensitivity that adheres to a bell-shaped distribution. Individuals with a variety of chronic pain states occupy the right side of this
distribution, displaying hyperalgesia (increased pain to normally painful stimuli) and/or allodynia (pain in response to normally
nonpainful stimuli)."*'® Some of the discrete conditions consistently identified as having diffuse allodynia include FM, irritable
bowel syndrome, temporomandibular disorders, idiopathic low back pain, tension headache, interstitial cystitis, and
vulvodynia.'®!°"19115 There has also been some suggestion that this pathophysiology may contribute to chronic eye pain.''®

Fibromyalgia is a common centralized pain disorder (2% to 8% of the population)''”"'® that is more prevalent in women and is
defined by the presence of chronic widespread pain and increased tenderness to palpation in multiple discrete locations.'" The
disorder is characterized by a global, increased pain response to nonpainful stimuli (allodynia) and to minimally painful stimuli
(hyperalgesia) that results from dysfunctional pain filtering and subsequent amplification of pain signals within the CNS.'* Patients
with FM additionally present with symptoms of fatigue, poor sleep, cognitive impairment, emotional dysregulation, and psychosocial
difficulties.””'*""'** Fibromyalgia is an excellent example of a condition where peripheral pathology was initially suspected (ie, the
term fibrositis was originally used), but is now known to be primarily due to CNS dysfunction. There are considerable data from a
variety of sources that show central amplification of afferent sensory input and neuropathic pain in patients with FM. Studies have
shown that patients with FM detect the presence of innocuous pressure, heat, or cold stimuli at similar levels as healthy controls;
however, the threshold at which these stimuli are registered as unpleasant or painful is considerably lower in FM patients.'**'*® Along
with the increased responsiveness to pressure-pain sensation and generalized tenderness that are known hallmarks of FM, studies have
shown increased sensitivity to other sensory stimuli, including auditory tones, in these patients.'>*!*"**
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In addition to having widespread pain and other somatic symptoms, individuals with FM and other centralized pain conditions
have significant ocular symptoms, often in the absence of clinical signs of ocular surface dryness.' "' Recent studies that examined
this phenomenon found that patients with FM have more dry eye symptoms than healthy controls.”*'"'** Interestingly, these individuals
were found to have reduced corneal sensitivity as compared to controls,"*? so we measured both corneal and systemic sensitivity in
this study.

Brain neuroimaging studies provide further insight into the underlying CNS changes in FM and demonstrate significant structural
and functional alterations in pain-related brain areas. Patients with FM exhibit macroscopic changes in gray matter volume in brain
regions known to be involved in pain processing. These central morphological changes suggest that FM is rooted in organic
neurobiological pathology."*>'*® Patients with FM also have decreased gray matter in the thalamus, amygdala, insula, and
cingulofrontal cortex, important regions that regulate descending analgesia pathways and emotional response pathways that are
normally triggered in response to pain."*”"* Functional MRI (fMRI) studies have shown that standardized peripheral pain stimuli will
increase cerebral blood flow in similar brain regions (including SI and SII cortices, superior temporal gyrus, insula, and putamen) in
both FM and healthy control subjects, but that in FM subjects, these same brain regions are activated at much weaker stimulus
intensity levels than in controls.'?"'*"%!4! Einally, increased resting brain network connectivity to pronociceptive brain areas and
decreased connectivity to antinociceptive brain areas are also often present in individuals with FM.'#'%

In addition to CNS changes and biochemical neuronal alterations, FM patients present with peripheral nerve changes that are
measurable by skin biopsy: decreased nerve density, decreased axon diameter, simplified folding of unmyelinated Schwann cells, and
increased ballooning of Schwann cells.'**'** Recently, CCM has been performed on patients with FM and has shown decreased nerve
fiber density and nerve fiber diameter in patients with FM as compared to healthy controls.'™ Although some investigators have
suggested that the findings of peripheral nerve abnormalities in chronic pain states mean that these are solely responsible for pain and
other symptoms, others have suggested that these peripheral changes might be due to functional reorganization of the peripheral
nervous system and play little or no pathogenic role.'**'** Thus it remains unclear whether peripheral nerve changes are primary or
secondary to CNS irregularities in this disease state. Fibromyalgia is now considered to be a mixed state disease, in which central
brain changes and peripheral nerve morphological changes are present concurrently and are codependent.''2%%

STUDY RATIONALE

There has been increasing interest in the role of centralized pain and central sensory amplification as a component in a subset of
patients with DED. Prior research in dry eye pathophysiology has focused primarily on the complexities of the ocular surface and the
local interactions that contribute to ocular dryness. We hypothesize that the inconsistencies seen on examination in a considerable
proportion of patients with DED are actually due to CNS processing abnormalities that are responsible for the discordance between
the severity of symptoms and the degree of damage seen on the ocular surface. This study aims to identify the subset of patients with
DED who have pathology beyond the ocular surface that is similar to what is commonly observed in centralized pain states, such as
FM. In this study, we focus on patients with symptoms of dry eye without known systemic conditions or any prior ocular surgery. We
perform a cross-sectional clinical study with ophthalmic evaluations of dry eye and tests of centralized pain signs and symptoms in
three patient cohorts: those with dry eye complaints, a “positive control” cohort with FM, and a “negative control” cohort of healthy
individuals. We further categorize the subset of patients with dry eyes who have symptoms out of proportion to their clinical findings
of ocular surface dryness, and identify them as having discordant DED, in order to assess this subgroup more closely.

METHODS

This cross-sectional, comparative case series was approved by the Institutional Review Board of the University of Michigan Health
System and was registered with ClinicalTrials.gov (NCT01254201). All patients underwent a complete informed consent process
before participating in any research activities. Three cohorts of age-matched patients were evaluated: (1) individuals with isolated
DED defined by self-reported irritative ocular symptoms in the absence of systemic cause for dry eyes (n=48); (2) individuals with
FM as “positive” controls (n=23); and (3) healthy “negative” controls (n=26). Because of the substantially higher prevalence of both
DED and FM in women, only women were included in this study. Patients with isolated DED (cohort 1) were identified through visits
to the University of Michigan ophthalmology clinics. Patients with FM and healthy controls (cohorts 2 and 3) were identified through
a research patient registry at the University of Michigan Chronic Pain and Fatigue Research Center. For all three cohorts, we included
only women over the age of 18.

The dry eye cohort patients were required to have complaints of dry eyes with or without any clinical signs on examination. The
FM cohort patients were required to qualify for a diagnosis of FM based on the American College of Rheumatology 2010 diagnostic
criteria, which require the following: (1) to have a widespread pain index score (indicative of the number of body regions that test
positive for pain; range, 0-19) of >7; (2) to have a symptom severity scale score (a systematic measurement of secondary symptoms
present in FM; range, 0-12) of >5; (3) to have had persistent symptoms for at least 3 months; and (4) to not have an overlapping
disorder that might otherwise explain these symptoms.'"

A diagnosis of FM was an exclusion criterion for the other two cohorts. Individuals were also excluded from participation in this
study for the following reasons: any previous eye surgery, medicated eye drop use within the month prior to the study visit (artificial
tear use was permitted), any use of oral antihistamine or anticholinergic medications, pregnancy, breast-feeding, known hearing loss,
known diagnosis of autoimmune or rheumatologic disease (eg, rheumatoid arthritis, Crohn’s disease, lupus, multiple sclerosis),
insulin-dependent diabetes, heart condition requiring daily medications, chronic obstructive pulmonary disease or asthma requiring
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daily inhalers, or history of cancer (other than skin cancer) in the past 2 years. Individuals were also excluded from participation if
they were currently in the process of filing for disability, on temporary disability, and/or involved in litigation regarding their medical
condition.

All patients underwent ocular surface examination, CCM, systemic sensory testing, and questionnaire-based assessment of self-
reported ocular and systemic symptoms. Since all three cohorts of patients were recruited in an overlapping manner, the examiners
were masked to the cohort designation of individuals as they were being examined.

A subset of patients underwent a high-resolution structural MRI for direct comparison of brain imaging findings to corneal nerve
findings on CCM. Another subset of patients underwent skin biopsy for comparison of intracpidermal nerve fiber density to corneal
nerve density on CCM.

OCULAR SURFACE EXAMINATION

Ocular surface examination included the following: (1) Schirmer testing. In order to attain a quantitative measure of basal aqueous tear
secretion, after administration of topical anesthetic and gentle drying of the inferior lid sulcus, sterile strips of filter paper were placed
at the border of the lateral third of both lower eyelids to assess millimeters of tears collected over 5 minutes. This is a quantitative
measure of aqueous tear secretion with known, somewhat variable results."”> (2) Meibomian gland dysfunction assessment. The health
status of the eyelid margins was assessed on the basis of meibomian gland appearance and secretions, status of the lashes, lid margin
hyperemia, and any architectural abnormalities. Meibomian gland dysfunction was rated on a scale from 0 to 4. (3) Tear film breakup
time. Tear film stability and tear quality were assessed by measuring the time interval between the last complete blink and the first
appearance of a dry spot or discontinuity of the tear film.'>>"" Tear film breakup time of less than 10 seconds was considered
abnormal. (4) Ocular surface staining. As a measure of the health and integrity of the ocular surface, sodium fluorescein dye was used
to stain areas of discontinuity in the corneal epithelial surface and lissamine green dye was used to identify areas of devitalized
epithelium on the ocular surface."”*'” Staining was quantified using the Oxford scale standardized version of the National Eye
Institute/Industry Workshop grading scheme.”**!*> (5) Central corneal sensitivity. The Cochet-Bonnet esthesiometer was used to
measure mechanical sensitivity of the cornea to light touch with a fine nylon monofilament, and the outcome was reported as the
pressure (gm/mm?) required to elicit a reaction. Three measurements of each cornea were taken, and the mean of the measurements
was used in the statistical analysis.

CORNEAL CONFOCAL MICROSCOPY

Corneal confocal microscopy was performed on the right eye of each patient to image the entire depth of the central cornea, including
the sub-basal corneal nerve layer. The Heidelberg Retinal Tomograph II Rostock Cornea Module (Heidelberg Engineering Inc,
Franklin, Massachusetts), a laser scanning confocal biomicroscope, was used to acquire 400x400-um coronal images of the cornea.
After instillation of topical anesthetic eye drops and a moisturizing gel (GenTeal gel, Novartis Pharmaceuticals, East Hanover, New
Jersey), a contact examination was performed to image the central cornea. Three full-thickness scans of the central cornea were
performed, followed by additional sequence acquisitions focused on the central sub-basal nerve layer. Images were reviewed in a
masked manner, and three to five high-quality, nonoverlapping images of the central sub-basal corneal nerve layer were identified for
analysis.

Analysis of the nerve plexus images was performed using Neuron] software (a plug-in of NIH Imagel analysis software) to
determine the nerve density and number of nerve segments per image (Figure 1). Mean measurements for each patient for each metric
were used for analysis.

FIGURE 1

Cornea confocal microscopy of corneal sub-basal nerve layer. Left, Unedited 400x400-pum-area image directly from HRT-
Rostock module confocal instrument. Right, Example of semi-automated tracing of nerve image using NeuronJ.
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SYSTEMIC SENSORY ANALYSIS

All study volunteers underwent sensory testing for quantification of evoked pressure-pain and auditory sensitivity. Pressure-pain
sensitivity was evaluated by subjective scaling of multiple pressure-pain sensations. Discrete 5-second pressure stimuli were applied
to the fixated left thumbnail at 20-second intervals with a 1-cm® hard rubber probe. Previous studies have shown that “neutral”
regions, such as the thumb, accurately reflect an individual’s overall pressure-pain sensitivity.'® The rubber probe was attached to a
hydraulic piston, which was connected via a combination of valves to a second piston. Application of calibrated weights to the second
piston produced controlled, repeatable pressure-pain stimuli of rectangular waveform. Subjects rated the intensity of pressure-pain
sensations by using the Gracely Box Scale (GBS) for sensory intensity.'®' The GBS is a combined numerical analog descriptor scale,
developed from previously quantified verbal descriptors.'® This scale lists the numbers 0 to 20 in descending order next to a set of
verbal descriptors ranging from “extremely intense” (between 18 and 19) to “no pain sensation” (0). Subjects were asked to choose the
number that best describes their pain. The session began with a series of stimuli presented in a predictable, “ascending” fashion,
beginning at 0.25 kg/cm® and increasing in 0.25 to 0.50 kg/cm® steps up to tolerance or to a maximum of 10 kg/cm’. After the
ascending series, 36 stimuli were delivered at 20-second intervals in random order, using the multiple random staircase (MRS)
method.'® The MRS method is response-dependent, that is, it determines the stimulus intensity needed to elicit a specified response.
In this implementation, three independent staircases were titrated to produce pain sensations rated between 0 and 1 (faint pain),
between 7 and 8 (mild pain), and between 13 and 14 (slightly intense pain) on the 0 to 20 GBS.

Judgments of Loudness Discomfort Levels'® were obtained using methods similar to those using pressure stimulation described
above.'®'% All tones were presented at 2000 Hz. Each ear was tested separately. First, a discrete ascending test was performed, and
subjects rated the intensity of tones presented for 5 seconds at 40, 50, 60, 70, 80, 90, and 100 dB, using the GBS for affective
unpleasantness.'® This scale lists the numbers 0 to 20 in descending order next to a set of verbal descriptors ranging from “very
intolerable” (between 17 and 18) to “neutral” (0). Subjects were asked to choose the number that best describes their affective reaction
to each tone. Once this was completed, 36 tones were delivered at 20-second intervals in random order, using the MRS method
described above. Just as for the pressure stimulation, three independent staircases were conducted to determine the intensity of the
auditory tone needed to produce sensations rated between 0 and 1, between 7 and 8 (annoying/unpleasant), and between 13 and 14
(distressing) on the 0 to 20 GBS. The process was then repeated for the other ear. The low-, medium-, and high-intensity levels from
each ear were averaged for each subject.

PATIENT-REPORTED SYMPTOMS

During the study visit, study volunteers were given a packet of self-report questionnaires to complete on a spectrum of ocular and
systemic symptoms. The following instruments were used:

e Ocular Surface Disease Index (OSDI), a validated 12-item survey that evaluates dry eye symptoms with a 1-week recall
period. The OSDI has been found to be internally consistent, with good to excellent test-retest reliability and excellent
discriminant validity to measure symptoms of dry eyes.'”’ OSDI is scored on a scale from 0 to 100, with higher scores
indicating more dry eye symptoms. OSDI score was used to categorize patient symptoms as none (0-12), mild (13-22),
moderate (23-32), or severe (33-100).'%®

e Visual Function Questionnaire (VFQ-25), a validated 25-item survey that includes 9 subscales assessing general health,
general vision, ocular pain, near activities, distance activities, vision-specific functioning, driving, color vision, and peripheral
vision. The VFQ-25 correlates strongly with DED-specific self-report measures™***>'*"1% and also includes measures of
other vision-specific quality-of-life aspects.

e McGill Pain Questionnaire (MPQ), a self-report questionnaire that assesses qualitative as well as intensity-related aspects of
individuals’ experience of pain.'”

e Multidimensional Fatigue Inventory (MFI), a 20-item survey measuring five different dimensions of fatigue—general fatigue,
physical fatigue, reduced activity, reduced motivation, and mental fatigue.'”!

e Mood and Anxiety Symptom Questionnaire (MASQ), a 77-item self-report questionnaire that explores a range of symptoms
relevant to anxiety and depression.'”

e Center for Epidemiologic Studies Depression scale (CES-D), a 20-item survey that measures depressive symptoms.'”
e Perceived Stress Scale (PSS), a 10-item survey used to measure an individual’s perception of stress.'”

o Coping Strategies Questionnaire—Catastrophizing scale (CSQ-CAT), a 6-item survey that assess coping mechanisms for
dealing with adverse events.'”
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MRI VOXEL-BASED MORPHOMETRY

Eleven patients underwent MRI testing within 3 months of their study visit for direct comparison of brain imaging to corneal nerve
imaging. Testing was performed on a 3.0 Tesla GE Signa scanner (LX [VH3] release, neuro-optimized gradients; GE Healthcare,
Fairfield, Connecticut). For each subject, a T1-weighted gradient echo data set (repetition time 1400 ms, time to echo 5.5 ms, flip
angle 20°, field of view 256x256, yielding 124 sagittal slices with a defined voxel size of 1x1x1.2 mm) was acquired. An Eclipse 3.0
T 94 quadrature head coil was used. Inspection of individual T1 MRIs revealed no gross morphological abnormality for any
participant.

The SPM8 software package (Functional Imaging Laboratories, London, United Kingdom), running under MATLAB 7b, was used
to preprocess and analyze structural data.'’® Estimation of total gray matter (GM) volume, total white matter (WM) volume, and
cerebrospinal fluid (CSF) volume was performed by segmenting the original image into GM, WM, and CSF, using the New Segment
function in SPM.

Preprocessing of structural images for voxel-based morphometry analyses was performed using the Diffeomorphic Anatomical
Registration Through Exponentiated Lie algebra (DARTEL) toolbox,'”” which involved spatial normalization, segmentation, and
spatial smoothing (Gaussian kernel of 8-mm full width at half maximum for GM images). Modulated images were used for statistical
analyses, meaning we examined correlations with regional GM volume, rather than density.

SKIN BIOPSY

Skin biopsy of the dorsal leg was performed on two patients in the FM cohort and five healthy controls. For each patient, a 3-mm
punch biopsy of the skin of the left distal leg, 10 cm above the lateral malleolus, was performed. The procedure was performed under
sterile conditions in a procedure room, and no patients developed any complications. Specimens were carefully labelled and placed in
fixative solution in a 4°C refrigerator until they could be sectioned and analyzed. Further processing of the skin biopsy and calculation
of the intraepidermal nerve fiber density was performed under standardized conditions by the Cutaneous Innervation Center of the
University of Michigan.

SYMPTOM-SIGN DISCORDANCE

Clinically, the phenomenon of symptom-sign discordance is evident in a proportion of patients with dry eye complaints but minimal
clinical findings of dry eye on examination. For the purposes of further analysis of this subgroup of patients, individuals in the dry eye
cohort were separated post hoc into discordant and concordant subgroups. Patients were categorized as discordant if they presented
with substantial clinical symptoms of dry eyes (OSDI score >12)'* in the absence of aqueous tear deficiency (Schirmer >5 mm/5
min)."”> This definition and distinction of subgroups was performed after patient recruitment into the study but prior to any data
analysis. We also performed a secondary classification of discordance on the basis of the presence or absence of ocular surface stain,
with discordance defined as substantial clinical symptoms of dry eyes (OSDI score >12) in the absence of ocular surface stain. The
results of this analysis are presented in the Appendix.

STATISTICAL ANALYSIS

Statistical analysis was performed with SPSS 22, using analysis of variance and chi-square testing to compare differences across
cohorts. An a priori sample size and power calculation were not performed, as this study was designed as a novel, exploratory analysis
of the subset of patients with discordant DED. In some cases, Pearson correlations were employed to examine the relationship
between two variables in a single cohort or in all subjects combined. Post hoc Tukey’s honest significant difference tests were used
where appropriate to determine differences between specific cohorts. No correction was performed for multiple analyses, since this
study was intended as an exploratory analysis. A P value of <.05 was considered statistically significant.

RESULTS

The study included a total of 97 study volunteers: 48 patients in the dry eye cohort, 23 patients in the FM cohort, and 26 patients in the
healthy cohort. All study participants were women. Mean overall age was 44+15 years (range, 20-73), and there was no statistically
significant difference in age between the cohorts (F;04=.27, P=.77).

OCULAR SURFACE EXAMINATION

Ocular surface examination was performed on all study volunteers. Schirmer testing confirmed significantly higher tear production in
the healthy control cohort (18.5 mm), with decreased tear function in both the dry eye (11.2 mm) and the FM (14.4 mm) cohorts
(P<.001) (Figure 2, top left). Ocular surface stain was measured with the Oxford score that combines corneal fluorescein and
conjunctival lissamine green stain. The overall rate of staining was relatively low (mean, 0.8, range, 0-5), and there was no significant
difference in staining between the cohorts (P=.17) (Figure 2, top right). When converted to a dichotomous variable describing the
presence of any ocular surface staining, there was still no significant difference between the cohorts (P=.28). Twenty-six percent of
the FM cohort had normal tear breakup time, compared to 52% in the dry eye and 54% in the healthy cohorts (P=.081) (Figure 2,
bottom left). Corneal sensation, as measured by Cochet-Bonnet esthesiometry, was not significantly different between the cohorts
(P=.22) (Figure 2, bottom right), although the dry eye and FM cohorts (1.0 gm/mm? and 1.1 gm/mm?, respectively) exhibited higher
corneal sensitivity than the healthy control cohort (1.9 gm/mm?). Meibomian gland dysfunction also was not significantly different
between the cohorts (P=.27) (Figure 3).
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FIGURE 2

Ocular surface examination findings by cohort.

PATIENT-REPORTED DRY EYE SYMPTOMS

Ophthalmic symptoms were measured using the OSDI to investigate ocular surface symptoms. Total OSDI score was significantly
lower in the healthy controls (mean OSDI score, 1.9) (P<.001), with similar mean scores in both the dry eye and FM cohorts (mean
OSDI scores, 20.3 for both), indicating higher and similar levels of dry eye symptoms in both the dry eye and FM cohorts (Figure 4).
Separation of patients into mild, moderate, and severe symptom categories shows almost identical breakdown of dry eye symptom
severity in these two cohorts (Table 1). The OSDI score was not significantly correlated with corneal sensation (r=-0.06, P=.57).

DISCORDANT VS CONCORDANT DRY EYE

Based on the relationship of ocular surface clinical examination findings and patient-reported symptoms of dry eyes, the dry eye
cohort was separated into patients with discordant dry eyes, ie, those with high symptom scores and no or few ocular surface clinical
findings. This distinction was made for the Schirmer-Discordant subgroup (n=23 discordant; n=25 concordant) as a measure of
presumed adequate aqueous tear production of Schirmer test result greater than >5 mm/5 min (Figure 5). The concordant counterpart
consists of patients with either high symptom score with substantial ocular surface clinical findings or low symptom score with no or
few ocular surface findings. This post hoc categorization was used to compare these subgroups with regard to the remaining study
evaluations.
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Severity of meibomian gland dysfunction by cohort.
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TABLE 1. DISTRIBUTION OF SEVERITY OF DRY EYE SYMPTOMS BASED ON
COHORT AS MEASURED BY OSDI

OSDI CATEGORY COHORT

HEALTHY DRY EYE FIBROMYALGIA
None 100% 46% 48%
Mild 0% 14% 13%
Moderate 0% 21% 22%
Severe 0% 19% 17%

OSDI, Ocular Surface Disease Index.

Dry eye cohort divided into discordant and concordant subgroups. Discordance is defined as
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Schirmer testing >5 mm/S min and an Ocular Surface Disease Index score >12.
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CORNEAL CONFOCAL MICROSCOPY

The corneal sub-basal nerve layer was imaged and the nerve morphology analyzed to assess corneal nerve differences in these cohorts.
The overall density of nerves (length of nerves per area of cornea) was significantly different across groups (P<.001), with lower
density in the FM cohort (11.6 + 3.0 mm/mm?) compared to both the dry eye (16.7 + 5.8 mm/mm?; P=.002) and the healthy control
(16.7 + 3.7 mm/mm?; P<.001) cohorts (Figure 6, top). These analyses were also performed with the separation of the discordant and
concordant subgroups of the dry eye cohort. The differences in nerve density between these four groups were also significant (P
<.001), with the FM group significantly lower than both the healthy controls (P<.001) and the concordant dry eye subgroup (18.4 +
5.5 mm/mm?; P=.001), but not significantly different from the discordant dry eye subgroup (14.4 + 5.9 mm/mm?; P=41). Healthy
controls were not significantly different from the concordant or discordant subgroup (P=.74 and P=.60, respectively), and the two dry
eye subgroups did not differ significantly from one another (P=.28; Figure 6, bottom).

A
20
I
15
e |
-g. 10
E
€
5
FIGURE 6
¢ . : Central corneal sub-basal nerve density as measured
Healthy Dry Eyes Fibromyalgia .
B by corneal confocal microscopy, compared by cohort
- (top) and by discordant and concordant subgroups
(bottom).
20 '|'
R
E
E 10
5

0

Hea.llhy Concc.irdant Disr.c;rdanl Fibromyalgia

Corneal nerve density had no correlation with corneal sensation in the same eye (r=0.09, P=.53). Corneal nerve density was
negatively correlated with OSDI score, suggesting that those with higher corneal nerve density had fewer dry eye symptoms (r=-.36,
P=.005) (Figure 7).
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FIGURE 7
Scatterplot of corneal nerve density (mm/mm?) vs Ocular Surface Disease Index score.

Similar analysis was performed comparing the mean number of nerve segments per image in the central cornea of patients. As
expected, the number of corneal nerve segments per confocal image was closely related to corneal nerve density, measured as
millimeters of corneal nerves per square millimeters of corneal area, on confocal imaging (r=0.76, P<.001; Figure 8).When comparing
the three cohorts, there was no statistically significant difference in the number of corneal nerve segments between the groups (P=.11),
although the healthy controls (14.8 nerve segments per image) had the most nerves and the FM cohort (12.5 nerve segments per
image) the least. The Schirmer-discordant comparison revealed a significant difference across the four groups (P=.024), wherein the
discordant subgroup was similar to the FM cohort, and the concordant more similar to healthy controls. The number of corneal nerve
segments was not correlated with corneal sensation (r=-.07, P=.60) or with dry eye symptoms as measured by OSDI (r=-.23, P=.79).
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Scatterplot of corneal nerve density (mm/mm?) vs number of corneal nerve segments per image.

PATIENT-REPORTED VISUAL QUALITY OF LIFE

The VFQ-25 was used as a patient-reported measure of visual quality of life. The overall visual acuity of participants in this study was
very good, with 85.4% of participants having 20/20 or better visual acuity and 100% having 20/40 or better visual acuity. VFQ-25
scores were significantly different between the three cohorts (P<.001), with the highest scores in the healthy control cohort (total
score=95.6+3.3), lowest in the FM cohort (total score=82.5+13.3), and intermediate in the dry eye cohort (total score=88.2+7.7)
(Figure 9). Post hoc pairwise comparisons revealed that all three groups differed significantly from one another (P<.05 for all). Many
of the VFQ-25 subscales were also significantly different between the cohorts (Table 2A). General health was significantly worse in
the FM cohort as compared to the other two cohorts (P<.001). Ocular pain was similar in the dry eye and FM cohorts, but both were
significantly worse than the healthy control cohort (P<.001). The mental health and role difficulty subscales were also significantly
lower in the dry eye and FM cohorts as compared to the healthy control cohort (P=.001 for both). Social function and dependency
subscales were not significantly different between the cohorts (P=.067 and P=.132, respectively).
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The overall and subscale VFQ-25 scores were also assessed with the further distinction between the discordant and concordant
subgroups of dry eyes (Table 2B). Total VFQ-25 score and the subscales of general health, general vision, ocular pain, mental health,
and role difficulty continued to show statistically significant differences (P<.01 for all). The social function and dependency subscales
of the VFQ-25 were not statistically significantly different in the comparison of the three cohorts (as mentioned above), but once the
dry eye group was separated into discordant and concordant subgroups, there was an overall difference between the groups on these
two measures (P=.018 and P=.027, respectively). As can be gleaned from Table 2B, separation of the dry eye group generally brought
average VFQ scores of concordant patients higher and closer to those of controls, compared to the dry eye group as a whole, whereas
for discordant patients, scores were shifted lower toward those of FM patients. Concordant and discordant dry eye patients differed
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significantly from one another on four of the eight VFQ measures. Healthy controls were significantly different from concordant
patients only in terms of general vision, where the patients actually had significantly higher scores than controls. In contrast, compared
to discordant patients, healthy controls scored significantly higher on four of the measures. The FM cohort was significantly different
from the concordant group on three measures and the discordant group on only two, and in one of these two latter cases the discordant
group scored significantly lower than FMs. To summarize, the discordant patients reported lower visual function than the concordant
patients, despite having similar best-corrected visual acuity, and their scores resembled those of the FM group; conversely, the
concordant group’s higher scores were more similar to those of healthy controls.

TABLE 2A. VISUAL FUNCTION QUESTIONNAIRE-
25 SCORES AND SUBSCALES BY COHORT

CATEGORY MEAN (SD) P VALUES*
HC  DE FM HC DE - HC
ANOVA VS VS VS
(n=26) (n=48) (n=23) DE EM EM
Total 95.6 88.2 82.5
(3.3) 7.7) (133) <.001 .002 .032 <.001
General health 80.8 77.2 47.8
(17.8) (20.3) 212) <.001 742 <001 <.001
General vision 84.6 86.5 70.9
(16.3) (11.2) (25.7) .002 .892 .002 .017
Ocular pain 99.0 74.7 75.0
(3.4) (153) (17.3) <.001 <001 997 <.001
Social function 100.0 97.3 95.1
(0.0) (6.9) (1.1 .067 287 476 .055
Mental health 97.6 84.9 87.0
(3.5) (13.3) (20.3) .001 .001 831 .021
Role difficulty 100.0 84.2 89.7
(0.0) (20.0) (16.3) .001 <.001 .386 .069
Dependency 100.0 97.1 95.3 132 330 654 117

0.0  (7.7)  (12.0)

ANOVA, analysis of variance; DE, dry eye; FM, fibromyalgia; HC, healthy control.
*Numbers in bold indicate statistical significance.

TABLE 2B. VISUAL FUNCTION QUESTIONNAIRE-
25 SCORES AND SUBSCALES BY DISCORDANT AND CONCORDANT SUBGROUPS

CATEGORY MEAN (SD) P VALUES*
HC CON DIS FM ANOVA HCVS HCVS HCVS CON CON DISVS
(n=26) (n=25) (n=23) (n=23) CON DIS FM VSDIS VSFM FM
Total 95.6 91.7 84.3 82.5
(3.3) 4.5) 8.7) (133) <.001 346 <.001 <.001 .017 .001 .884
General health 80.8 78.1 76.1 47.8
(17.8) (17.4) (23.8) 212) <.001 .966 .854 <.001 987 <.001 <.001
General vision 84.6 89.2 83.6 70.9
(16.3) (10.2) (118) (25.7) .003 782 .997 .030 .692 .002 .065
Ocular pain 99.0 81.3 67.6 75.0
(3.4 (14.0) (13.7) (17.3) <.001 <001 <.001 <.001 .003 352 228
Social function 100.0 99.5 94.9 95.1
(0.0) (2.6) 9.2) AL .018 .994 .072 .086 137 162 1.00
Mental health 97.6 89.8 79.5 87.0
(3.5) 9.5) (15.1) (20.3) <.001 172 <.001 .031 .050 .880 251
Role difficulty 100.0 91.1 76.7 89.7
(0.0) (12.0) (24.2) (16.3) <.001 181 <.001 .094 .010 988 .028
Dependency 100.0 99.7 94.3 953 027 999 076 177 107 236 976

0.0 (1.7) (104  (12.0)

ANOVA, analysis of variance; CON, concordant dry eye; DIS, discordant dry eye; FM, fibromyalgia; HC, healthy
control.
*Numbers in bold indicate statistical significance.
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SYSTEMIC SENSORY EVALUATION

Auditory and pressure sensitivity were measured to assess systemic sensory sensitivity in these cohorts of individuals. The results
showed a statistically significant difference between the FM and healthy control cohorts for both pressure-pain (P=.002, t test) (Figure
10, top) and auditory (P=.05, t test) (Figure 11, top) testing. Although not statistically significant, the dry eye cohort had more similar
auditory sensitivity to the FM cohort than the healthy controls. In terms of pressure-pain testing, the dry eye cohort was more similar
to the healthy controls than the FM cohort. With the further distinction between discordant and concordant dry eye subgroups, the
differences were not statistically significant (Figures 10, bottom, and 11, bottom).
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PATIENT-REPORTED SYSTEMIC SYMPTOMS

Self-reported patient symptom information was collected through questionnaires on pain, fatigue, mood, affect, stress, and coping
mechanisms (Tables 3A and 3B). The MPQ visual analog scale and total score were statistically significantly different between the
three cohorts (F,s3=33.3, P<.001). The visual analog scale was significantly different for all three cohorts with the FM cohort
reporting the highest level of pain, the dry eye cohort intermediate, and the healthy controls with the lowest pain rating (P<.001). The
total MPQ score also followed this pattern of pain rating, although the FM cohort had a statistically higher pain rating than either of
the other cohorts (P<.001). With the dry eye cohort divided into discordant and concordant subgroups, both the visual analog scale
and total MPQ score of the FM cohort remain statistically significantly different from the others (P<.001), with the discordant dry eye
subgroup somewhat more similar to the FM cohort.
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The FM cohort had significantly higher scores on all five dimensions of the MFI as compared to the dry eye and healthy control
cohorts (P<.01 for all).

The MASQ and the CES-D showed statistically significant differences between the three cohorts in mood and affect, with the FM
cohort having more self-reported symptoms of anxiety and depression than the other two cohorts (P=.001 for both). With the dry eye
cohort separated into discordant and concordant subgroups, there were still statistically significant differences (P<.001), with the
discordant dry eye subgroup more similar to the FM cohort.

Results of the PSS indicated higher perceived levels of stress in the FM cohort than the other two study cohorts (P=.002).
Separation of the dry eye cohort into discordant and concordant subgroups indicated significance, with the FM cohort having higher
rates of stress on the PSS (P=.006). The FM cohort had significantly higher scores on the CSQ-CAT (P<.001) than the other cohorts.
With the distinction of the dry eye cohort into discordant and concordant subgroups, the FM cohort continues to have the highest
CSQ-CAT score (P<.001).

TABLE 3A. SELF-REPORTED SYSTEMIC SYMPTOMS COLLECTED THROUGH
QUESTIONNAIRES, BY COHORT

INSTRUMENT MEAN (SD) P VALUES*
HC DE FM
ANOVA  HCVSDE DEVSEFM HCVSFM
(n=26) (n=48) (n=23)
MPQ TOT 0.6 52
(0.9) (8.6) 17.1(7.9) <.001 093 <.001 <001
MPQ VAS 0.6 2.1
(0.8) 2.5) 6.0 (1.8) <.001 104 <.001 <.001
MFI GF 8.4 10.7
(3.0) (3.9) 16.3(2.5) <.001 032 <.001 <.001
MFI PF 6.6 8.1
30 (G8 137C9 <.001 213 <.001 <.001
MFI RA 6.8 9.1
(3.0) (4.4) 11.4 (3.6) .001 084 126 001
MFI RM 6.3 8.6
on  @e 11566 <.001 059 016 <.001
MFI MF 7.4 9.4
Ga) (s 140G <.001 136 <001 <001
MASQ 67.1 70.9
(149)  (09) 04CLI) 001 600 010 002
CES-D 6.5 9.4
@0 (2 16960 001 265 019 <001
PSS 9.8 12.1
(1.8) (8.0) 19.1(7.9) .002 478 021 003
CSQ-Cat 0.3 0.5
04 (o7 00D <.001 664 <.001 <.001

ANOVA, analysis of variance; CES-D, Center for Epidemiologic Studies—Depression scale; CSQ-Cat, Coping
Strategies Questionnaire—Catastrophizing scale; DE, dry eye; FM, fibromyalgia; HC, healthy control; MASQ,
Mood and Anxiety Symptom Questionnaire; MFI GF, Multidimensional Fatigue Inventory—general fatigue; MFI
MF, Multidimensional Fatigue Inventory—mental fatigue; MFI PF, Multidimensional Fatigue Inventory—physical
fatigue; MFI RA, Multidimensional Fatigue Inventory—reduced activity; MFI RM, Multidimensional Fatigue
Inventory—reduced motivation; MPQ TOT, McGill Pain Questionnaire—total score; MPQ VAS, McGill Pain
Questionnaire—visual analog scale; PSS, Perceived Stress Scale.

*Numbers in bold indicate statistical significance.

MAGNETIC RESONANCE IMAGING

In the subset of 11 FM subjects for whom there were both high-resolution structural brain images and corneal nerve morphology data,
corneal nerve density was used as a covariate of interest in a whole-brain correlation. Although no result was statistically significant in
our small sample, gray matter volume in a 230-voxel cluster located in the right middle frontal gyrus [coordinates: 52, 19, 41] was
positively correlated with corneal nerve density (P=.013 uncorrected). The peak voxel within this cluster did reach family-wise error
(FWE) corrected significance (P=.027 FWE corrected). No other correlations between gray matter volume and corneal nerve density
approached significance (Figure 12).

SKIN BIOPSY

In the subset of seven subjects who underwent skin biopsy of the distal leg for assessment of intraepidermal nerve fiber density
(IENFD), skin nerve density was strongly correlated with corneal nerve density (r=0.87, P=.01) (Figure 13). The number of nerve
segments per confocal image was also correlated with IENFD (I=.78, P=.04).
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TABLE 3B. SELF-REPORTED SYSTEMIC SYMPTOMS COLLECTED THROUGH QUESTIONNAIRES, BY

DISCORDANT AND CONCORDANT SUBGROUPS

INSTRUMENT GROUP MEANS (SD) P VALUES*
ANOVA VS VS VS VS VS VS

(n=26) (n=25) (n=23) (n=23) CON DIS FM __DIS FM_FM

MPQ TOT 0.6 43 6.9 17.1
(0.9) 9.3) (7.2) (7.9) <.001 404 155 <.001 .830 <.001 .006

MPQ VAS 0.6 1.7 2.7

(0.8) 2.3) 2.8) 6.0 (1.8) <.001 501 .101 <.001 .686 <001 <.001

MFI GF 8.4 10.5 11.1 16.3
(3.0) (3.5) (4.6) 2.5) <.001 .145 .144 <.001 994 <001 <001

MFI PF 6.6 7.2 9.5 13.7
B <001 830 116 <001 451 <001 006

MFI RA 6.8 8.6 9.7 11.4
(3.0) (4.6) (4.1 (3.6) .004 .343 192 .002 952 204 .635

MFI RM 6.3 7.4 10.2 11.5
2.4) 2.8) (4.9) (3.6) <.001 611 .016 <.001 221 .005 732

MFI MF 7.4 9.1 9.8 14.0
3.4) 2.5 (4.8) (4.5) <.001 392 .343 <.001 993 .003 .022

MASQ 67.1 63.2 82.4 90.4
(14.9) (18.4) (19.2) (21.9) <.001 .998 153 .002 126 .002 .678

CES-D 6.5 8.0 11.5 16.9
(6.0) (6.9) 9.8) (8.0) .002 .674 392 .001 937 .040 289

PSS 9.8 10.9 13.8 19.1
(18) (7.8) (8.3) (7.9) .006 .858 .583 .005 939 .045 .305

CSQ-Cat 0.3 0.4 0.8

(0.4) (0.6) (0.8) 2.0(1.1) <.001 995 521 <.001 677 <.001 .001

ANOVA, analysis of variance; CES-D, Center for Epidemiologic Studies—Depression scale; CON, concordant dry eye; CSQ-
Cat, Coping Strategies Questionnaire—Catastrophizing scale; DIS, discordant dry eye; FM, fibromyalgia; HC, healthy control;
MASQ, Mood and Anxiety Symptom Questionnaire; MFI GF, Multidimensional Fatigue Inventory—general fatigue; MFI MF,
Multidimensional Fatigue Inventory—mental fatigue; MFI PF, Multidimensional Fatigue Inventory—physical fatigue; MFI RA,

Multidimensional Fatigue Inventory—reduced activity; MFI RM, Multidimensional Fatigue Inventory—reduced motivation;

MPQ TOT, McGill Pain Questionnaire—total score; MPQ VAS, McGill Pain Questionnaire—visual analog scale; PSS, Perceived

Stress Scale.

*Numbers in bold indicate statistical significance.
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FIGURE 12

Results of MRI testing to compare brain
imaging to corneal nerve imaging. Top,
Gray matter volume in the cluster shown
was significantly correlated with corneal
nerve fiber density. The scale represents the
strength of the correlation. Bottom,
Scatterplot shows the correlation between
corneal nerve fiber density and gray matter

volume, which has been corrected for
differences in subject age and total
intracranial volume.
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Scatterplot of intraepidermal nerve fiber density (mm/mm?) vs corneal nerve density (mm/mm?).

DISCUSSION

Based on our careful examination of patients who self-report dry eye complaints, and comparison of their examination findings with
both a “positive” control group of individuals with FM and a “negative” control group of healthy individuals, we find strong
similarities between the discordant subset of the dry eye patients and the cohort of patients with FM. Taken as a whole, these results
suggest that dry eye patients with discordance between their symptoms and clinical findings have symptoms that could be primarily
driven by a CNS mechanism similar to that known to underlie other centralized pain syndromes, rather than a local pathology at the
ocular surface, as is the case for those whose reported and observed DED symptoms are in concordance.

OCULAR SURFACE EXAMINATION

Clinical ocular surface examination showed several similarities between the overall dry eye and FM cohorts. Schirmer testing and
ocular surface staining were two clinical indicators that were substantially altered in both the dry eye and FM cohorts as compared to
the healthy controls, indicating some ocular surface dryness in both of the cohorts. Prior studies have shown that dry eye findings are
fairly common in FM."*'""** Dry eye symptom quantification through the use of the OSDI also showed strong similarities with higher
symptom scores in both the dry eye and the FM cohorts of patients. The higher prevalence of symptoms and signs of dry eyes in FM
could be due to local ocular surface dryness associated with the systemic condition as is seen in other chronic rheumatologic
illnesses,”7>"*'” or it could be due to a local manifestation of similar pathophysiologic changes that are associated with pain
sensation throughout the body in FM.

DISCORDANT DRY EYE

To more fully characterize our cohort of dry eye patients, we next introduced a formal definition of discordant dry eyes as a way to
identify and quantify the patients with dry eyes whose self-reported symptoms and clinical signs are disproportionate. Our initial
classification was based on Schirmer testing, since this would identify patients with seemingly adequate tear production who still
complained of dry eye symptoms. Defining discordance provided a way to identify a subgroup of dry eye patients who were
consistently found to be more like the FM cohort than the healthy controls across a wide range of outcomes. This result is in line with
a previous study of DED patients that showed a higher incidence of comorbid chronic pain syndromes in those whose ocular
symptoms were found to have a neuropathic component.'”

CORNEAL CONFOCAL MICROSCOPY

Corneal sensation was measured with Cochet-Bonnet esthesiometry, and corneal nerve structures were assessed using CCM. Corneal
sensation results were similar in the dry eye and FM cohorts, indicating that corneal sensitivity is somewhat increased in both cohorts
as compared to the healthy control cohort, although not to a statistically significant extent. Once the dry eye cohort was separated into
the discordant and concordant subgroups, the similarities between the discordant dry eye subgroup and FM cohort and between the
concordant dry eye subgroup and healthy cohort became apparent. The discordant dry eye patients had higher corneal sensitivity than
the concordant subgroup and healthy cohort.
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Corneal confocal microscopy measurements of the number of corneal segments per high-power field and the overall calculated
corneal nerve density showed a similar pattern, with the discordant dry eye subgroup and the FM cohort having significantly fewer
nerve segments and decreased nerve density as compared to those in the concordant dry eye subgroup and the healthy cohort. The
sources of these sub-basal nerve density alterations in both FM and discordant dry eyes are unclear. Studies using CCM provide
evidence of altered sub-basal nerve density in patients with DED.****636¢6870 Recent research has shown small fiber peripheral nerve
changes in the skin of patients with FM.'*'>* However, it has yet to be conclusively determined whether this is a cause or a tertiary
result of FM. Likewise, the decreased nerve density in the cornea could either represent a peripheral nerve response to local ocular
surface damage or be a downstream effect of CNS pathology as seen in other chronic pain states.””” 7>

SYSTEMIC SENSORY EVALUATION

Systemic pressure-pain and auditory testing are measures used to quantify sensory sensitivity in FM and related conditions. In this
study, pressure-pain sensitivity was increased in patients with FM, as has been previously shown."*!'® Prior research has suggested
that the increased sensory sensitivity seen in FM can be due to deficient inhibition of pain signals, heightened amplification of them,
or some combination of both.

SELF-REPORT QUESTIONNAIRES

Individuals in this study answered a series of self-report questionnaires about their visual quality of life, overall pain, fatigue, mood,
affect, and stress. The VFQ-25 was used to measure visual quality of life in these individuals. Those in the dry eye and FM cohorts
had much lower scores than the healthy control cohort. In the nine subscales of the VFQ-25, the discordant dry eye subgroup and FM
cohort had similar mean scores in almost every subscale. Of note, the general health subscale of the VFQ-25 was one in which the FM
cohort scored substantially lower than any of the other cohorts, including the discordant dry eye subgroup. This serves to highlight that
although we suspect some similarities in the pathophysiological mechanisms underlying discordant dry eye and FM, FM involves pain
that is much more diffuse and more detrimental to patients’ perceived overall health.

Questionnaires on pain, fatigue, mood, affect, and stress are often used to help characterize and identify patients with FM and
related conditions and to highlight the widespread systemic effects of these conditions.”'?""'"* In the current study, patients in the dry
eye cohort routinely scored between the healthy (low) and FM (high) cohorts. Further distinction into discordant and concordant
subgroups of dry eyes again showed a pattern of similarities in systemic and emotional findings between the discordant dry eye
subgroup and FM cohort vs the concordant dry eye subgroup and healthy controls. Notably, recent research has highlighted the
overlap of mood and affective disorders in some patients with DED."®"® Future studies should attempt to classify individuals with
DED as concordant and discordant in order to determine whether the previous results were driven primarily by discordant DED
patients.

FUTURE DIRECTIONS

We performed some exploratory evaluations with small subsets of patients within this study. Voxel-based morphometry has identified
brain structures involved in pain processing that are altered in FM."*”"** Analysis of our subset of 11 FM patients who had corneal
nerve imaging by CCM and brain imaging by MRI revealed correlations between corneal nerve density and gray matter volume in an
area in the prefrontal cortex. Correlations between neural features in multiple brain areas and peripheral nerve morphology would
provide strong evidence that the peripheral anomalies observed in FM and other chronic pain conditions are the downstream result of
central changes. This would be especially true if peripheral nerve morphology was shown to differ in regions that were asymptomatic
for the patients being tested (eg, corneal nerves in patients with temporomandibular disorder).

Additionally, in our analysis of another subset of seven patients who had both corneal nerve imaging by CCM and skin biopsy to
measure [ENFD, our findings suggest lower IENFD in the FM cohort as compared to healthy controls, as has been previously
reported."**"'>* We also identified a strong correlation between IENFD and CCM in the small sample of individuals for whom the data
were available, similar to what has been reported in other conditions with peripheral nerve changes, including diabetes mellitus.'®'*
Although the sample sizes of these analyses are too small to draw conclusions, further testing is warranted to identify whether CCM
can supplement or replace nerve biopsy as a noninvasive measure of peripheral nerve morphology in patients with FM and related
central pain syndrome conditions.

STRENGTHS AND WEAKNESSES

This study was a pilot cross-sectional study performed to compare patients with self-reported dry eye symptoms to patients with FM
and healthy controls. The populations were well defined and were successfully age-matched. Only females were included in this
study, since both dry eyes and FM are much more common in females. This is both a strength, because gender is not a potential
confounding factor in our results, and a weakness, in that the results cannot necessarily be extrapolated to males. The classification of
discordant and concordant DED was post hoc, and while we used measures that are consistent with our current understanding of the
ocular pathophysiology of DED, further studies would benefit from additional testing and refinement of the best way to correctly
identify and categorize patients with discordant DED.

CONCLUSIONS

These findings reveal that discordant dry eye patients share abnormalities, across a variety of outcomes, with patients who have been
diagnosed with many other centralized chronic pain syndromes, wherein individual patients will display not only some degree of
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differential peripheral pathophysiology (in this case due to the local ocular surface) but also CNS changes that are fairly common
across conditions and that lead to similar systemic symptoms. This is among the first studies that consider a subset of patients with
DED to have a central etiological mechanism. Other conditions, such as osteoarthritis, *>'%81? chronic low back pain,mo’101
temporomandibular disorder,'**'** rheumatoid arthritis,'™'** and cancer pain,'”®'"’ have also been identified as regional symptomatic
manifestations of a central pathophysiology that upon closer examination affects a variety of domains in addition to complaints of pain
and discomfort in a subset of cases. Ophthalmology can benefit from lessons learned in other medical subspecialties about
understanding the biological underpinnings of some of the diseases that are most challenging to treat in practice; often, the answers are
found not in the place where the patient experiences the symptoms, but where the experience itself is processed—the CNS and brain.

In summary, individuals with discordant dry eye were shown to have substantial similarities to patients with FM. With the results
of this study, we can begin to distinguish, experimentally and clinically, a subgroup of patients with dry eyes who have a different
mechanism of disease, one that extends beyond the ocular surface-lacrimal gland complex that is commonly believed to be
responsible for the symptoms of dry eyes. We suggest that in many cases where there is a lack of ocular surface pathology noted on
examination in a patient who complains of dry eyes, our inability to observe the relevant pathology is due to the fact that we are not
looking in the right places to identify it. The results of the present study are consistent with our postulation that in individuals with
discordant DED, CNS processes are responsible for much of the discordance between the severity of symptoms and the degree of
ocular surface damage. This subset of individuals might respond better to different classes of medications or nonmedication treatments
than those whose symptoms have a primary ophthalmic etiology. We hope that this research will move the field forward toward an
end goal of being able to correctly diagnose the subtypes of DED and provide the appropriate treatment that is tailored to each
individual. This would certainly be a welcome change for the numerous clinicians who have tried and failed to help their most difficult
DED patients find adequate relief from their condition.

APPENDIX

STAIN DISCORDANCE

A second analysis of the same cohort of patients was performed with a modified definition of dry eye discordance. Stain discordance
was defined as substantial clinical symptoms of dry eyes (OSDI score >12) in the absence of ocular surface stain (Figure Al). This
subgroup classification of dry eye patients resulted in 11 discordant and 37 concordant patients. The relationship of this definition of
discordance with the Schirmer-discordant primary definition is shown in Table Al.

Stain-Discordant

70
% e Concordant *
3 60| o Discordant ® ‘
£ °

50 + E
g °
© o
Q 40t o % 1
— ®
a ®

30 + e
3 9 o
g o H
=] 20 | 8 H 1
o (o]
T 10} [ ] 2 :
=3 @
g ,l s - -

No Yes
Stain
FIGURE Al

Dry eye cohort divided into discordant and concordant subgroups based on ocular surface stain (Stain-
Discordant). Discordance is defined as absence of ocular surface stain and Ocular Surface Disease Index
score >12.
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TABLE Al. DRY EYE PARTICIPANT DISTRIBUTION BASED ON SCHIRMER-DISCORDANT
AND STAIN-DISCORDANT DEFINITIONS

IDNO. SCHIRMER STAIN IDNO. SCHIRMER STAIN IDNO. SCHIRMER STAIN

DIS DIS DIS DIS DIS DIS

1 17 33

2 X 18 34 X

3 X 19 35

4 20 X X 36 X

5 21 37 X

6 X X 22 38

7 X X 23 X 39 X X

8 X X 24 40

9 X 25 41

10 X X 26 42

11 X 27 43

12 X X 28 44

13 X 29 X 45 X X

14 30 46 X X

15 X X 31 X X 47 X

16 X 32 48

ID, participant identification; DIS, discordant; X, yes.

CORNEAL CONFOCAL MICROSCOPY

As mentioned in this thesis, the overall density of corneal sub-basal nerves (length of nerves per area of cornea) was significantly
different across the three main groups of patients in the study (P<.001), with lower density in the FM cohort (11.6 mm/mm?®)
compared to both the dry eye (16.7 mm/mm?) and healthy control (16.7 mm/mm?) cohorts. When the dry eye patients were separated
into discordant and concordant groups based on ocular surface stain, the difference in nerve density between the four groups was also
statistically significantly different (P <.001), with the discordant dry eye subgroup not significantly different from the FM cohort and
the concordant subgroup not significantly different from healthy controls (P>.10 for both; Figure A2).

mm/mm?

mm/mm?

20

25

20

Healthy

Dry Eyes Fibromyalgia

Healthy

Concordant Discordant Fibromyalgia
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FIGURE A2

Central corneal sub-basal nerve density as measured by
corneal confocal microscopy, compared by cohort (top) and
by discordant and concordant (Stain-Discordant) subgroups
(bottom).
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PATIENT-REPORTED VISUAL QUALITY OF LIFE

We also performed the comparison of patient-reported visual quality of life using VFQ-25 across discordant and concordant dry eye
patients based on the stain-discordance definition (Figure A3). VFQ-25 scores were significantly different between the three main
patient cohorts (P<.001), with the highest scores in the healthy control cohort (total score = 95.6), lowest in the FM cohort (total score
= 82.5), and intermediate in the dry eye cohort (total score = 88.1).
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Table A2 provides the data on the overall VFQ-25 scores and the VFQ-25 subscales for the subgroups defined as stain-discordant.
Total VFQ-25 score and the subscales of general health, ocular pain, social function, mental health, and role difficulty continued to
show statistically significant differences (P<.001 for all) with more similarities of the discordant dry eye subgroup with FM and
concordant dry eye subgroup with healthy controls, except for the general health subscale, in which the FM cohort remained
substantially lower than any of the other cohorts.

TABLE A2. VISUAL FUNCTION QUESTIONNAIRE-25 SCORES AND SUBSCALES WITH OCULAR
SURFACE STAIN-BASED DISCORDANT AND CONCORDANT SUBGROUPS

CATEGORY GROUP MEANS (SD) P VALUES*

ANOVA VS VS VS VS VS VS
(n=26)  (n=37)  (n=11)  (n=23) CON DIS FM__DIS FM __FM

Total 95.6 88.2 88.0 82.5
a3 ) 63 (133 <.001 008 079 <001 100 .076 312

General health 80.8 77.1 77.3 47.8
1785 (195 o8 (12 <.001 896 962 <001  1.00 <001  .001

General vision 84.6 86.3 87.3 70.9
163 A1) 0D @57) 006 982 973 032 998 007  .052

Ocular pain 99.0 76.1 70.5 75.0
Ga  (so  d6h  (73) <001 <001 <001 <001  .637 .991  .802

Social function 1000  97.1 97.7 95.1
00) ©5) a5 (LD 143 438 824 098 996 730 764

Mental health  97.6 85.4 83.5 87.0
55 130 (149  (203) 003 005 028 040 981 973 905

Role difficulty  100.0 82.9 88.6 89.7
00 @) (D  (163) 001 <001 208 119 726 395 998
Dependency 1000 97.1 97.0 933 258 546 734 198 100 829 942

(0.0) (8.3) (5.6)  (12.0)

ANOVA, analysis of variance; CON, concordant dry eye; DIS, discordant dry eye; FM, fibromyalgia; HC, healthy control.
*Numbers in bold indicate statistical significance.
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SYSTEMIC SENSORY EVALUATION

As reported in this thesis, systemic sensory evaluation showed a statistically significant difference between the FM and healthy control
cohorts for both pressure-pain (P=.002) and auditory (P=.05) testing. With the further distinction between stain-discordant and stain-
concordant dry eye subgroups, the pressure-pain testing showed the FM cohort having higher sensitivity than the other cohorts (P=.07)
(Figure A4). Auditory sensitivity measurement also suggested similarity of the stain-discordant dry eye subgroup with the FM cohort
and the stain-concordant dry eye subgroup with the healthy control cohort (Figure AS).
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FIGURE A4 FIGURE A5
Pressure-pain sensitivity measuring the amount of Auditory sensitivity measuring the decibel (dB) at which
pressure (kg/cm?) at which subjects experienced moderate subjects experienced moderate auditory discomfort using
discomfort using the multiple random staircase method. the multiple random staircase method. Comparisons by
Comparisons by cohort (top) and by Stain-Discordant cohort (top) and by Stain-Discordant subgroups (bottom).

subgroups (bottom).

PATIENT-REPORTED SYSTEMIC SYMPTOMS

Self-reported patient symptom information on pain, fatigue, mood, affect, stress, and coping mechanisms was also compared using the
stain-discordant classification (Table A3).
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TABLE A3. SELF-REPORTED SYSTEMIC SYMPTOMS COLLECTED THROUGH QUESTIONNAIRES, BY OCULAR
SURFACE STAIN-BASED DISCORDANT AND CONCORDANT SUBGROUPS

GROUP MEANS (SD) P VALUES*

INSTRUMENT ¢ con  DIS EM HC HC HC CON CON DIS
T I i I i T VI S VI N VI Y

MPQ TOT (gzg) (3:(1)) (ng) (17791) <.001 209 552 <001 990 <001  .080
MPQ VAS (8:2) éé) (%2) (?:g) <.001 207 588 <001 .999 <001  .021
MFI GF (g:g) (131.~92) (;é) (12§53) <.001 019 955 <001 .189 <001 <.001
MF1 PF (313) (if’)) (;:(6’) (1292 <.001 281 997 <001 .898 <001 .01l
MFIRA (22(8)) (Z:é) (?:8) (131"6‘; 004 156 792 002 999 244 737
MFIRM (32431) (2:8) (3:2) (131.65) <.001 103 851 <001 .98  .045 373
MF1 MF (;j) (gf) (161.6()) (1:'5(; <.001 313 430 <001 904 001 .575
MASQ (?Z:;) (gizg) (Zé:é’) (g?:g) 004 769 98 003 999 026 431
CES-D (2:(5)) (gf) (}(1):43‘) (186.69) 002 457 782 001 996 038 691
PSS (2:2) (182_~03) (191.-50) (179.-91) 006 622 995 005 980  .059 378
C5Q-Cat 0.3 0.5 0.8 2.0 <.001 888 954 <001 954 <001  .094

(0.4) (0.7) (0.8) (1.1)

ANOVA, analysis of variance; CES-D, Center for Epidemiologic Studies—Depression scale; CON, concordant dry eye; CSQ-Cat,
Coping Strategies Questionnaire—Catastrophizing scale; DIS, discordant dry eye; FM, fibromyalgia; HC, healthy control; MASQ,
Mood and Anxiety Symptom Questionnaire; MFI GF, Multidimensional Fatigue Inventory—general fatigue; MFI MF,
Multidimensional Fatigue Inventory—mental fatigue; MFI PF, Multidimensional Fatigue Inventory—physical fatigue; MFI RA,
Multidimensional Fatigue Inventory—reduced activity; MFI RM, Multidimensional Fatigue Inventory—reduced motivation; MPQ TOT,
McGill Pain Questionnaire—total score; MPQ VAS, McGill Pain Questionnaire—visual analog scale; PSS, Perceived Stress Scale.
*Numbers in bold indicate statistical significance.

DISCUSSION

Our initial definition of discordant dry eye was based on discordance of tear production (measured by Schirmer score) in relation to
severity of dry eye symptoms (measured with OSDI). However, since the tear film is much more complex than simply the presence of
aqueous tears, we also defined discordance based on the presence of ocular surface staining as compared to dry eye symptoms (stain
discordance). The results presented in this supplemental material provide further evidence that either definition of discordance
provided a way to identify a subgroup of dry eye patients that were consistently more like patients with FM than healthy controls
across a wide range of outcomes.
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