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Purpose. To characterize intraocular pressure (IOP) dynamics by identifying the sources of
transient IOP fluctuations and quantifying the frequency, magnitude, associated cumulative
IOP-related mechanical energy, and temporal distribution.

MerHODS. IOP was monitored at 500 Hz for periods of 16 to 451 days in nine normal eyes of
six conscious, unrestrained nonhuman primates using a validated, fully implanted wireless
telemetry system. IOP transducers were calibrated every two weeks via anterior chamber
cannulation manometry. Analysis of time-synchronized, high-definition video was used to
identify the sources of transient IOP fluctuations.

Resurrs. The distribution of IOP in individual eyes is broad, and changes at multiple
timescales, from second-to-second to day-to-day. Transient IOP fluctuations arise from blinks,
saccades, and ocular pulse amplitude and were as high as 14 mm Hg (>100%) above
momentary baseline. Transient IOP fluctuations occur ~10,000 times per waking hour, with
~2000 to 5000 fluctuations per hour greater than 5 mm Hg (~40%) above baseline. Transient
IOP fluctuations account for up to 17% (mean of 12%) of the total cumulative IOP-related
mechanical energy that the eye must withstand during waking hours.

Concrusions. Transient IOP fluctuations occur frequently and comprise a large and significant
portion of the total IOP loading in the eye and should, therefore, be considered in future
studies of cell mechanotransduction, ocular biomechanics, and/or clinical outcomes where
transient IOP fluctuations may be important. If IOP dynamics are similar in humans, clinical
snapshot IOP measurements are insufficient to capture true IOP.

Keywords: intraocular pressure, transient IOP fluctuation, glaucoma, nonhuman primate,
telemetry

Intraocular pressure (JOP), the fluid pressure in the eye, is
central to almost every aspect of ocular function. Yet, very
little is known about IOP dynamics, the second-to-second,
minute-to-minute, hour-to-hour, and day-to-day fluctuations in
IOP due to transient events such as blink, saccade, and ocular
pulse amplitude (OPA), as well as slower events such as body
position changes and nycthemeral rhythm. Homeostasis of IOP
is critical in maintaining the precise shape of the globe required
for optimal optical transmission and has direct effects on ocular
blood flow, corneoscleral biomechanics, and cellular homeo-

stasis throughout the eyf:.l'6

Elevated IOP is a major risk factor for glaucoma, a leading
cause of irreversible blindness affecting more than 70 million
people worldwide; lowering IOP is the only proven treatment
for the disease.” Although IOP plays a key role in ocular
physiology and pathophysiology, surprisingly little is known
about IOP dynamics in living humans because clinicians
typically measure IOP using snapshot devices during office
examinations. Current snapshot IOP measurement techniques

Copyright 2019 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

require that the patient’s eye remain still and provide only
measurements of IOP at a single point in time. Hence, we know
relatively little about IOP variation over short- and long-term
timescales even though IOP variability affects ocular physiology
and could impact glaucoma onset and progression. Studies have
shown that IOP is incredibly dynamic,®'° so current snapshot
measurement techniques are not likely to provide an accurate
assessment of either mean IOP or its dynamics.

IOP affects ocular physiology through multiple pathways.
First, studies on aqueous distribution and outflow, critical
variables that regulate IOP homeostasis, show that IOP
dynamics play a key role in aqueous outflow dynamics.'!'?
Second, ocular arterial blood pressure must be higher than IOP
for blood to enter the eye. Hence, IOP and its dynamics are
critical to vascular perfusion of ocular tissues, which is essential
to the vitality of the eye and maintenance of vision. Ocular
perfusion pressure (ophthalmic arterial blood pressure — IOP)
has been implicated in clinical studies as a risk factor for
glaucorna.ls’14 Third, the corneoscleral shell is continuously
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exposed to dynamic pressure loading, which engenders
mechanical strains in the ocular tissues with every transient
IOP fluctuation,'® over and above the mechanical strain levels
associated with baseline IOP. Hence, transient IOP fluctuations
drive strain fluctuations that likely play a significant role in
cellular homeostasis in the eye,'® and perturbations in the
cyclic strains induced by transient IOP fluctuations could
prove injurious to ocular tissues.'”

Previous studies have not quantified IOP dynamics for
extended periods in either humans or large animal models such
as nonhuman primates (NHPs) that have eyes similar enough to
humans that reasonable conclusions about human IOP dynamics
can be inferred. A recent study using the Triggerfish contact lens
sensor (CLS; Sensimed AG, Lausanne, Switzerland) for 24-hour
periods showed that larger transient corneolimbal stretch
fluctuations are correlated to greater visual field progression in
glaucoma.'® It should be noted that larger stretch fluctuations
measured by the Triggerfish CLS could be due to either lower
corneolimbal tissue stiffness or larger transient IOP fluctuations
or some combination. To fill this important gap in current
knowledge, this study quantified IOP dynamics over long
periods using a novel, fully implanted, radiotelemetry system
to measure and record continuous IOP via direct pressure
recordings in conscious, unrestrained NHPs.

METHODS

Animals

All animal experiments were conducted in accordance with
the Association for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research, under Institutional Animal Care and Use
Committee approval from the University of Alabama at
Birmingham. For this study, we used six rhesus macaques
aged 4 to 6 years old, consisting of two females and four males.

IOP Telemetry System

We have developed and validated a fully implanted wireless
telemetry system (Konigsberg Instruments, Inc., Pasadena, CA,
USA) that allows continuous monitoring of IOP in conscious,
unrestrained NHPs (Fig. 1).10 Continuous telemetry data are
transmitted wirelessly from a battery-powered transceiver
module implanted in the animals’ abdominal wall to an
antenna in the perch of the cage. Data are transferred from
the receiving antenna to an analog base station wherein the
digital signals are decoded and stored. There are two iterations
of this system used in this study. The first-generation system
measures and transmits four data streams, namely, unilateral
IOP (500 Hz), blood pressure (250 Hz), electrocardiogram (500
Hz), and body temperature (50 Hz); this system was used in
two NHPs (21356 and 18012). The second-generation system
measures and transmits six continuous data streams, namely,
bilateral IOP (500 Hz), bilateral electrooculogram (500 Hz),
temperature (50 Hz), and blood pressure (250 Hz), via a
transducer implanted directly in the aorta; this system was
used in NHPs 9028, 9140, 9160, and 0804025. NHP 9028 was
converted from bilateral to unilateral IOP due to sensor failure
in one eye. For this study, we did not use the temperature,
blood pressure, or electrocardiogram data streams. Both
systems use a barometric pressure sensor at the base station
recorder to compensate for atmospheric pressure in real time.

IOP Transducer Calibration

The IOP transducers were calibrated approximately every 2
weeks as follows. Each animal was anesthetized, and the
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anterior chamber(s) of the implanted eye(s) were cannulated
through the peripheral cornea with a sterile 27-gauge needle
connected to a bottle of sterile isotonic saline solution via a
sterile infusion set fitted with an in-line, digital pressure gauge
(model XP2i; Crystal Engineering, San Luis Obispo, CA, USA)
placed level with the needle into the eye. IOP was calibrated in
increments of 5 mm Hg from 5 to 40 mm Hg, and the
telemetric IOP reading was compared to the in-line pressure
gauge at each step after IOP stabilized. The telemetric and
gauge IOP were used to quantify IOP transducer signal
accuracy and drift.

IOP Transducer Drift Compensation and Signal
Loss Filtering

After data collection and real-time barometric pressure
compensation, the IOP signal was adjusted according to the
IOP calibration tests. The IOP signal was assumed to have
drifted linearly in the 2 weeks between transducer calibration
tests. The data from each acquisition session were continually
offset by the drift calculated for that period. Typically, IOP
transducers drifted <1 mm Hg per week.

The continuous IOP radiotelemetry signal is subject to
signal transmission loss when the animal moves too far from
the in-cage antenna or orients its body in a way that the signal
must pass through most of the animal’s body to reach the
antenna. As a result, the data were digitally filtered using an
automated algorithm to eliminate signal loss to ensure
maximum data quality. Only 24-hour periods in which at least
75% of the data in all 24 1-hour increments remained after
filtering were used for the analyses. The percentage of days
excluded due to signal loss ranged from 1% to 20% depending
on the animal, with a mean of 10% rejection rate overall.

Primary Data Acquisition

After telemetry system implantation and a heal-in period of at
least 4 weeks, telemetry data were acquired continuously in
24-hour blocks until battery or implant failure. IOP transducers
were calibrated every 2 weeks via anterior chamber calibration
as described above, with subsequent continuous IOP drift
compensation via software, and the drift-corrected data were
filtered to eliminate signal transmission loss. Data acquired on
days in which the anterior chamber of the eye was cannulated
for IOP calibration were excluded from the analyses.

Data Acquisition—Transient IOP Fluctuation
Source Analysis

To investigate the physiologic cause of transient IOP fluctua-
tions, three young male rhesus macaques were presented with
video entertainment to capture their attention, and high-
definition video of their faces was simultaneously recorded
using a tilt-pan-zoom video camera (Q6035-E; Axis Communi-
cations, Lund, Sweden). The video camera has a resolution of
1920 X 1080 pixels and records 30 frames per second.
Telemetric IOP measurements were captured using NOTO-
CORD-hem (Notocord Systems, Croissy-sur-Seine, France) data
acquisition software, and the video was simultaneously
recorded. This required time-syncing the data stream with
the video so that events recorded in the video corresponded in
time to continuous IOP recordings. Transient IOP fluctuations
were matched to blinks and saccades by a single observer
(DCT), and the troughs immediately before and after transient
IOP fluctuations were marked. The two IOP troughs were
averaged and subtracted from the IOP transient peak to
quantify the magnitude of the transient IOP fluctuation and
tagged as a blink or saccade, noting the primary direction of
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Ficure 1. The second-generation University of Alabama at Birmingham IOP telemetry implant. (A) Photograph of enhanced second-generation
Konigsberg Instruments T27G total implant system for continuous monitoring of bilateral IOP, bilateral electrooculogram (EOG), aortic blood
pressure, and body temperature. (B) A 23-gauge silicone tube delivers aqueous from the anterior chamber to a fluid reservoir on the intraorbital side
of the transducer; the tube (with appropriate slack to allow for eye movement) is trimmed, inserted into the anterior chamber, sutured to the sclera
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using the integral scleral anchor plate, and covered with a corneal patchgraft (not shown). Adapted from Downs et al.'® with permission.

the saccade as either horizontal left, horizontal right, or
vertical.

Quantification of Transient IOP Fluctuation
Frequency and Magnitude

First, the raw IOP data were smoothed slightly with a seven-
sample, 14-millisecond running average to reduce signal jitter.
We used a dual-band finite impulse response (FIR) filter to
identity transient IOP fluctuation peaks and troughs for
quantification in the larger dataset. The low-band FIR filter is
tuned to identify slower transient IOP fluctuations such as
OPA, whereas the high-band FIR filter is tuned to identify
higher frequency IOP fluctuations from sources such as blink
and saccade.'® The FIR filter was only used to identify the
transient IOP fluctuation trough positions in the IOP data
stream, with the peaks identified by searching for the largest
IOP value between adjacent troughs to avoid false identifica-
tion of double peaks, such as those shown at time 2.6 seconds
in Figure 2B. Transient IOP fluctuations were quantified by
identifying each IOP peak surrounded by two troughs (Fig. 2B);
the two troughs were averaged into a single baseline IOP value.
The peak IOP-to-baseline IOP difference is catalogued and
counted as the magnitude of an individual transient IOP
fluctuation. Transient IOP magnitude frequency was plotted in
a histogram by magnitude bin within each eye. The limits of
the smallest magnitude bin were determined by our minimum
transient magnitude detection resolution (0.6 mm Hg) and
analyzing the OPA (typically less than 2 mm Hg), so we chose
to make the lowest bin range 0.6 to 2 mm Hg. The other limits
were chosen arbitrarily to represent small (2 to 5 mm Hg),

medium (5 to 10 mm Hg), large (10 to 15 mm Hg), and very
large (>15 mm Hg) transient IOP fluctuations.

Quantification of IOP Impulse

Total IOP impulse, defined as the area under the continuous
IOP versus time curve, is an engineering-based metric that
serves as a surrogate measure of the total amount of IOP-
related energy the eye must withstand over time. IOP transient
impulse is quantified as the portion of total IOP impulse
associated with transient IOP fluctuations alone (Fig. 2B,
orange shaded area), calculated using the IOP troughs and
peaks identified in earlier analysis steps. IOP transient impulse
is a surrogate measure of the energy the ocular coat must
absorb due to transient IOP fluctuations, and the IOP Baseline
Impulse (Fig. 2B, green shaded area) is a measure of the
amount of IOP energy the eye must withstand due to
momentary baseline IOP. The relative contribution of IOP
transient impulse, calculated as a percentage of total IOP
impulse, was averaged hourly over all days for all NHPs. This
metric assesses the amount of transient IOP fluctuation-related
energy relative to the total IOP-related energy the eye must
absorb over time.

Statistical Analyses

Nested, linear mixed effects models were used to assess the
sources of variance and the difference between waking and
sleeping hours for two parameters: transient IOP fluctuation
frequency and IOP transient impulse. We characterized the
variability in these two parameters from the following
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Identification and quantification of frequency, magnitude, and impulse of transient IOP fluctuations. (A) The top panel shows a

screenshot of ~11 seconds of continuous telemetry data showing IOP signals from the left (L) and right (R) eyes of an animal. Selected, verified
blinks, saccades, and OPA events are shown with red, green, and blue shading, respectively. (B) The bottom panel shows the area under the IOP
versus time curve, which represents total IOP impulse, a surrogate measure for the cumulative IOP-related mechanical energy the eye must
withstand and absorb over time. The green-shaded area represents the IOP baseline impulse, which is a measure of the IOP energy the eye must
withstand due to momentary baseline IOP, and the orange-shaded area represents the IOP transient impulse, which is a measure of the IOP energy
the eye must withstand due to transient IOP fluctuations alone. Adapted from Markert et al.>? with permission.

components in the models: day-to-day, hour-to-hour, NHP-to-
NHP, and eye-to-eye within NHPs. Lastly, we used a chi-squared
test of independence to determine if the number of transient
IOP fluctuations per transient IOP peak amplitude frequency
bin (0.6 to 2, 2 to 5, 5 to 10, 10 to 15, and >15 mm Hg) is
different between waking and sleeping hours.

RESULTS

The Source of Transient IOP Fluctuations

Transient IOP fluctuations on the order of milliseconds to
seconds are the result of blinks, saccades, and OPA (Figs. 2A
and 3; Supplementary Video). IOP fluctuations on the order of
multiple seconds are due to respiration (observed in anesthe-
tized animals; data not shown) and other factors, such as ocular
muscle tone. IOP fluctuations on the order of minutes to hours
have been shown to result from changes in aqueous humor
inflow and outflow, body position, blood pressure fluctuation,
or nycthemeral rhythm (sleep vs. awake).' %723

Validation of Transient IOP Fluctuation Frequency
Counts

To validate the detection and frequency quantification of
transient IOP fluctuations from OPA, the number of heartbeats
calculated by NOTOCORD-hem from the aortic blood pressure
data was compared to the number of transient IOP fluctuations
(OPA) counted by our FIR algorithm (as shown in Fig. 2) during
an hour when NHPs were sleeping and had minimal signal loss.
The NOTOCORD data acquisition software has the ability to
detect and count heartbeats from the blood pressure data
through a separate commercial analysis module used for
cardiovascular studies. During sleep, we expect most transient
IOP fluctuations to be associated with OPA alone and <3 mm

Hg in magnitude, although there are brief periods of waking
during which the NHP has blink- and saccade-related transient
IOP fluctuations that are larger than 3 mm Hg. In one test in
one eye, NOTOCORD-hem’s commercial module detected
4799 heartbeats and our software identified 4846 transient IOP
fluctuations of 0.6 to 3 mm Hg; 99% of the heartbeats during
this time translated to OPA-related transient IOP fluctuations.
Similar results were found for all eyes in the other animals (data
not shown).

Also, brief random segments of raw IOP data from every eye
of awake behaving animals were plotted with automated peak
and trough detection markers shown (green and red markers in
Fig. 2) to confirm that the FIR algorithm appropriately detected
peaks and troughs of larger and more variable transient IOP
fluctuations that occur during the day. In all cases, the FIR
algorithm accurately identified and counted transient IOP
fluctuations of varying magnitude and duration.

Magnitude and Frequency of Transient IOP
Fluctuations

Transient IOP fluctuations occur ~10,000 times per waking
hour in NHPs (Fig. 3). Transient IOP fluctuation magnitudes
associated with blinks and saccades were as high as 14 mm Hg
in individual eyes (Fig. 4). Note both the magnitude and
frequency were highly variable between animals but were
consistent within eyes and between the fellow eyes in each
NHP.

Transient IOP Fluctuation Frequency Distributions

The magnitudes and frequency of transient IOP fluctuations
are distributed differently during sleeping and waking hours,
and these distributions vary among NHPs (Fig. 5). Some NHPs
exhibit a larger number of transient IOP fluctuations in the
lower magnitude range (e.g., NHP 9028), while other NHPs
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Daily Mean Transient IOP Fluctuation Frequency per Hour Over 0.6 mmHg During Waking Hours (6AM-6PM)
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Ficure 3. The daily mean number of transient IOP fluctuations per hour over 0.6 mm Hg in magnitude during waking hours (6AM-6PM) plotted
over the entire data acquisition period in each eye. Each data point represents one day of data, presented as the mean number of transient IOP
fluctuations per hour during the 12 waking hours. The eye must withstand ~10,000 transient IOP fluctuations every hour during waking hours.

exhibit a larger number of fluctuations in the higher magnitude
range (e.g., NHP 0804025). As seen in Figure 5, the number of
transient IOP fluctuations from 0.6 to 2 mm Hg in magnitude is
much larger than those of larger magnitudes, presumably due
to OPA, the low magnitude IOP fluctuation that occurs with
every heartbeat. Although we observed more transient IOP
fluctuations in the low magnitude range of 0.6 to 2 mm Hg
during sleeping hours, they also occur during waking hours
but are largely obscured by larger transient IOP fluctuations
from blinks, saccades, and other sources (Fig. 2A). There are
approximately 5000 more transient IOP fluctuations >0.6 mm
Hg per hour during waking hours than during sleeping hours
(P =2.2e-106).

A chi-squared test of independence determined that the
number of transient IOP fluctuations in each transient IOP

fluctuation peak amplitude frequency bin (0.6 to 2, 2 to 5, 5 to
10, 10 to 15, and >15 mm Hg) is significantly different
between wake and sleep hours, as well as between NHPs (P
values = 0.057, 0.047, 2.5e-8, 7.9¢-12, and 0.526 for each bin,
respectively). The number of transient IOP fluctuations during
sleeping hours are largely in the 0.6- to 2-mm Hg range,
whereas those during waking hours exhibit much larger
amplitudes (Fig. 5).

IOP transient impulse quantifies the area under the IOP
time curve due to transient IOP fluctuations alone and is a
measure of the magnitude of the dynamic or transient portion
of IOP over a given period of time. Figure 6 shows the hourly
mean IOP transient impulse as a percentage of total IOP
impulse, which is the relative contribution of transient IOP
fluctuations to total IOP plotted over time of day, averaged
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FiGUure 4. Mean transient IOP fluctuation magnitude above baseline for blinks and saccades for each NHP (A-C) (ID in parentheses), quantified in
~12 hours of video (2 hours of video for each of two sessions in each NHP, at least 1 week apart). Error bars represent the standard deviation.
Saccades are separated by direction to show that magnitudes are similar for each direction of saccade within eyes and between fellow eyes in each
animal. All NHPs were of similar age (4.5 to 5 years old).
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Ficure 5. The mean hourly frequency distribution of transient IOP fluctuation magnitude during (A) waking hours (6AM-6PM) and during (B)
sleeping hours (6PM-6AM) binned by magnitude range for all data collected (error bars are standard deviation).

both overall and for each eye. These data show that transient
IOP fluctuations account for 5% to 17% of the total IOP-related
energy the eye must absorb and withstand over time.
Furthermore, during waking hours, transient IOP fluctuations
account for 9% to 17% of total IOP within animals and from
10% to 13% when averaged across all eyes (black trace, Fig. 6).
Overall, transient IOP fluctuations account for an average of
12% of total IOP during the waking period. The bulk of the
transient IOP impulse is present during waking hours when
the animals are active, blinking, and moving their eyes. These
data are consistent with the distributions of transient IOP
fluctuation magnitude shown in Figure 5, as greater numbers
of larger transient IOP fluctuations should generate more
transient IOP impulse. For all animals and eyes, the IOP
transient impulse percentage (Fig. 6) and number of transient
IOP fluctuations greater than 0.6 mm Hg show clear separation
between waking and sleeping hours, with waking hour values
of both parameters being significantly higher than those during
sleeping hours (P = 2.2e-16 for both parameters).

Parameter Variability

The sources of variance in IOP transient impulse percentage
and the number of transient IOP fluctuations above 0.6 mm Hg
are shown in the Table. For the number of transient IOP
fluctuations above 0.6 mm Hg, day-to-day variability accounts
for approximately 50% of the variability, whereas the IOP
transient impulse variability is driven primarily by animal-to-
animal differences. In general, eye-to-eye variability is very low
within animals, so variability between eyes can be attributed to
the differences in treatment in future studies where the two
eyes are treated differently.

DISCUSSION

In this study, we identified the sources of transient IOP
fluctuations and quantified both their magnitude and frequen-
cy by using continuous IOP telemetry in NHPs. IOP transient
impulse, a measure of the energy the eye must absorb and
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Ficure 6. Mean hourly IOP transient impulse, plotted as a percentage of total IOP, for all eyes of all animals. The plotted values are a measure of the
amount of energy the eye must withstand from transient IOP fluctuations relative to the total IOP energy the eye must absorb. The number of days
of data used is indicated in the legend. Waking hours are highlighted (6AM-6PM).

withstand due to transient IOP fluctuations, was calculated as a
percentage of the total IOP energy. Results demonstrate the
truly dynamic nature of IOP in normal eyes. IOP is typically
measured with snapshot devices that capture mean values, and
so the transient IOP fluctuations characterized herein have
been largely disregarded by the clinical community and have
only recently been acknowledged as important by the research
community. Hence, the most important and striking result of
this work is the finding that an average of 12% of the total IOP
energy the eye must absorb and withstand over time during
waking hours is due to transient IOP fluctuations, driven by
2000 to 5000 fluctuations per hour greater than 5 mm Hg
above baseline (Figs. 2, 4-6).

To our knowledge, there have been two studies involving
direct continuous pressure measurement in the eye of a
healthy living human®** and only one assessed the effects of
blinks and saccadic eye movement on IOP® The latter study
was performed in a single subject over a short time period and
reported 5- to 10-mm Hg transient IOP increases due to blink
and saccade but did not assess how IOP or transient IOP
fluctuations change over time or quantify the impact of

TaBLE. Sources of Variance in IOP Transient Impulse and the Number
of Transient IOP Fluctuations >0.6 mm Hg in Magnitude, Separated
Into Waking (6AM-6PM) and Sleeping Hour Periods (6PM-6AM).

% of Total Variability

Source of Variability Waking Hours Sleeping Hours

IOP transient impulse

NHP 13 18
Eye within NHP 6 0.7
Day within eye within NHP 50 48
Hour within eye within NHP 32 34
Number of transient IOP fluctuations
NHP 44 45
Eye within NHP 2 0.4
Day within eye within NHP 15 22
Hour within eye within NHP 39 32

transient IOP fluctuations in relation to overall IOP. Other
studies examining continuous IOP in humans have measured
OPA, the fluctuation in IOP associated with the cardiac cycle,
by using dynamic contour tonometry® or recorded the
frequency (but not magnitude) of transient IOP fluctuations
with a CLS.”?° The Pascal dynamic contour tonometer (Ziemer
Ophthalmic Systems AG, Port, Switzerland)®® can provide
accurate measurement of IOP and OPA for the short period of a
few seconds that a patient can tolerate corneal contact without
blinking but cannot assess the large transient IOP fluctuations
from sources such as blink and saccade identified in this study.
The Sensimed Triggerfish CLS (Sensimed AG) measures corneal
stretch at the corneoscleral junction as a surrogate measure of
IOP and can quantify the frequency of transient IOP
fluctuations from all sources, but the data are equivocal that
the CLS can assess nycthemeral IOP rhythm, and utility is
limited because the system output (millivolt equivalent units)
cannot be calibrated to true IOP (mm Hg) in patients. Although
the Triggerfish cannot measure true IOP per se, the number of
large corneolimbal strain peaks measured with the contact lens
during a single 24-hour session has been associated with faster
visual field deterioration in glaucoma patients,'® suggesting
that large transient IOP fluctuations and/or cyclic mechanical
stretch levels may play a role in glaucoma progression.

IOP plays a dominant role in the biomechanics of the eye.
As with any solid, load-bearing structure, mechanical strain in
the ocular tissues will fluctuate with momentary fluctuations
in stress (IOP). Hence, transient IOP fluctuations will drive
mechanical strain fluctuations, with strain magnitudes depen-
dent on both the transient IOP fluctuation magnitude and
stiffness of the corneoscleral shell. Although previous clinical
studies on IOP “fluctuation” have analyzed changes in
snapshot mean IOP measurements taken from hours®”*® to
months apart,?®>° the notion that short-duration transient IOP
fluctuations could play a crucial role in ocular physiology and
underlie pathophysiologic change in diseases such as glaucoma
has only recently been seriously considered.'’3173°

Mean IOP, as measured clinically with snapshot devices, is a
major risk factor in glaucoma, although there is a wide range of
eye-specific susceptibility to mean 10P!3037 Interestingly,
there is also a wide range of transient IOP fluctuation
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magnitude at normal IOPs (Fig. 5), presumably driven by
differences in ocular coat stiffness, blink forces, and ocular
muscle forces. The distribution of the magnitude of transient
IOP fluctuations is eye-specific, with large differences between
animals and less difference between eyes within animals. Some
NHPs exhibit a greater number of transient IOP fluctuations of
lower magnitude (e.g., NHP 9028), which may indicate a more
compliant corneoscleral shell that can viscoelastically deform
to absorb IOP-related energy; other NHPs exhibit a greater
number of transient IOP fluctuations of higher magnitude (e.g.,
NHP 0804025), which could suggest a more rigid corneoscleral
envelope (Fig. 5). This is consistent with prior in vivo studies
in NHPs and in vitro studies of porcine eyes showing that
transient IOP fluctuation magnitudes are larger in eyes with
stiffer corneoscleral shells.'>?*3% These results show there is a
wide range of transient IOP fluctuation behavior in individual
eyes of normal NHPs of similar age.

Transient IOP Fluctuations and Cellular
Mechanotranduction

Cellular mechanotransduction refers to the conversion of
mechanical stimuli to chemical signals at the cellular level.
Transient IOP fluctuations are mechanical stimuli to which
ocular tissues must constantly react and withstand. On
average, the normal NHP eye is subjected to ~10,000 transient
IOP fluctuations >0.6 mm Hg, of which 2000 to 5000 are >5
mm Hg, every hour during waking hours (Fig. 4). Results show
that transient IOP fluctuations up to 14 mm Hg above
momentary baseline IOP occur frequently, and the principle
sources of these transient IOP fluctuations are OPA, blinks, and
saccadic eye movements.

The eye is a compliant pressure vessel, so transient IOP
fluctuations drive transient mechanical strain, which has
significant effects on ocular cell activity.>® Xin et al.'! showed
that OPA causes cyclic optic nerve head deformation by using
phase-sensitive optical coherence tomography measurements
in vivo, indicating that even small transient IOP fluctuations
elicit cyclic mechanical strain. Many studies have examined
cyclical mechanical strain and cited the various cellular
changes that accompany mechanical stimulation, and almost
all of these studies examine tissue response to stretch with
multiple cycles of uniform applied strain at consistent time
intervals, that is monotonous cyclic stretch.>>3>404! There is a
significant difference between identical, repetitive stretch
cycles that have been used in most in vitro studies of
mechanotransduction in ocular cells and the more variable
cyclic strains induced by transient IOP fluctuations in vivo (Fig.
1). Studies have shown that cyclic stretch on various cell types
can have different effects depending on whether the applied
cyclic stretch was monotonous (identical amplitude and
frequency) or variable (varying amplitude and frequency).l("42
The data presented herein show that variable transient IOP
fluctuations occur up to 10,000 times per hour, which should
induce concomitant variable strain fluctuations in all ocular
tissues. Hence, it is of the utmost importance to fully
characterize transient IOP fluctuations and their effects in
living eyes, particularly those with differing biomechanic
properties due to age or racial heritage43'46 and/or disease-
induced changes in ocular coat stiffness, such as those known
to occur with glaucoma®”*® and myopial.49 Similarly, in vitro
experiments of mechanotransduction should incorporate
variable cyclic stretch to best simulate the in vivo environment.

Clinical Implications

The presented results show that there is a wide range of
transient IOP fluctuation magnitudes, frequencies, and impulse

IOVS | June 2019 | Vol. 60 | No. 7 | 2579

in normal NHP eyes from animals of similar ages. Also, the
posterior sclera has been shown to stiffen with advancing age
in eye donors of European descent and stiffens to a greater
extent with age in donors of African descent. %> Consistent
with prior studies’* and biomechanic engineering principles,
transient IOP fluctuations should be larger in the elderly and
even larger still in elderly persons of African heritage. Given
that these two populations are at greater risk for glaucoma'>°
and there is a wide range of eye-specific transient IOP
fluctuation magnitudes as shown herein, it is possible that
eye-specific variation in transient IOP fluctuations indepen-
dently confers risk for glaucoma in addition to mean IOP.
However, research studies in NHPs equipped with telemetry
and clinical studies in patients will be required to determine if
transient IOP fluctuations contribute to glaucoma pathophys-
iology.

If transient IOP fluctuations are shown to contribute to
glaucoma pathogenesis and progression, new therapeutic
approaches to lower the magnitude of transient IOP fluctua-
tions could be developed. Possible avenues for attenuating
transient IOP fluctuation magnitude include using pharmaco-
logic agents to increase corneoscleral shell compliance or
implanting a compliant object in the eye, such as gas-filled
balloon®! or viscoelastic solid mass. In addition to possible
treatment modalities, the clinical quantification of transient
IOP fluctuation magnitude may have utility as a biomarker of
eye-specific ocular coat stiffness, which could lead to better
understanding of eye-specific susceptibility to ocular condi-
tions, such as myopia and glaucoma, and help guide clinical
treatment approaches in the future. Future studies will be
required to determine the extent to which transient IOP
fluctuations contribute to ocular diseases, which will drive
development of these approaches.

Limitations

This study has several limitations. First, the study was
performed in NHPs, which may not translate directly to human
subjects due to differences in body and eye size and other
physiologic factors. However, NHPs are considered the most
translatable animal model for ocular physiology and glaucoma.
Second, although extensive data are presented for most
animals, some animals have as few as 16 days of data (NHP
21356), resulting in more variability in those animals moni-
tored for shorter periods. That said, continuous IOP telemetry
provides an unprecedented volume of data even over the
period of a few days, and so our principle results and
conclusions are unlikely to be significantly different even if
more data were available. Third, our sample size was small;
three NHPs were equipped with unilateral IOP transducers and
three others with bilateral IOP transducers. This limited our
ability to quantify intra- and intersubject variability, although
this was not a primary goal of the study.

Fourth, IOP was measured through a tube into the anterior
chamber of the eye connected to a pressure transducer
mounted in the superotemporal orbital wall (Fig. 1), rather
than with a pressure transducer residing inside the eye itself.
One potential concern with this approach is that the aqueous
in the transducer reservoir or tube may be subjected to fluid
inertia and/or tube flexion as the eye and tube move, creating
false pressure readings. To address this concern, we analyzed
transient IOP fluctuation data from left and right saccades in
fellow eyes. If there were inertial or tube-bending effects, we
would expect that when the eye rotates toward the sensor
(i.e., right saccade for right eye) and the tube is in flexion, the
transient IOP fluctuation magnitude would differ from the left
eye during that same right saccade, when the eye is rotating
away from the sensor and the tube is in extension. Results
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show that for each pair of fellow eyes, transient IOP fluctuation
magnitudes were similar in both eyes for both left and right
saccades. In addition, transient IOP fluctuation magnitudes
associated with vertical saccades in which the tubes in fellow
eyes bend similarly were similar to those from horizontal
saccades in which the aqueous transduction tubes are in
flexion and extension, respectively. Although there are small
torsional and convergent/divergent movements associated
with all saccades, the lack of significant differences between
fellow eyes in the three primary saccade directions reported in
Figure 3 indicate that tube extension/flexion and fluid inertial
effects are minimal.

We also considered the possibility that the tube may be
compressed during blinking. The tube is high-stiffness
silicone, with an inside lumen diameter of 250 pm and a wall
thickness of 125 pm and, hence, is extremely resistant to
compression and kinking due to its high wall-thickness-to-
lumen-diameter ratio. Also, the tubing is buried in the
extraocular tissues and does not protrude, so blink force is
likely exerted equally around the circumference of the tubing
and along its length. Hence, although we did not test the
compression resistance of the aqueous transduction tubing, it
seems unlikely that the forces associated with blink would be
sufficient to significantly alter lumen diameter. Even if lumen
diameter is slightly altered with blink, the tube is open to the
eye and the concomitant change in intraocular volume would
be negligible and so the resulting transient IOP fluctuation
small. For example, near complete compression of a 3 mm
length of tube would change intraocular volume by 0.15 pL,
which is negligible relative to the total volume of the monkey
eye (~60% of the volume of a human eye). It is important to
note that the reference volume considered in this theoretical
analysis should be the total volume of the transducer
reservoir, the aqueous transduction tube, and the eye
combined and not the transducer reservoir alone. The
primary reason for this is that the tube cannot be entirely
occluded even with tremendous force due to the tubing wall
thickness, as there will still be an area along the edges of the
full length of the collapse zone that remains patent because
the lumen will assume the shape of a figure eight, with full
apposition in the center only. Hence, there will be pressure
communication between the rigid transducer reservoir and
the eye even with severe tube compression, and therefore,
the eye/tube/transducer reservoir will act as a single elastic
volume system. Also, if tube compression was causing a
positive transient pressure artifact, one would expect a
similar negative transient pressure artifact to follow immedi-
ately afterward due to the negative pressure associated with
the lumen reopening and refilling with fluid pulled from the
adjacent tubing. We did not observe a negative pressure
bounce-back immediately after blink, again suggesting that
tube compression artifact is minimal if present. Finally, the
transient IOP fluctuation magnitudes associated with blinks
and saccades reported herein are consistent with transient
IOP increases of 5 to 10 mm Hg with blink and saccade
obtained by Coleman and Trokel® using direct anterior
chamber cannulation measurements in a single human
patient.

Finally, the possibility of fluid leaking from the eye around
tube insertion site has been examined. If there were any leaks
in the system, we would expect either mean IOP or the daily
number of transient IOP fluctuations >5 mm Hg to decrease
or change over time. We did not observe this trend in any eye
(data not shown). If leaks did occur, autoregulation of
aqueous outflow must have compensated for the increase in
outflow to keep mean IOP and transient IOP fluctuation
magnitude stable.
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CONCLUSIONS

IOP is much more dynamic than has previously been
appreciated. Over time, the eye must absorb the energy
associated with transient IOP fluctuations, which will affect
ocular physiology through multiple pathways and could play a
role in the onset or progression of ocular diseases, such as
keratoconus, myopia, and glaucoma, in which IOP-related
deformation and strain are important. Every waking hour, the
eye must absorb ~10,000 transient IOP fluctuations larger than
0.6 mm Hg above momentary baseline, and ~5000 transient
IOP fluctuations greater than 5 mm Hg above baseline. This is
the first study to show that transient IOP fluctuations comprise
a large and significant portion of the total IOP loading in the
eye, and these data should be considered in future studies that
use cyclic strain in cells or tissues, models of ocular
biomechanical behavior, or clinical data where transient IOP
fluctuations may be important.
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