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Abstract

Purpose—Conjunctival microvascular responses may be a surrogate metric of efferent neural
pathway function innervating the ocular surface as changes in blood flow occur within seconds
after a stimulus. As somatosensory dysfunction may partially underlie dry eye (DE), in this study
we evaluate whether bulbar conjunctival microvascular alterations correlate with various aspects of
DE.

Methods—Fifty-six DE patients were prospectively recruited from a Veterans Affairs
ophthalmology clinic over an 11-month period. DE symptoms and ocular pain were assessed along
with DE signs. A novel functional slit lamp biomicroscope (FSLB) was used to image the
temporal bulbar conjunctiva from the right eye before and after central corneal stimulation with an
air puff. Blood flow velocities were measured and noninvasive microvascular perfusion maps
(nMPMs) were created.

Results—The bulbar blood flow velocity was 0.50+£0.15 mm/s at baseline and increased to
0.55+0.17 mm/s after stimulation (P<0.001); the average change in velocity was 0.05+0.09.
nMPMs values and venule diameter, on the other hand, did not significantly increase after
stimulation (1.64+0.004 at baseline, 1.65+0.04 after stimulation, P=0.22 and 22.13+1.84 m at
baseline, 22.21+2.04 pm after stimulation, P=0.73, respectively). Baseline blood flow velocity
positively associated with Schirmer scores (r=0.40, P=0.002). Those with higher self-rated wind
hyperalgesia demonstrated less change in blood flow velocity (r= —0.268, P=0.046) after air
stimulation on the central cornea.
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Conclusion—Conjunctival blood flow velocity, but not vessel diameter or complexity, increases
after wind stimuli. Baseline flow positively correlated with Schirmer scores while change in flow
negatively correlated with self-reported wind hyperalgesia.

Keywords

Blood flow velocity; corneal sensitivity; fractal dimension; neuropathic ocular pain; functional slit
lamp biomicroscopy

[. Introduction

Dry eye (DE) is a heterogeneous disease of the ocular surface, including but not limited to
the lacrimal functional unit (LFU),! that affects millions of men and women in the United
States.? It is characterized by symptoms of various intensity that may include ocular pain
(described as dryness, burning, and aching) and visual complaints (fluctuating, blurry
vision), both of which can reduce quality of life.3 Ocular surface findings are variable in DE
and may include alterations in the quantity and quality of tears, ocular surface irregularity,
and inflammation. To further complicate matters, it is well established that the symptoms
and signs of DE do not correlate with each other.# ® In a prospective study of 263 male
veterans, less than 10% of the variability in symptoms was explained by measured tear film
parameters.® This suggests that factors beyond ocular surface status are important in causing
symptoms in certain individuals. It is not surprising, therefore, that some patients have
persistent symptoms while on DE therapies targeting the ocular surface.®

A potential cause of ocular pain complaints in some DE patients may be neuropathic ocular
pain (NOP), which occurs when there is damage and subsequent dysfunction in the corneal
somatosensory system.” There is a growing understanding that many patients diagnosed with
DE describe features of neuropathic pain, including characterizing their ocular pain as “hot
burning” and reporting evoked pain to wind and light.8 The superficial location and rich
density of the corneal primary afferents, integrated between superficial epithelial cells,
makes them vulnerable to repeated injury in the setting of ocular surface stress, minor
trauma, or disease. Episodic or ongoing damage to the free corneal nerve endings through
tear evaporation, temperature drop, and hyperosmolarity may result in nerve injury, altered
neuronal healing, maladaptive neuroplasticity, and prolonged hypersensitivity to normally
non-noxious stimuli both in peripheral and central nerves in the corneal somatosensory
pathway.’

Several groups have used the Belmonte esthesiometer to study the afferent component of the
corneal somatosensory pathway in DE patients.®-12 Interestingly, some studies found
reduced corneal sensitivity to mechanical, chemical, and thermal stimuli compared to
controls,19: 12 while others found increased sensitivity to mechanical stimuli.1! Few studies,
however, have focused on efferent neural pathways innervating the ocular surface, beyond
studying tear production and blink rate.13. 14

Efferent neural pathways to the ocular surface include autonomic fibers to the lacrimal
glands, conjunctiva, meibomian glands, conjunctival blood vessels, and sensory nerves. Both
parasympathetic and sympathetic nerves may be important in the context of ocular surface

Ocul Surf. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 3

pain because they can affect tear production, local blood flow, and sensory neuronal function
(excitability and sensitivity to stimuli).1® Yet, study of the efferent innervation of the ocular
surface is mainly limited by a lack of a technology with which to measure such efferent
responses.

In this study, we evaluate a new technology, termed “functional slit lamp biomicroscopy
(FSLB),” in which a Nikon slit lamp is modified by addition of a Canon digital camera to
improve the magnification (~150x). In a previous study, we demonstrated that this imaging
system quantitatively measured microvascular network density and hemodynamics.16: 17
Furthermore, this instrument was used to measure capillary blood flow before and after
contact lens wear.1® The finding of an immediate increase in conjunctival blood flow
suggested a neurally mediated response. In this study, we applied our new technology to
study vascular responses in patients with a variety of DE and ocular pain complaints to test
our hypothesis that patients with NOP symptoms have alterations in their conjunctival
microcirculation responses compared to patients without such complaints.

[l. Methods

A. Study Population

Patients with otherwise healthy eyelid and corneal anatomy were prospectively recruited
from the Miami Veterans Affairs (VA) Healthcare System eye clinic between October 2014
and May 2015 and underwent a complete ocular surface examination. Patients were
excluded from participation if they wore contact lenses, underwent refractive surgery, used
ocular medications with the exception of artificial tears, had ocular comorbidities
(pterygium, glaucoma, infection), had HIV, sarcoidosis, graft-versus-host disease or a
collagen vascular disease, or had had cataract surgery within the last 6 months or any
glaucoma or retinal surgery. Informed consent was obtained from all patients. Approval of
the Miami VA Institution Review Board was obtained to allow the prospective evaluation of
patients. The study was conducted in accordance with the principles of the Declaration of
Helsinki and complied with the requirements of the United States Health Insurance
Portability and Accountability Act.

B. Data Collected

1. Demographics and Comorbidities—Information on demographics, concomitant
medical conditions, and medications were obtained, with a focus on conditions and
medications that can affect blood vessel caliber and velocity.

2. Dry Eye Symptoms and Ocular Pain Complaints—For each individual,
demographic information, past ocular and medical history, and medication information was
collected. Patients filled out standardized questionnaires regarding DE symptoms, including
the dry eye questionnaire 5 (DEQ5)18 and ocular surface disease index (OSDI [score 0-
100]).19 Standard pain questionnaires were used to assess for the presence and quality of
ocular pain. A numerical rating scale (NRS) for ocular pain intensity (score 0-10) was used
to assess the “average intensity of eye pain during the past week.” The Neuropathic Pain
Symptom Inventory (NPSI [score 0-100]) was used to quantify clinically relevant
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dimensions of neuropathic pain.20 For the evoked pain subsection of the NPSI, we replaced
the three original questions regarding the severity of allodynia or hyperalgesia caused by 1)
light touch, 2) pressure, or 3) contact with something cold on the skin, with questions
specific to ocular allodynia or hyperalgesia [eye pain caused or increased by 1) wind, 2)
light, and 3) heat or cold. Our strategy was to use both standardized assessments of dry eye
(DEQ5 and OSDI) and standardized assessments of pain (NRS, NPSI) that we previously
found could characterize ocular complaints?! and predicted a more severe and persistent dry
eye course.® 22 |n this way, our research can be translated to other populations in which
these standard dry eye metrics are used, but also specifically assesses subjective metrics that
we believe are important in evaluating corneal somatosensory function.23 In fact, the 0-10
NRS has been validated as a measure of pain intensity across multiple populations24-28 and
has been recommended for use as the primary outcome metric in clinical trials for chronic
pain.2% We found that items on the NPSI-Eye (wind hyperalgesia, light allodynia) correlated
well with similar questions on the OSDI (“Have your eyes felt uncomfortable in windy
conditions?” “ Eyes that are sensitive to light?””). Correlations were r=0.687, p<0.0005 and
r=0.70, p<0.0005, respectively.

3. Belmonte Esthesiometry—The tip of the esthesiometer (0.5 mm in diameter) was
placed perpendicular to, and 4 mm from, the surface of the cornea of the right eye.
Stimulation consisted of pulses of air at room temperature (approximately 23 to 26°C)
applied to the corneal surface. The method of limits, using ascending series only, was used
to measure thresholds. For detection threshold measurements, subjects were presented with a
stimulus immediately following a blink and were asked to indicate by pressing a button
whether they felt the stimulus. The initial flow rate was set at a level below threshold (50
mL/min for most individuals) and increased by 10 mL/min (with 15 second intervals
between stimuli) until the subject stated that they felt the stimulus (detection threshold) or
the maximum allowable flow rate (400 mL/min) was reached. To estimate pain threshold,
the flow rate was further increased beyond the detection threshold in 10 mL/min increments
until the subject reported the stimulus as painful, or the maximum allowable flow rate (400
mL/min) was reached. Detection and pain thresholds were defined as the average of two
such trials.

4. Ocular Surface Evaluation—All patients underwent tear film assessment, including
the following measurements:

1. Tear osmolality (Tear LAB, San Diego, CA) once in each eye;

2. Ocular surface inflammation (Inflammadry, RPS, Tampa, FL);

3. Tear evaporation measured via tear film breakup time (TFBUT). 5 pl fluorescein
was placed, 3 measurements taken in each eye and averaged,;

4, Corneal epithelial cell disruption according to corneal staining (National Eye
Institute [NEI] scale30 Five areas of cornea were assessed, with score 0-3 in
each, total score equaling 0-15);

5. Tear production measured via Schirmer strips with anesthesia; and
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6. Meibomian gland assessment. Eyelid vascularity was graded on a scale of 0 to 3
(0=none; 1= mild; 2=moderate; 3=severe engorgement) and meibum quality on a
scale of 0 to 4 (O=clear; 1=cloudy; 2=granular; 3=toothpaste; 4=no meibum
extracted).

5. Functional Slit Lamp Imaging—The FSLB imaging system composed of a digital
camera and a traditional slit lamp was used in our study. As described in our previous
study,’ the camera has a Movie Crop Function (MCF) that uses a center portion of pixels on
the camera chip to generate an equivalent of ~7x magnification for high-speed video
recording at 60 frames per second (fps) without the loss of image quality. With the built-in
optical magnifications of up to 25x in the slit lamp, the total magnification can be set up to
~175x. We demonstrated in our previous study that this imaging system is capable of
capturing the movement of red blood cells (RBC)/RBC clusters, which allows the blood
flow velocity and vessel diameter to be measured.1: 17 In the present study, MCF with the
magnification of 175x, a field of view of 1.22 x 0.91 mm?, and an image size of 640 x 480
pixels (pixel interval: 1.905 um) was utilized. Six different locations of the temporal bulbar
conjunctiva were imaged, which were ~1 mm away from the limbus, covering a total area of
~6 x 4 mm? (Figure 1). In a previous publication, we reported how many blood vessels were
needed to represent venule velocity and diameter in the entire bulbar conjunctiva.l’ We used
varying numbers of venules per subject in five subjects to determine that a sample size of 15
produced an acceptable standard error of 15%. Based on this, in the current study we imaged
six different locations on the temporal bulbar conjunctiva, which assured that more than 15
blood vessels were recorded and analyzed per subject.

Custom software was used for the quantification of microvascular morphology and
hemodynamics, as described in our previous studies.18 17 The software was used to semi-
automatically process the video clips to yield vessel diameters, lengths, vessel covering
areas, and velocities for all measureable venules. In this study, only conjunctival venules
were analyzed for blood flow velocity because the conjunctival pre-capillary arteriole blood
flow velocity can be impacted by the pulse.3! Venules were distinguished from arterioles
based on their diameter (bulbar conjunctiva arterioles are smaller than venules) and by the
direction of flow (venule collected flow from branches in the bifurcation). The average
diameter of vessels was calculated based on images converted from the video clips in which
the velocity was measured. The vessel walls were outlined and marked in green and blue
lines as shown in Figure 2B. The diameter of venules was found to differ by person with a
range from 9 to 30 um. In a previous study, we demonstrated that a sample size of 15 vessels
produced an acceptable standard error of 15%.17 While we did not image the same vessels
before and after air stimulation, we averaged over 30 selected vessels from each eye and
averaged them to represent the blood flow velocity of the temporal bulbar conjunctiva.

The measurement of blood flow velocity was based on the space-time image technique.16:32
For each field, at least half a second of video clip was collected and converted to at least 30
continuous frames. The first frame of the video clip was used for registering all frames to
compensate for eye motion using custom software. In the spatial temporal image, we marked
at least three slopes of multiple bands, determined by marking the starting and terminal
points) (Figure 2). Then, the average axial blood flow velocity was calculated automatically

Ocul Surf. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 6

from these slopes. The accuracy and repeatability of this method has been reported in one of
our previous study.33

For the microvascular network calculations, we developed a single shot method to generate
the nMPMs. We used a built-in green filter and 16 x magnifications to obtain a field of view
of about 15.70 x 10.47 mm2. A diffuse filter was then used to take the 3,456 x 2,304 pixel
image of the temporal bulbar conjunctiva.18 We processed the segmented nMPMs using
monofractal analyses (Dpox) as described in detail in Figure 3.

C. Statistical Analysis

Data were entered into a standardized database. Statistical analyses were performed using
SPSS 22.0 (SPSS Inc, Chicago, IL) statistical package. Descriptive statistics were used to
summarize patient demographic and clinical information. Paired t test methodology was
used to compare parameters before and after air stimulation. Correlations (Pearson and
Spearman) were used to evaluate the strength of association between functional slit lamp
imaging parameters and severity of DE symptoms and signs. Student t-tests and Mann-
Whitney U tests were used (as appropriate) to evaluate for differences in means (or medians)
between groups. P-values <0.05 were considered significant.

[1l. Results

A. Study Population

The mean age of the population was 61 years, with a standard deviation (SD) of 10 (Table
1); 85% (n=34) of the patients were male, 45% (n=25) self-characterized themselves as
white, and 21% (n=12) as Hispanic. Our population had a range of DE symptoms and signs
(Table 1) and, similar to prior publications, there were no correlations between subjective
and objective DE parameters. With regard to symptoms, 7 patients (12.5%) had no dry eye
symptoms (DEQ5<6), 16 (28.6%) had mild-moderate symptoms (DEQ5 6-11), and 33
(58.9%) had severe symptoms (DEQ5>12).

B. Blood Flow Velocity and Fractal Dimension before and after Air Stimuli

Fifty-six cases of blood flow velocities and 42 cases of nMPMs were analyzed. Fourteen
cases of nMPMs images were excluded due to insufficient image quality (due to blinking).
The bulbar blood flow velocity was 0.50 + 0.15 mm/s at baseline and increased significantly
to 0.55 + 0.17 mm/s after air stimuli, representing on average a 10% (0.55-0.50/0.50)
increase in blood flow (P<0.001, Figure 4A). The average change in velocity was 0.05+/
-0.09. However, as the lowest blood flow observed in our patients was 0.24 mm/s (and not
0), we re-examined the percent increase when setting the lower limit of flow to 0.24. In this
manner, the average percent increase after air stimulation was 19.2%, calculated as follows:

([post-stimulation blood flow mean (0.55)-lowest blood flow velocity observed
(0.24)] - [pre-stimulation blood flow mean (0.50)-lowest blood flow velocity
observed (0.24)])/[pre-stimulation blood flow mean (0.50)-lowest blood flow
velocity observed (0.24)].
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Our baseline value of 0.50 mm/s falls slightly under the range of blood flow velocities
previously reported in venules and arterioles (range, 0.52 to 3.26 mm/s).16: 31,32, 34

Bulbar conjunctival vessel density, on the other hand, was not significantly different between
baseline (1.64 + 0.04) and after stimulation (1.65 + 0.04, P=0.22, Figure 4B). Average vessel
diameter was likewise similar before (22.13 £ 1.84 pm) and after air stimulation (22.21

+ 2.04 um, P=0.724, Figure 4C).

C. Correlations between Baseline Conjunctival Microvascular Parameters and Responses
and Demographics and Comorbidities

None of the demographic characteristics, comorbidities, or medications studied significantly
impacted conjunctival microvascular findings except that patients with benign prostatic
hypertrophy (BPH) had less of a change in velocity compared to those without BPH
(-0.01+0.07 mm/s versus 0.07+0.08 mm/s, P=0.003).

D. Correlations between Baseline Functional Slit Lamp Parameters and DE Symptoms and

Signs

Baseline blood flow velocity positively correlated with Schirmer scores (r=0.404, P=0.002)
and negatively with eyelid vascularity (r=-0.274, P=0.043 [Table 2]). Baseline network
complexity negatively correlated with baseline pain symptoms (NRS r=-0.319, P=0.04 and
light allodynia r=-0.337, P=0.029) and ocular surface signs (meibum quality —0.329,
P=0.036; eyelid vascularity —0.34, P=0.03; pain thresholds r=—0.322, P=0.04). A smaller
difference between pain and detection thresholds negatively correlated with both baseline
velocity and network complexity.

E. Correlations between Change in Conjunctival Microvascular Blood Flow Velocity and DE
Symptoms and Signs

Subjects with higher self-rated wind hyperalgesia demonstrated less change in blood flow
velocity (r=—0.268, P=0.046 [Figure 5]) after air stimulation on the central cornea (Table 3).
No other DE symptom, ocular pain complaint, objective ocular surface metric, ocular
surface inflammation (via Inflammadry, RPS, Tampa FL) or corneal detection or pain
thresholds significantly correlated with change in velocity. However, subjects with ocular
surface inflammation did have higher velocities post-stimulation (0.65+0.15 mm/s)
compared to those without inflammation (0.52+0.16 mm/s; p=0.02).

V. Discussion

We found that after corneal stimulation with air stimuli, blood velocity through the bulbar
venules significantly increased, while microvacular density and vessel diameter did not
significantly differ. Our findings are similar to those from our previous work in which
contact lens placement, rather than air, was used as a stimulus. In the previous study, we
found an immediate increase in blood flow after contact lens placement, and after 6 hours of
wear, an increase in both flow and microvascular network density.18 In a similar manner,
Chueng at el reported that longterm (>2 years) contact lens wearers displayed microvascular
changes in their conjunctival microcirculation.3> The results of these studies imply that
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changes in velocity are immediate as opposed to morphological changes in conjunctival
vessels, which take longer to manifest. We hypothesize that efferent parasympathetic
responses are responsible for the noted increased blood flow in both models.

Increased blood flow after stimulation has also been observed in other areas of the
body.36-38 For example, transcorneal stimulation of trigeminal nerve endings caused an
immediate and robust increase in blood flow in the cerebral arteries.3? In a similar manner,
capsaicin and saline applied to the human forehead, with and without iontophoresis, led to
an immediate increase in dermal blood flow.40

Similar to network density, vessel diameter did not change after air puff stimuli. A possible
explanation for this may be that we measured venules as opposed to arterioles in this
study.1® Although venules have been confirmed to be important in microvascular pressure
and flow regulation, their responses to stimuli (such as light, flow, and pressure) have been
reported as minor compared to arterioles.18: 41 It is also interesting that no vessel alterations
were seen in patients with diabetes compared to individuals without this comorbidity. This is
in contradiction to previous reports in which the presence of diabetes associated with
significantly increased venule diameter.42 43 Potential explanations for the discrepancy
include our unique patient population (which included a limited number of patients with
diabetes and the presence of confounding ocular comorbidities), differences in statistical
analysis (qualitative? 43 vs quantitative), and different imaging strategies.

Studying microvascular responses in the conjunctiva may provide insight on the corneal
somatosensory pathway that is now increasingly understood to be involved in various
manifestations of DE. The pathway originates from free nerve endings interdigitating
between corneal epithelial cells. The cell bodies of these nerves sit in the trigeminal
ganglion, and their proximal projections synapse in the trigeminal subnucleus interpolaris/
subnucleus caudalis (Vi/Vc) transition zone and in the subnucleus caudalis/upper cervical
transition zone (Vc/C4_,). Second-order neurons decussate and join the contralateral
spinothalamic pathways and synapse in the thalamus. Third-order neurons then relay
information to the supra-spinal centers, including the somatosensory cortex.” This ascending
pathway is linked to efferent pathways, which have multiple innervations, including to the
lacrimal gland (e.g., tear production), eyelid (e.g., blinking) and conjunctival blood vessels
(e.g., blood flow). Previous studies have attempted to elucidate these efferent pathways,
mostly by measuring tear secretion evoked by mechanical and chemical stimuli on the
cornea, with central corneal mechanical stimulation evoking the strongest lacrimation
reflex.13: 14 Yet, other pathways of efferent output to the ocular surface, beyond tear
secretion, remain relatively underinvestigated.

In this study, we assessed microvascular responses after trigeminal stimulation in patients
with DE as a potential endpoint to study efferent pathways. With respect to velocity, we
found that patients with reduced levels of tear production had slower blood flow at baseline.
This finding may imply that in such patients, there is an imbalance of autonomic
mechanisms towards a predominance of sympathetically mediated mechanisms (versus
parasympathetic). Increased sympathetic activity has been reported after nerve and tissue
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injuries?*, and this may mediate pain states involving the trigeminal system in select
patients.4°

Although interspecies differences exist, sympathetic efferents have been identified in the
cornea.1® 46 These corneal sympathetic efferents project from the ipsilateral superior
cervical ganglion and are thought to influence physiologic processes in the cornea, such as
jon transport and hydration, mitogenesis and wound healing, and neuronal sensitivity.1> Not
yet explored, however, is their potential role in the pathophysiology of DE. Sympathetic
overactivity via increased sympathetic efferent-somatosensory neuronal coupling may result
in peripheral neuronal sensitization and enhanced pain responses after peripheral nerve
injury, and as such may be involved in sensitiziation of peripheral afferents in the cornea.
This might be the case in our patient subpopulation with reduced levels of tear production.

On the other hand, we found that patients with self-reported wind hyperalgesia had a
dampened response to air simulation, with less of a flow increase compared to those without
this complaint. While the effect magnitude of the effect was not large (the degree of blood
flow increase explained ~7% of variability in subjective wind hyperalgesia), this value is in
line with other studies that evaluated the relationship beween somatosensory function and
DE symptoms.4’

In our previous study, we found a similar magnitude in the relationship between self-
reported wind hyperalgesia and detection (r=—0.25) and pain (r=—0.23) corneal thresholds.23
It is interesting that wind hyperalgesia significantly correlated with microvascular responses,
as we previously found that this complaint correlated with DE symptom severity and
persistence,® a decreased response to artificial tears,?2 and increased corneal sensitivity to an
air puff.23 Taken together, these findings provide criterion validity (how well a question
obtains the same results as other approaches measuring the same characteristic*®) for the
importance of wind hyperalgesia as a sign of corneal somatosensory dysfunction.

These findings may imply that contrary to findings described above, in patients with wind
hyperalgesia, there is an imbalance of autonomic mechanisms towards a predominance of
parasympathetically-mediated mechanisms. Raised parasympathetic hyperactivity via the
sphenopalatine ganglion has been described in other facial pain conditions, such as cluster
headache.4930 |f parasympathetic efferents are basally activated, blood vessels may have
reached maximal dilatation, explaining the blunted blood flow response after air stimulation
in this subpopulation. These findings suggest dichotomous DE patient populations. In
addition, significant associations were noted between DE symptoms and signs and baseline
vessel complexity, with higher DE symptoms and more abnormal signs associating with less
complexity. The pathophysiological explinations for the noted observations are not clear.

While the results of this preliminary study are interesting, we recognize that they need to be
considered bearing in mind the study limitations. First, our study was conducted at a
Veterans Affairs Hospital, and therefore our population consists of predominantly older
males, most of whom had either symptoms or one or more signs of DE. Second, our cross-
sectional study design precludes commenting on persistence or change in DE symptoms,
signs, and functional slit lamp parameters over time. Third, we did not image the blood flow
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and diameter of bulbar arterioles in this study due to technology limitations. Fourth, our
numbers are small, limiting our power to detect statistically significant differences in
parameters. Despite these limitations, this study is the first to study bulbar conjunctiva
microvascular changes in response to air stimuli in the context of DE.

V. Conclusion

Mechanical stimuli on the central cornea affect bulbar conjunctiva blood flow velocity
overall and differentially in patients with NOP complaints. Our data provide support that DE
patients are a heterogenous group with differences in the function of their corneal
somatosensory pathway, efferent responses to sensory stimuli, and autonomic status. Further
studies, capturing both arteriole and venule flow, are needed to assess whether bulbar
conjunctiva microvascular parameters can aid in the diagnosis of DE sub-types, guide
treatment, and follow treatment response.
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Figure 1.
Temporal bulbar conjunctiva microvasculature imaged by the functional slit lamp

biomicroscope. Videos clips were acquired from six locations which were homogeneously
located on the temporal side of the bulbar conjunctiva (A). With x175 magnification, red
blood cell clusters (white arrow) are shown in the six fields (a—f).
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Figure 2.
Measurement of the vessel diameter and blood flow velocity. Custom software was

developed and utilized to process the video clips obtained on the bulbar conjunctiva. The
first frame (A) of the video clip was used for registering all frames to compensate for the eye
motion. After that, all registered images were averaged and the blood vessels were
segmented from the average image. The vessels were automatically identified and marked in
numbers (B). The vessel walls were outlined and marked in green and blue lines for
measuring the vessel diameter (B). By calculating the image intensity within the areas
defined by the vessel walls, an intensity profile along the center line between these walls was
generated for each frame. Using all intensity profiles of all frames in the video clips, a
space-time image was obtained and used to measure the blood flow velocity. The slopes of
the bands (i.e. moving distance over time) were manually outlined (marked in red lines) and
calculated as the measurements of axial blood flow velocity (C for vessel No. 8, D for vessel
No. 19).
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Figure 3.
Non-invasive microvascular perfusion maps (nMPMs) and fractal analysis. Custom software

was developed to segment conjunctival vessels and to create the nMPMs for fractal analysis
using a series of image processing procedures. The raw image was first resized from 3,456 x
2,304 pixels to 1,024 x 683 pixels (A). Imaging processing using morphological opening
was performed to create nMPMs (B). Vessels were segmented (C) and the image was
cropped a field of view 7.85 x 7.85 mm? containing 512 x 512 pixels (D). The cropped
image was then inverted (E) and skeletonized (F). The image was further inverted back for
fractal analysis (G) using monofractal analysis (i.e. box-counting, H). Bars=3 mm.
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Figure 4.
Bulbar conjunctival blood flow velocities, NMPMs, and vessel diameters were measured in

DE patients before and after air stimulation. A. Blood flow velocity increased significantly
after air stimuli (P<0.001). B, C. Both fractal dimension and vessel diameter were not
significantly different before and after air stimulation (P=0.22, P=0.73, respectively).
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Figure 5.
An inverse correlation is noted between change in conjunctival microvascular blood flow

after mechanical stimulation and self-reported wind hyperalgesia (r=—0.268, P=0.046).
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Table 1

Demographics and co-morbidities of the patient population (n=56)

Demographics

Age, mean(SD)[range]

61(10) [34-87]

Race, white, n (%) 25 (44.6)
black, n (%) 31 (55.4)
Gender, male, n (%) 49 (87.5)
Ethnicity, Hispanic, n (%) 12 (21.4)
Smoking, former, n (%) 20 (35.7)
current, n (%) 26 (46.4)
Co-morbidities, n (%)
Hypertension 41 (73.2)
Hypercholesterolemia 34 (60.7)
Diabetes 15 (26.8)
Arthritis 27 (48.2)
Sleep apnea 12 (21.4)
Benign prostatic hypertrophy 12 (21.4)
Medication use, n (%)
Analgesics 34 (60.7)
Antidepressants 25 (44.6)
Anxiolytics 27 (48.2)
Antihistamine 7 (12.5)
Beta blocker 12 (21.4)

DE symptoms, mean(SD)[range]

Dry eye questionnaire 5

11.4 (4.9) [0-20]

Ocular surface disease index

35.35 (23.09) [0-88.63]

Ocular pain, mean(SD)[range]

NRS

339 (2.72) [0-9]

NPSI-Eye total

20.9 (22.2) [0-78]

Burning spontaneous pain

3.1(3.3) [0-10]

Wind hyperalgesia

3.0 (3.4) [0-10]

Light allodynia

3.4 (3.4) [0-10]

Ocular signs*, mean(SD)[range]

Osmolarity, mOsm/L

304.9 (13.6) [287-360]

Tear break up time, seconds

12.1 (5.1) [4-30]

Corneal staining

1.1 (1.7) [0-6]

Schirmer’s test, mm wetting at 5 minutes

15.9 (7.5) [3-32]

Meibum quality

1.7 (1.3) [0-4]

Eyelid vascularity

0.5 (0.7) [0-2]

Corneal sensitivity*, mean(SD)[range]

Ocul Surf. Author manuscript; available in PMC 2018 April 01.

Page 19



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Chen et al.

Demographics

Detection thresholds, mL/min

89.7 (36.2) [20-160]

Pain thresholds, mL/min

232.0 (103.7) [50-410]

Functional slit lamp parameters*, mean(SD)[range]

Baseline velocity, mm/s

0.50 (0.15) [0.24-0.85]

Post air stimulus velocity, mm/s

0.55 (0.17) [0.26-0.96]

Network complexity

1.64 (0.04) [1.52-1.69]

Venule diameter, um

22.13 (1.84) [17.13-27.13]

Page 20

NRS=numerical rating scale, average ocular pain intensity, 1 week recall; NPSI-Eye=neuropathic pain symptom inventory modified for the eye;

SD=standard deviation;

*
values from right eye
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Table 2

Correlations between baseline bulbar conjunctival microvasculature parameters and DE symptoms (including
ocular pain) and signs

Continuous variables Velocity Pearson r/Spearman Network complexity Pearson r/ Vessel diameter Pearson r/
rho Spearman rho Spearman rho
DE symptoms
Dry eye questionnaire 5 0.001/0.059 -0.150/-0.114 0.074/0.134
Ocular surface disease index 0.088/0.081 -0.218/-0.238 0.133/0.116
Ocular pain
NRS 0.084/-0.294 ~0.319%-0.294 0.167/0.147
NPSI-Eye total 0.045/0.012 -0.174/-0.249 0.066/0.070
Burning spontaneous pain 0.085/0.057 -0.137/-0.180 -0.031/-0.027
Wind hyperalgesia -0.011/-0.013 -0.083/-0.094 0.045/0.033
Light allodynia -0.030/-0.032 -0.337¥7-0.290 0.250/0.250
Ocular signs
Osmolarity t 0.052/0.114 -0.023/0.004 -0.203/-0.209
Tear break up time s -0.025/-0.023 0.122/0.085 0.018/0.035
Corneal staining f 0.137/0.162 0.184/0.249 0.064/0.026
Schirmer’s test” 0.404%0.432% -0.101/-0.130 0.093/0.161
Meibum quality 7 —0.182/-0.178 -0.32977-0.285 0.195/0.134
Eyelid vascularity 7 -0.27477-0.357" -0.34077-0.278 0.116/0.047

Corneal sensitivity

Detection threshold 0.092/0.073 -0.118/-0.056 -0.048/-0.013
Pain threshold 7 -0.123/-0.147 ~0.32277-0.268 0.071/0.005
Pain minus detection threshold 7 -0.162/-0.290 " -0.303/-0.310 " 0.092/0.111

NRS=numerical rating scale, average ocular pain intensity, 1 week recall; NPSI-Eye=neuropathic pain symptom inventory modified for the eye;
p value <0.05;

fAnaIysis performed on value from right eye as functional slit lamp imaging was performed on right eye.
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Correlations between change in bulbar conjunctival microvasculature velocity and DE symptoms (including

ocular pain) and signs

Continuous variables

Change in Velocity Pearson r/Spearman rho

DE symptoms
Dry eye questionnaire 5 -0.004/-0.032
Ocular surface disease index 0.073/0.082
Ocular pain
NRS -0.107/-0.115
NPSI-Eye total -0.216/-0.161
Burning spontaneous pain -0.204/-0.183

Wind hyperalgesia

-0.2687-0.224

Light allodynia -0.170/-0.151
Ocular signs
Osmolarity -0.172/-0.251
Tear break up time —0.062/-0.078
Corneal staining” —0.102/-0.088
Schirmer’s test 7 0.046/0.062
Meibum quality 7 -0.153/-0.125
Eyelid vascularity -0.132/-0.076
Corneal sensitivity
Detection threshold 7 -0.003/-0.076
Pain threshold 7 -0.070/-0.061
Pain minus detection threshold 7 -0.072/-0.068

NRS=numerical rating scale, average ocular pain intensity, 1 week recall; NPSI-Eye=neuropathic pain symptom inventory modified for the eye;

*
p value <0.05;

7‘Analysis performed on value from right eye as functional slit lamp imaging was performed on right eye.
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