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Purpose: The purpose of this studywas to assess ocular coatmechanical behavior using
controlled ocular microvolumetric injections (MVI) of 15 μL of balanced salt solution
(BSS) infused over 1 second into the anterior chamber (AC) via a syringe pump.

Methods: Intraocular pressure (IOP) was continuously recorded at 200 Hz with a
validated implantable IOP telemetry system in 7 eyes of 7 male rhesus macaques
(nonhuman primates [NHPs]) during 5 MVIs in a series at native (3 trials), 15 and 20
mm Hg baseline IOPs, repeated in 2 to 5 sessions at least 2 weeks apart. Ocular rigid-
ity coefficients (K) and ocular pulse volume (PV) were calculated for each trial. Data were
averaged across sessionswithin eyes; PVwas analyzedwith a three-level nested ANOVA,
and parameter relationships were analyzed with Pearson Correlation and linear regres-
sion.

Results: After MVI at native baseline IOP of 10.4 ± 1.6 mm Hg, IOP increased by 9.1 ±
2.8 mm Hg (�IOP) at a 9.6 ± 2.7 mm Hg/s slope, ocular pulse amplitude (OPA) was 0.70
± 0.13 mm Hg on average; the average K was 0.042 ± 0.010 μL−1 and average PV was
1.16± 0.43 μL. PV varied significantly between trials, days, and eyes (P≤ 0.05). OPA was
significantly correlated with K at native IOP: Pearson coefficients ranged from 0.71 to
0.83 (P ≤ 0.05) and R2 ranged from 0.50 to 0.69 (P ≤ 0.05) during the first trial.

Conclusions: TheMVI-driven�IOP and slope canbeused to assess ocular coatmechan-
ical behavior and measure ocular rigidity.

Translational Relevance: Importantly, OPA at native IOP is correlated with ocular rigid-
ity despite the significant variability in PV between heartbeats.

Introduction

Vision loss in glaucoma is driven by retinal ganglion
cell (RGC) damage, primarily occurring as the axons
exit the eye at the optic nerve head (ONH).1–5 Intraoc-
ular pressure (IOP) has been shown to be a princi-
ple risk factor for glaucoma in clinical studies,6–11
although other contributing factors, such as ocular
perfusion pressure or blood flow,10–14 immune reactiv-
ity,15–17 and cerebrospinal fluid pressure, have been
implicated.18–21 Lowering IOP is the only proven clini-
cal treatment for slowing the onset and progression

of glaucoma in studies of mean IOPs measured using
snapshot devices, such as tonometers.22–24 However,
IOP has been shown to be very dynamic over both
short and long timescales,25–28 although the contribu-
tion of transient IOP fluctuations to the disease and
how current glaucoma treatments affect IOP fluctua-
tions remain unknown. A recent study identified the
primary sources of transient IOP fluctuations as blink,
saccade, and ocular pulse amplitude (OPA), and deter-
mined that transient IOP fluctuations comprise an
average of 12% of the total IOP-related mechani-
cal energy that the eye must absorb during waking
hours.28
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The magnitude of transient IOP fluctuations are
related to ocular coat stiffness, with larger transient
IOP fluctuations occurring with even small increases
in corneal stiffness,29,30 peripapillary scleral stiffness,31
and baseline IOP.32 The primary relation used to
quantify ocular coat stiffness was developed by Jonas
Friedenwald and expressed through the Friedenwald
equation, which defines ocular coat stiffness as the
coefficient of ocular rigidity, K, which relates the
change in IOP (�IOP) with ocular volume change
�V, where IOP = IOP0eK�V, showing that ocular
rigidity increases linearly with IOP but nonlinearly
with changes in volume and ocular coat stretch.33 In
addition, OPA is larger at higher IOPs,32,34 presumably
due to the tight autoregulation of ocular blood flow,
as long as IOP is within a physiologic range.35–38 Prior
studies have shown that there is significant variability in
ocular pulse volume (PV), the volume of blood injected
into the eye with every heartbeat.34,39

Anterior chamber (AC) manometry is the primary
invasive method used to measure ocular rigidity intra-
operatively.34,40 Using this method, Dastiridou and
coworkers found that OPA and ocular rigidity were
correlated in human patients at controlled IOPs of
15, 20, 25, 30, 35, 40, and 45 mm Hg, suggesting
that increased larger transient IOP fluctuations, such
as OPA, are associated with greater ocular rigid-
ity.34 Importantly, however, this study did not test
eyes at native IOP, which is the standard condition
under which clinical examinations are administered,
so this result cannot necessarily be generalized across
eyes that present at a range of native IOPs. Several
studies have shown promise in calculating ocular
rigidity using noninvasive methods in human eyes
based primarily on estimating ocular volume change
using imaging.41 Beaton and colleagues used optical
coherence tomography (OCT) in continuous 2D B-
scan mode to estimate choroidal volume change with
the cardiac cycle.39 Sayah and coworkers improved
on this approach, which was used along with OPA
as a noninvasive method to estimate ocular rigid-
ity in patients, and they reported reasonably good
agreement (R2 = 0.74) with gold standard invasive
ocular rigidity measurements.41 Beaton, Ma, and
coworkers also used these techniques to investigate
their association with transient IOP fluctuations, and
reported significant correlations between noninva-
sive estimated ocular rigidity and OPA, although the
relationship was not particularly strong, with R2 values
of 0.09 and 0.26, respectively.39,41,42 Although many
studies have found relevant relationships between IOP
fluctuations and various aspects of the ocular coat
biomechanical response using invasive methods,29,31,43
noninvasive clinical measurement of ocular rigid-

ity without significant estimation error remains
elusive.

We have developed and validated a wireless teleme-
try system to continuously measure IOP at 200 Hz
with indwelling sensors in Rhesus macaques,26–28,44
in which experimental glaucoma can be induced that
is similar to human disease.45,46 The purpose of this
study was to assess ocular coat biomechanical behav-
ior using controlled microvolumetric injections (MVIs)
of sterile balanced saline solution into the living eye at
native IOP, in order to relate those invasive measures to
variables that can be measured noninvasively at native
IOP, as well as compare ocular rigidity coefficients in
nonhuman primates (NHPs) to that from patients at
controlled IOPs.

Methods

Animals

All experiments were conducted in accordance with
the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, using procedures
approved by the Institutional Animal Care and Use
Committee of the University of Alabama at Birming-
ham. This study is a part of a larger study analyzing
potential relationships between transient IOP fluctua-
tions and glaucomatous onset and progression. Seven
normal eyes from seven young adult male Rhesus
macaques (aged 5.5–7.5 years old) were used in this
study (Table 1). Axial length was calculated using
an automated ocular ultrasound probe (Sonomed
PacScan 300AP; SonomedEscalon, Inc., Lake Success,
NY).

IOP Telemetry and Transducer Calibration

IOP was continuously recorded wirelessly 200 times
per second during each MVI session using a validated
implantable telemetry system (Stellar series custom
implant, TSE-Systems, Chesterfield, MO) in which
the piezoelectric pressure transducer is implanted
directly in AC (Figs. 1, 2). Implants were allowed
to heal in at least 6 weeks prior to MVI. Immedi-
ately after each multi-trial MVI testing session, IOP
transducers were calibrated from 5 to 30 mm Hg in
5 mm Hg steps against an in-line digital pressure
gauge (Model XP2i, Crystal Engineering, San Luis
Obispo, CA) using AC manometry to ensure accurate
readings. The system compensates for changes in
atmospheric pressure in real time, and all data were
acquired with the NOTOCORD-hem data acquisi-
tion system (NOTOCORD Systems, Le Pecq, France)
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Table 1. Animal Demographics

NHP Eye Age (yr) Sex No. of Sessions Axial Length (mm)

13.171 OD 5.5 Male 3 19.56
13.86 OD 5.5 Male 3 19.19
150069 OD 6 Male 2 21.64
150110 OD 6 Male 5 19.82
150152 OD 7.5 Male 4 19.41
150152 OS 7.5 Male 4 19.55
150171 OD 7 Male 4 19.86
150171 OS 7 Male 4 19.89
150172 OS 7 Male 3 20.58

Figure 1. (A) TSE Stellar BP/IOP total implant system. (B) Top view of the IOP transducer and integrated scleral baseplate. (C) Side view
of the IOP transducer and integrated scleral baseplate. (D) En face photograph of the piezoelectric IOP transducer in the anterior chamber.
(E) Slit lamp photograph of the intraocular placement of the piezoelectric IOP transducer in the anterior chamber relative to the cornea and
iris. Adapted from Jasien et al.,47 with permission.

and analyzed after calibration offset corrections were
applied with software postprocessing.

Microvolumetric Injections

For each MVI session, the NHP was anesthetized
with an intramuscular injection of ketamine (3 mg/kg)
and dexmedetomidine (0.05 mg/kg). The AC was
cannulated with a 27-gauge needle inserted through
the cornea at the limbus, which was connected to a
manometer bottle of balanced salt solution (BSS) via a
sterile infusion set fitted with an in-line digital pressure
gauge level with the needle insertion into the eye. A
constant-rate infusion of 15 μL of sterile BSS over 1
second was introduced into each eye through a 3-way
valve connecting the AC cannula to a programmable
precision syringe pump (Model PhD,HarvardAppara-

tus, Holliston,MA) fitted with 1 mLHamilton Syringe
(Hamilton Company, Reno, NV), as has been used in
previous studies.29,31 This approach yields a 10 to 15
mm Hg elevation in IOP depending on the eye, with
limited viscoelastic effects due to the short time scales,48
and was chosen based on prior MVI studies in enucle-
ated eyes.29–31 IOP was recorded continuously for 5
MVIs in each session in the following order: 3 MVIs
at native IOP, one MVI at 15 mm Hg, and one MVI
at 20 mm Hg. Note that native IOP is not signifi-
cantly affected by anesthesia in NHPs, so this repre-
sents the natural resting IOP of an awake animal.49
The manometer bottle was shut off entirely using the
stopcock for the 3 MVIs at native IOP, raised to the 15
mm Hg reading on the in-line pressure gauge immedi-
ately prior to the fourth MVI, and raised to the 20 mm
Hg reading on the in-line pressure gauge immediately
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Figure 2. Screenshot of 15 seconds of pressure data (inmmHg) in an awake, behavingNHP instrumentedwith the telemetry system shown
in Figure 1. The magnitude and frequency of transient IOP fluctuations associated with blink and saccade are remarkably similar in fellow
eyes. Note that OPA is generally obscured by the large transient IOP fluctuations when the NHPs are awake and behaving, although they are
visible at time = 10 to 11.5 seconds in this tracing.

Figure 3. Screen capture of 13 minutes of IOP data measured during a typical session, with MVIs of 15 μL administered at 5 baseline IOPs:
native 1, native 2, native 3, 15 mm Hg, and 20 mm Hg.

prior to the fifthMVI. After IOP was stabilized at both
the 15 and 20 mm Hg baseline IOPs, the manometer
stopcock was closed immediately prior to MVI initia-
tion to ensure that all BSS flowed into the eye and not
into the manometer bottle upon injection. After each
MVI, IOP was allowed to recover to within 0.5 mmHg
of the baseline IOP prior to the injection. The full set of
5MVIs were repeated in 2 to 5 sessions at least 2 weeks

apart; the number of MVI sessions for each eye are
shown in Table 1. IOP during a typical MVI is shown
in Figure 3. Notably, the time of IOP recovery is much
shorter with higher baseline IOPs, primarily due to
greater outflow as described in Goldmann’s equation50
as well as choroidal compression with higher IOP due
to increased IOP-driven venous outflow. Additionally,
viscoelastic properties also can play a role in ocular
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Figure 4. IOP telemetry data from a typical MVI of 15 μL at 15 mm
Hg baseline IOP, showing the methodology used to calculate the
change in IOP (�IOP) and IOP slope. Themagnitude of baseline OPA
(shaded red area) before the MVI was calculated as the peak minus
the trough.

coat biomechanical response,51 but are likely masked
by the dominant role of aqueous outflow increase
after MVI.

Quantification of Parameters

For each MVI, the change in IOP (�IOP) was
calculated as the peak of the IOP increase from the
MVI minus the lowest trough, with 1 mm Hg elimi-
nated at both the top and bottom of the upslope data
to correct for IOP fluctuations resulting from OPA
(Fig. 4). It is very difficult to discern the location
of the start and end points of the MVI within
the OPA cycle, so this scheme was implemented to
reduce the confounding effects of the OPA cycle in
the �IOP measurement. IOP slope was calculated as
�IOP divided by the time over which IOP was rising
(see Fig. 4).

Baseline OPA was calculated as the average of the
five OPA cycles before the MVI (see Fig. 4). Ocular
rigidity coefficients (K) were calculated according to
Friedenwald’s equation: IOP = IOP0+�IOP = IOP0
eK�V, and so K = 1

�V ln( IOP0+�IOP
IOP0

), with IOP0 repre-
senting the average baseline IOP in the 15 seconds

prior toMVI, and�IOP calculated to exclude OPA, as
shown in Figure 4. The IOP transducer is very accurate,
with a ± 0.1 mm Hg random error. We averaged OPA
across five heartbeats prior toMVI to calculate baseline
OPA in each session and averaged OPA data across
MVI sessions within animals, which should have the
effect of eliminating much of the random transducer
measurement error.

Calculation of PV

The IOP slope represents the change in IOP (�IOP
in mm Hg) over time (seconds) due to our injection
volume (15 μL/s) for a given eye at a given baseline
IOP, resulting in a direct experimental pressure-volume
relationship for each session in each eye. The IOP slope
is linear (see Figs. 3, 4) and so this relation can be
used even though the change in IOP from OPA is
much smaller than that from MVI. Hence, we calcu-
lated PV directly from the IOP slope, assuming that PV
(μL change in volume) is directly proportional to OPA
(mm Hg change in pressure) according to the follow-
ing equation: PV = 15 ∗ OPA

IOP Slope , where 15 represents the
experimental injection volume in μL per second.

Statistical Analysis

To avoid the possibility that differences in intra-
and intersubject variability could bias our results, all
parameters were averaged for each baseline IOP across
all MVI sessions for each eye, resulting in one set of
5 parameters for the native 1, native 2, native 3, 15
mm Hg, and 20 mm Hg baseline IOPs for each eye.
Pearson correlation coefficients were used to assess
relationships between baseline OPA and �IOP, IOP
slope, and ocular rigidity coefficients at different native
baseline IOPs, with significance defined as P ≤ 0.05.
In addition, the R2 values from linear regressions were
used to assess the strength of relationships between
parameters. Linear regression coefficients were used to
further quantify the relationship between the baseline
OPA and the ocular rigidity coefficients. A three-level
nested ANOVA was used to assess the source of PV
variation among eyes, among days within eyes, among
trials within days within eyes, and within trials within
days within eyes.

Results

Mean values and standard deviations of baseline
IOP (mm Hg), �IOP (mm Hg), IOP slope (mm Hg/s),
PV (mm Hg), baseline OPA (mm Hg), and ocular
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rigidity coefficient (μL−1) are shown for all NHPs
in Table 2 for MVIs taken at each native baseline IOPs
trial and in Table 3 for MVIs taken at an averaged
native, 15 mm Hg, and 20 mm Hg baseline IOP
trials. Mean parameter values and standard devia-
tions averaged across all NHPs are shown in Table
4 for each native trial and averaged native, 15 mm
Hg, and 20 mm Hg baseline IOP trials are shown in
Table 5.

After MVI at native, baseline IOP of 10.4 ± 1.6 mm
Hg, IOP increased by 9.1 ± 2.8 mm Hg (�IOP) at a
9.6 ± 2.7 mmHg/s slope, OPA was 0.70 ± 0.13 mmHg
on average; the average ocular rigidity coefficient was
0.042 ± 0.010 μL−1 and average PV was 1.16 ± 0.43
μL. At 15 mm Hg baseline IOP, the IOP increased by
12.9 ± 3.7 mm Hg (�IOP) at a 12.9 ± 2.6 mm Hg/s
slope, OPA was 0.77 ± 0.12 mm Hg on average; the

average ocular rigidity coefficient was 0.041 ± 0.008.
At 20 mm Hg baseline IOP, the IOP increased by
15.0 ± 2.6 mm Hg (�IOP) at a 15.6 ± 2.8 mm Hg/s
slope, OPA was 0.86 ± 0.14 mm Hg on average; the
average ocular rigidity coefficient was 0.037 ± 0.005.
In general, as the baseline IOP increased, �IOP, IOP
slope, and baseline OPA increased. The ocular rigidity
coefficients exhibited a less consistent relationship with
higher baseline IOPs. The average native IOP values
were 10.0± 1.9mmHg at native 1, 10.5± 1.4mmHg at
native 2, and 10.8± 1.3 mmHg at native 3, as shown in
Table 4.

The Pearson correlation coefficients for relation-
ships between all parameters are shown in Table
6. Baseline OPA and �IOP, IOP slope, and ocular
rigidity coefficients were also positively correlated
and significant across most baseline IOPs. Linear

Table 2. Mean Baseline IOP (mm Hg), �IOP (mm Hg), IOP Slope (mm Hg/s), PV (μL), Baseline OPA (mm Hg), and
Ocular Rigidity Coefficient (μL−1) Values With Standard Deviations for Each NHP at Native Baseline IOPs

13.171 - OD 13.86 - OD

NHP - Eye Parameter/trial Native 1 Native 2 Native 3 Average Native 1 Native 2 Native 3 Average

Baseline IOP (mmHg) 10.0 ± 0.8 10.6 ± 0.8 11.1 ± 0.8 10.6 ± 0.8 11.6 ± 1.0 11.7 ± 0.8 11.7 ± 0.7 11.7 ± 0.7
�IOP (mmHg) 9.8 ± 1.0 10.6 ± 0.9 11.1 ± 1.4 10.5 ± 1.1 5.0 ± 1.7 5.6 ± 1.5 5.6 ± 1.0 5.4 ± 1.3
IOP slope (mmHg/s) 10.5 ± 0.9 10.9 ± 1.0 11.7 ± 1.3 11.0 ± 1.1 5.5 ± 1.5 5.6 ± 1.5 6.0 ± 1.2 5.7 ± 1.2
PV (μL) 1.01 ± 0.25 0.88 ± 0.27 1.02 ± 0.21 0.97 ± 0.25 1.81 ± 0.78 1.73 ± 0.57 1.53 ± 0.53 1.69 ± 0.63
Baseline OPA (mmHg) 0.71 ± 0.05 0.64 ± 0.11 0.79 ± 0.07 0.71 ± 0.10 0.61 ± 0.10 0.61 ± 0.04 0.59 ± 0.08 0.60 ± 0.07
Ocular rigidity
coefficient (μL−1)

0.045 ± 0.002 0.046 ± 0.001 0.046 ± 0.002 0.046 ± 0.002 0.024 ± 0.005 0.026 ± 0.005 0.026 ± 0.003 0.025 ± 0.004

150069 - OD 150110 - OD

NHP - Eye Parameter/trial Native 1 Native 2 Native 3 Average Native 1 Native 2 Native 3 Average

Baseline IOP (mmHg) 10.9 ± 0.1 11.1 ± 0.1 10.9 ± 0.8 11.0 ± 0.4 10.5 ± 1.9 10.8 ± 1.7 10.9 ± 1.5 10.8 ± 1.6
�IOP (mmHg) 7.1 ± 0.5 7.8 ± 0.5 8.3 ± 0.6 7.7 ± 0.7 10.1 ± 3.9 12.9 ± 1.4 13.3 ± 1.7 12.1 ± 2.8
IOP slope (mmHg/s) 7.7 ± 0.0 8.3 ± 0.2 8.5 ± 0.0 8.2 ± 0.4 11.4 ± 2.5 13.1 ± 1.8 13.4 ± 1.5 12.6 ± 2.0
PV (μL) 1.17 ± 0.21 0.95 ± 0.27 1.00 ± 0.21 1.04 ± 0.24 1.01 ± 0.26 0.87 ± 0.23 0.89 ± 0.22 0.92 ± 0.24
Baseline OPA (mmHg) 0.60 ± 0.02 0.52 ± 0.13 0.57 ± 0.13 0.56 ± 0.09 0.74 ± 0.08 0.75 ± 0.12 0.79 ± 0.10 0.76 ± 0.09
Ocular rigidity
coefficient (μL−1)

0.034 ± 0.002 0.036 ± 0.002 0.038 ± 0.004 0.036 ± 0.003 0.044 ± 0.011 0.053 ± 0.005 0.053 ± 0.006 0.050 ± 0.009

150152 - OD 150171 - OD

NHP - Eye Parameter/trial Native 1 Native 2 Native 3 Average Native 1 Native 2 Native 3 Average

Baseline IOP (mmHg) 9.1 ± 0.8 9.8 ± 0.9 10.2 ± 1.1 9.7 ± 1.0 10.0 ± 2.8 10.3 ± 2.6 10.6 ± 2.4 10.3 ± 2.4
�IOP (mmHg) 8.2 ± 1.7 9.9 ± 0.9 11.1 ± 1.1 9.7 ± 1.7 8.4 ± 1.6 9.4 ± 1.3 9.5 ± 1.0 9.1 ± 1.3
IOP slope (mmHg/s) 9.0 ± 1.3 10.6 ± 1.7 11.7 ± 1.4 10.4 ± 1.7 9.0 ± 1.9 9.6 ± 1.3 10.0 ± 0.9 9.5 ± 1.4
PV (μL) 1.19 ± 0.32 1.12 ± 0.38 1.02 ± 0.22 1.11 ± 0.32 1.31 ± 0.42 1.17 ± 0.25 1.07 ± 0.22 1.18 ± 0.32
Baseline OPA (mmHg) 0.72 ± 0.23 0.81 ± 0.27 0.79 ± 0.12 0.77 ± 0.20 0.75 ± 0.04 0.73 ± 0.05 0.71 ± 0.05 0.73 ± 0.04
Ocular rigidity
coefficient (μL−1)

0.043 ± 0.005 0.047 ± 0.004 0.049 ± 0.003 0.046 ± 0.005 0.041 ± 0.004 0.044 ± 0.005 0.043 ± 0.004 0.043 ± 0.004

150172 - OS

NHP - Eye Parameter/trial Native 1 Native 2 Native 3 Average

Baseline IOP (mmHg) 8.0 ± 2.6 9.7 ± 0.5 10 ± 0.5 9.3 ± 1.6
�IOP (mmHg) 6.1 ± 1.9 6.4 ± 0.8 6.8 ± 0.9 6.4 ± 1.2
IOP slope (mmHg/s) 6.4 ± 1.8 6.7 ± 0.5 7.3 ± 0.8 6.8 ± 1.1
PV (μL) 1.45 ± 0.43 1.39 ± 0.39 1.16 ± 0.30 1.33 ± 0.39
Baseline OPA (mmHg) 0.61 ± 0.14 0.62 ± 0.10 0.56 ± 0.11 0.60 ± 0.10
Ocular rigidity
coefficient (μL−1)

0.041 ± 0.021 0.034 ± 0.004 0.034 ± 0.004 0.036 ± 0.011
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Table 3. Mean Baseline IOP (mm Hg), �IOP (mm Hg), IOP Slope (mm Hg/s), PV (μL), Baseline OPA (mm Hg), and
Ocular Rigidity Coefficient (μL−1) Values With Standard Deviations for Each NHP at Averaged Native, 15 mm Hg,
and 20 mm Hg Baseline IOPs

13.171 - OD 13.86 - OD

NHP - Eye Parameter/Baseline IOP Native 15 mm Hg 20 mmHg Native 15 mm Hg 20 mmHg

�IOP (mmHg) 10.5 ± 1.1 13.4 ± 0.4 16.1 ± 2.3 5.4 ± 1.3 8.2 ± 0.5 10.3 ± 0.2
IOP slope (mmHg/s) 11.0 ± 1.1 14.0 ± 0.7 16.7 ± 1.8 5.7 ± 1.2 8.7 ± 1.0 10.9 ± 0.4
�OPA (mmHg) 0.14 ± 0.14 0.34 ± 0.14 0.39 ± 0.12 0.05 ± 0.05 0.16 ± 0.06 0.15 ± 0.06
Baseline OPA (mmHg) 0.71 ± 0.10 0.71 ± 0.20 0.73 ± 0.05 0.60 ± 0.07 0.65 ± 0.04 0.71 ± 0.03
Ocular rigidity coefficient (μL−1) 0.046 ± 0.002 0.042 ± 0.001 0.039 ± 0.004 0.025 ± 0.004 0.029 ± 0.001 0.028 ± 0.001

150069 - OD 150110 - OD

NHP – Eye Parameter/Baseline IOP Native 15 mm Hg 20 mmHg Native 15 mm Hg 20 mmHg

�IOP (mmHg) 7.7 ± 0.7 10.4 ± 0.2 12.8 ± 0.1 12.1 ± 2.8 17.3 ± 5.3 17.3 ± 1.5
IOP slope (mmHg/s) 8.2 ± 0.4 10.8 ± 0.5 13.1 ± 1.3 12.6 ± 2.0 14.7 ± 2.5 18.0 ± 2.1
�OPA (mmHg) 0.17 ± 0.08 0.16 ± 0.01 0.17 ± 0.14 0.27 ± 0.17 0.31 ± 0.08 0.31 ± 0.11
Baseline OPA (mmHg) 0.56 ± 0.09 0.65 ± 0.02 0.72 ± 0.05 0.76 ± 0.09 0.86 ± 0.09 0.97 ± 0.15
Ocular rigidity coefficient (μL−1) 0.036 ± 0.003 0.035 ± 0.001 0.033 ± 0.000 0.050 ± 0.009 0.050 ± 0.010 0.041 ± 0.003

150152 - OD 150171 - OD

NHP – Eye Parameter/Baseline IOP Native 15 mm Hg 20 mmHg Native 15 mm Hg 20 mmHg

�IOP (mmHg) 9.7 ± 1.7 14.0 ± 1.1 16.5 ± 1.3 9.1 ± 1.3 12.7 ± 1.6 15.6 ± 2.0
IOP slope (mmHg/s) 10.4 ± 1.7 15.4 ± 1.2 17.8 ± 1.2 9.5 ± 1.4 12.8 ± 1.6 15.7 ± 1.2
�OPA (mmHg) 0.21 ± 0.13 0.26 ± 0.19 0.27 ± 0.08 0.14 ± 0.11 0.18 ± 0.16 0.14 ± 0.29
Baseline OPA (mmHg) 0.77 ± 0.20 0.83 ± 0.09 0.88 ± 0.10 0.73 ± 0.04 0.76 ± 0.07 0.92 ± 0.09
Ocular rigidity coefficient (μL−1) 0.046 ± 0.005 0.044 ± 0.002 0.040 ± 0.002 0.043 ± 0.004 0.041 ± 0.004 0.038 ± 0.004

150172 - OS

NHP – Eye Parameter/Baseline IOP Native 15 mm Hg 20 mmHg

�IOP (mmHg) 6.4 ± 1.2 10.3 ± 0.2 13.3 ± 0.1
IOP slope (mmHg/s) 6.8 ± 1.1 11.2 ± 0.5 13.5 ± 0.6
�OPA (mmHg) 0.20 ± 0.05 0.31 ± 0.05 0.22 ± 0.03
Baseline OPA (mmHg) 0.60 ± 0.10 0.76 ± 0.07 0.97 ± 0.11
Ocular rigidity coefficient (μL−1) 0.036 ± 0.011 0.035 ± 0.001 0.034 ± 0.000

Table 4. Mean Baseline IOP (mm Hg), �IOP (mm Hg), IOP Slope (mm Hg/s), PV (μL), Baseline OPA (mm Hg), and
Ocular Rigidity Coefficient (μl−1) Values With Standard Deviations Across all NHPs, for MVIs Performed at Native
Baseline IOPs

Average Parameter/Trial Native 1 Native 2 Native 3 Average

Baseline IOP (mmHg) 10.0 ± 1.9 10.5 ± 1.4 10.8 ± 1.3 10.4 ± 1.6
�IOP (mmHg) 8.1 ± 2.7 9.4 ± 2.7 9.8 ± 2.8 9.1 ± 2.8
IOP slope (mmHg/s) 8.8 ± 2.6 9.7 ± 2.8 10.2 ± 2.8 9.6 ± 2.7
PV (μL) 1.26 ± 0.48 1.14 ± 0.44 1.08 ± 0.33 1.16 ± 0.43
Baseline OPA (mmHg) 0.69 ± 0.12 0.69 ± 0.15 0.71 ± 0.13 0.70 ± 0.13
Ocular rigidity coefficient (μL−1) 0.040 ± 0.011 0.042 ± 0.010 0.043 ± 0.010 0.042 ± 0.010

regression R2 values for all parameter compar-
isons are shown in Table 6, and the regression
goodness of fit mirrors the results for the Pearson
correlations.

Graphical representations of the linear regression
relationships between baseline OPA and ocular rigid-

ity coefficients are found in Figure 5, and the associated
regression coefficients are shown in Table 7. Regression
coefficients were moderately large, showing that even
small increases in OPA predicted fairly large changes
in the ocular rigidity coefficient. The R2 values indicate
that 50% of the variability in the ocular rigidity coeffi-
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Table 5. Mean �IOP (mm Hg), IOP Slope (mm Hg/s), �OPA (mm Hg), and Baseline OPA (mm Hg) Values With
Standard Deviations Across all NHPs, for MVIs Performed at Averaged Native, 15 mm Hg, and 20 mm Hg Baseline
IOPs

Average Parameter/Baseline IOP Native 15 mm Hg 20 mmHg

�IOP (mmHg) 9.1 ± 2.8 12.9 ± 3.7 15.0 ± 2.6
IOP slope (mmHg/s) 9.6 ± 2.7 12.9 ± 2.6 15.6 ± 2.8
Baseline OPA (mmHg) 0.70 ± 0.13 0.77 ± 0.12 0.86 ± 0.14
Ocular rigidity coefficient (μL−1) 0.042 ± 0.010 0.041 ± 0.008 0.037 ± 0.005

Table6. PearsonCorrelationCoefficients andLinear RegressionR2 ValuesComparingParameters FromSuccessive
MVIs Taken at Native Baseline IOP (3 Trials) and Both 15 mm Hg and 20 mm Hg Baseline IOPs, With Significance
Defined as *P ≤ 0.05 and **P < 0.01

Native 1 Native 2 Native 3 15 mm Hg 20 mm HgTrial Parameter
Comparison/Statistic Pearson R2 Pearson R2 Pearson R2 Pearson R2 Pearson R2

Baseline OPA (mmHg)
versus�IOP (mmHg)

0.828** 0.686* 0.610 0.373 0.897** 0.805** 0.845** 0.714* 0.521 0.272

Baseline OPA (mmHg)
versus IOP slope
(mmHg/s)

0.822** 0.676* 0.622 0.387 0.918** 0.843** 0.810** 0.656* 0.477 0.228

Baseline OPA (mmHg)
versus ocular rigidity
coefficient (μL−1)

0.708* 0.501 0.695* 0.483 0.871* 0.759** 0.840** 0.705* 0.527 0.278

cients during the initial trial (native 1) can be explained
by differences inOPAmeasured at native IOP, as shown
in Table 6.

Figure 5. Scatter plots and linear regression lines showing the
relationships between baseline OPA (mm Hg) and the ocular rigid-
ity coefficients (μL−1) at native 1 (dark blue circles), native 2 (orange
circles), native 3 (red circles), 15mmHg (yellow circles), and 20mmHg
(green circles) baseline IOPs. The gray line is the average linear fit of
all native IOP data.

Table 7. Regression Coefficients, Intercept Values, and
PValues for BaselineOPAas aPredictor ofOcular Rigidity
Coefficient

Trial Slope Intercept P Value

Native 1 0.078 −0.014 0.075
Native 2 0.065 −0.003 0.083
Native 3 0.075 −0.010 0.011
15mmHg 0.072 −0.014 0.018
20mmHg 0.022 0.018 0.223

From Table 8, the PV was significantly different
between trials within days within eyes, between days
within eyes, and between eyes.

Discussion

Ocular coat mechanical behavior can be accurately
assessed using controlled MVIs as an ocular volume-
pressure test in the living eye. Strong, significant
correlations (high Pearson correlation coefficients and
P ≤ 0.05) were observed between baseline OPA and
�IOP, IOP slope, and ocular rigidity coefficients.
Strong positive correlations among these parameters
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Table 8. Three-Level Nested ANOVA Analyzing Source of Variation of PV (μL) Among Eyes, Among Days Within
Eyes, Among Trials Within Days Within Eyes, and Within Trials Within Days Within Eyes Among Native IOP Trials

Source of Variation/Statistic SS df MS F P Value

Among eyes 20.35 6 3.39 3.25 0.026
Among days within eyes 17.74 17 1.04 8.46 <0.001
Among trials within days within eyes 5.92 48 0.12 1.66 0.007
Within trials within days within eyes 21.41 288 0.07
Total 65.42 359

indicate tight coupling of the various aspects of the
ocular coat mechanical response. Most importantly,
OPA at native IOP, which can be measured noninva-
sively in the clinic, is correlated to ocular rigidity, a
useful parameter for which there is currently no widely
accepted noninvasive clinical measure.

Prior studies reported a significant positive relation-
ship between OPA and the ocular rigidity coefficient
in human patients at manometrically controlled IOPs,
although no results were reported at native resting
IOP.34 We verified these relationships in primates at
manometrically controlled baseline IOPs of 15 mm
Hg and 20 mm Hg using indwelling IOP teleme-
try transducers. In the present study, a significant
positive relationship betweenOPAand the ocular rigid-
ity coefficient also held at native baseline IOPs, as
well as at 15 mm Hg baseline IOP shown in prior
work, suggesting that OPA at resting IOP can be
used as a biomarker of ocular rigidity in individual
eyes, without estimation of the OPA-related change
in ocular volume. Prior studies reported a weak, yet
significant association with OPA and ocular rigid-
ity using noninvasive clinical estimations of ocular
rigidity,39,41,42 but we observed much larger R2 values
when comparing OPA and ocular rigidity coefficients
at native IOPs in this study, likely due to the error
inherent in noninvasive ocular rigidity estimation.41
Additionally, these relationships were also present with
other measures of ocular coat mechanical behavior,
including �IOP and IOP slope. Strong relationships
were present among the three different measures of
ocular coat mechanical response associated with MVI,
namely �IOP, IOP slope, and ocular rigidity coeffi-
cient, as expected. The lack of a perfect, one-to-one
relationship between �IOP and IOP slope measured
with MVI and ocular rigidity coefficients at native
IOP could be because the IOP measured during each
MVI is confounded with OPA due to cardiac cycles
occurring during the course of the injection. This
resulted in portions of OPA (both the IOP elevation
and change in ocular blood volume) being included in
the parameter calculations. To compensate for this, 1
mm Hg of the rise in IOP at both the beginning and

end of the MVI-driven IOP elevation was excluded
for the purposes of calculating the �IOP reported
and included in the calculation of the ocular rigid-
ity coefficient. The mean ocular rigidity coefficients of
0.042 μL−1 reported herein for native baseline IOPs in
NHPs (see Table 3) agree extremely well with previous
reports (0.0412 μL−1).33,52 This value is much larger
than the 0.0235 μL−1 reported for humans,33 which is
somewhat counterintuitive because the sclera is much
thinner in NHPs compared to humans.48,53,54 From
these data, we can conclude that NHPs exhibit a higher
rate of ocular coat stiffening for a given ocular volume
change compared to humans. It is also possible that
the NHP ocular coat is materially stiffer than that of
humans such that the overall structural stiffness of
the NHP ocular coat is higher than that of humans
despite being thinner, although prior reports have
not quantified this material property difference using
approaches that are similar enough to allow for direct
comparison.55–59

Friedenwald’s equation is: IOP = IOP0+�IOP =
IOP0 eK�V, where K is the ocular rigidity coefficient,
IOP0 is the baseline IOP, �IOP is the IOP change,
and �V is the ocular volume change. From this
equation, we can calculate ocular rigidity coefficient
as K = 1

�V ln( IOP0+�IOP
IOP0

). The exponential relation-
ship inherent in Friedenwald’s equation accounts for
corneoscleral hyperelasticity, because �IOP is larger
at larger baseline IOPs (IOP0). Friedenwald’s equation
is an approximation based on experimental observa-
tions; if the relationship between IOP0 and �IOP
with constant values of �V is not exactly exponen-
tial with the natural log, then ocular rigidity coeffi-
cient (K) can change with IOP0. In this case, ocular
rigidity coefficient decreases with increasing baseline
IOPs (IOP0), and this change is especially large at 20
mmHg baseline IOP.We also observe insignificant and
weaker R2 values and Pearson correlation coefficients
at 20 mm Hg baseline IOP. These results indicate that
the corneoscleral shell of Rhesus macaques does not
stiffen in a perfectly exponential manner with increases
in IOP (i.e. the shape of the curve changes slightly
with increasing baseline IOP). This suggests that the
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exponential functional form is not an exact fit for
the hyperelastic stiffening of the corneoscleral shell in
Rhesus macaques, especially at higher baseline IOPs,
which could be due to any number of factors.

Prior studies have suggested that OPA is larger at
higher baseline IOPs34,60 and that ocular coats are
stiffer at higher IOPs.33,34,52,55,59 Prior studies have also
shown that ocular blood flow autoregulation ensures
that blood injection volume remains relatively consis-
tent as IOP increases within the limits of IOP used
in our experiments.35–38 The moderate relationship
between baseline OPA and �OPA suggests that initial
OPA has some utility in predicting the eye-specific
increase in OPA that occurs with IOP elevation (a
measure of ocular coat hyperelastic stiffening), but it is
not as important as the ocular rigidity coefficient. The
significant positive relationship between OPA and the
ocular rigidity coefficient observed at manometrically
controlled baseline IOPs of 15 and 20 mm Hg agree
with results reported previously in human patients,
reinforcing the notion that the NHP is a good model
of human ocular coat mechanical behavior. Further,
this relationship holds at native baseline IOP, agreeing
with prior reports.39,42 This particular result suggests
that OPAmeasured in the clinic without IOP control is
significantly correlated with ocular rigidity, and there-
fore OPA at native IOP can serve as a biomarker ocular
coat mechanical behavior.

Prior studies have found that PV estimated from
OCT images of choroidal volume change with cardiac
cycle in humans to be 7.8 ± 4.9 μL39 and using AC
manometry in humans at 15 mm Hg to be 6.03 ±
1.32 μL.34 We would expect PV in our study to be
roughly approximately 70% of these values given that
the NHP globe is roughly approximately 70% of the
human globe, based solely on relative eye volume and
the similarity of their visual systems. That said, differ-
ences in ocular coat mechanical behavior (ocular rigid-
ity) and baseline IOP could significantly affect these
comparisons. The average PV of 1.16 ± 0.43 μL in
NHPs, which has not been previously reported to our
knowledge, suggest that PV in humans and NHPs
is not comparable as expected. One explanation for
this finding could be the difference in OPA reported
for humans and NHPs: prior studies have reported
human OPA to be 2.2 ± 0.6 mm Hg at baseline IOPs
under 22 mm Hg using a Pascal dynamic contour
tonometer (DCT),61 whereas we observed OPAs of
0.70 ± 0.13 mm Hg at native baseline IOP, 0.77 ±
0.12 mm Hg at 15 mm Hg baseline IOP, and 0.86
± 0.14 mm Hg at 20 mm Hg baseline. Coupled with
the fact that the ocular rigidity coefficient is larger
in NHPs than humans, these data suggest that PV is
much smaller in NHPs as reported herein. Although
PV could be calculated from OPA and the ocular rigid-

ity coefficient (K), it should be noted that Frieden-
wald’s equation to determine K is an imperfect fit
to experimental data. Our eye-specific calculations of
PV reported herein are based on precise experimen-
tal measures obtained under tightly controlled condi-
tions, and so are likely to be more accurate as a
result.

This study is limited by the following considera-
tions. First, this study usesNHPs as amodel for human
ocular behavior, and the reported resultsmay not trans-
late into patients given their inherent differences in
ocular mechanical response. However, NHPs develop
experimental glaucoma that is similar to the human
disease and have the most similar ocular coat mechan-
ics and anatomy of all animal models.45,46 Second,
we had a limited sample size (7 eyes in 7 animals)
whose ocular biomechanical response after MVI may
not be representative of the greater population. In
spite of this, we found statistically significant relation-
ships between the reported parameters along with a
large effect size, and therefore a larger cohort would
likely confirm the reported results. Third,MVI sessions
were not conducted at the same time of day, although
this is unlikely to affect our results or conclusions
because MVI is an acute test using relative IOP change
that should not be affected by variations in native
IOP and other variables that exhibit diurnal variation.
In addition, natural diurnal IOP variation is accom-
modated in the error term of our statistical analy-
ses, and so this is actually a strength of the study.
Finally, we assumed that aqueous humor outflow did
not decrease the volume of the eye during the 1-
second injection. The statistical relationship between
ocular rigidity and OPA is not as strong at a baseline
IOP of 20 mm Hg compared with native and 15 mm
Hg baseline IOPs; we believe this to be due to the
lower systemic blood pressure in NHPs under isoflu-
rane anesthesia, resulting in lower and more variable
OPA at 20 mm Hg baseline IOPs. In this scenario,
this finding is not a reflection of the ocular rigidity-
to-OPA relationship that would be present in a non-
anesthetized NHP or a human patient at 20 mm Hg
IOP with normal blood pressures, although this should
be confirmed in future studies. Our data suggest that
IOP does not decrease significantly due to aqueous
outflow on the 1-second injection timescale. If one
considers the post-MVI IOP decay seen in the figures,
it is apparent that IOP decreases 2 to 3 mm Hg/second
immediately following MVI. This occurs when IOP
is at its peak value, however, and so it is unclear
how much aqueous outflow would occur during the 1-
second injection, as IOP is rapidly increasing during
the injection time course and outflow is highest only
when IOP is highest. So, estimating ocular rigidity
assuming no outflow occurs during the injection as
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well as is a reasonable approach. It is also reason-
able to assume that ocular coat stiffness far outweighs
aqueous outflow effects in the calculation of the ocular
rigidity coefficient. To calculate the IOP rise due to
MVI (�IOP), we added 1 mm Hg to the minimum
IOP and subtracted 1 mm Hg from the maximum
IOP values to account for the variable contributions
of OPA that occur during MVI. This assumption,
along with the assumptions that ocular coat viscoelas-
tic effects and choroidal volume changes are minimal
over the 1 second time course of MVI, likely add
some error to the measurements reported herein. In
spite of these assumptions, our ocular rigidity coeffi-
cient estimates closely match those of prior reports for
Rhesus macaques from Friedenwald and Clarke,33,52
and the R2 values reported herein between ocular
rigidity and OPA are stronger than those reported
previously.39,41

In summary, significant positive relationships were
found between ocular rigidity and OPA using contin-
uous IOP telemetry and MVIs in NHPs. Ocular pulse
volume in NHPs is much lower than in humans, even
when compensating for differences in eye volume.Most
importantly, OPA at native IOP predicts ocular rigid-
ity despite variability in PV between cardiac cycles
and therefore clinically measured OPA may serve as a
biomarker of ocular coat biomechanical behavior.
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