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Purpose: To present normative data of optical coherence tomography (OCT) param-
eters, electrophysiological tests, and optical biometry conducted for cynomolgus
monkeys.

Methods: Multimodal examinations were performed for 11 adult cynomolgus monkeys
(Macaca fascicularis, weighing 2.6-7.5 kg, aged 45-99 months). A-scan biometry was
performed to measure ocular biometry. OCT images were obtained at 30° and 55°. After
the pupils were fully dilated, electroretinogram (ERG) and visual evoked potentials (VEP)
were recorded with a commercial system using a contact lens electrode.

Results: All cynomolgus monkeys were males. The mean axial length was 17.92 +
0.34 mm. The central total retinal layer (TRL) and subfoveal choroidal thicknesses were
286.27 + 18.43 and 234.73 + 53.93 um, respectively. The TRL and nerve fiber layer thick-
ness was greater in the nasal than in other quadrants in the Early Treatment Diabetic
Retinopathy Study circle in the macula. Peripheral TRL and ganglion cell complex thick-
ness on the temporal outside the vascular arcades were lower than on the other sides.
The peak latency of a-wave and b-wave in scotopic and photopic 3.0 ERG was 14.78 £
1.00 and 32.89 £ 1.81 ms, and 12.91 &+ 1.03 and 31.79 £ 2.16 ms, respectively. The n2
wave peak latency of VEP was 15.21 + 8.07 ms. The a-wave peak latency of ERG and the
n2 wave peak latency of VEP negatively correlated with age.

Conclusions: The normative ocular biometric, electrophysiological test, and OCT
parametric data of cynomolgus monkeys could serve as reference values for further
preclinical studies.

Translational Relevance: We present normative data of cynomolgus monkeys’eyes, an
adequate animal model for preclinical studies.

with larger eyeball sizes, such as rabbits and pigs,>°

Introduction

Visual science studies, especially on retinal degener-
ation, have usually been actively performed using small
animals such as rats and mice.!-> However, sometimes
their eyes are too small for surgical manipulation; at
times, the macula does not exist, and the cone cell
number is too low.>* Instead, several ophthalmic
studies have used medium- to large-sized animals
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which have visual streaks with dense photoreceptors
and ganglion cells.”®* However, visual streaks are
not consistent with the human macula. Conversely,
nonhuman primates have the uniqueness of a similar
model of human vision with the fovea.” Humans and
monkeys share susceptibility genes for age-related
macular degeneration and have genotype—phenotype
correlations for some inherited retinal diseases
such as retinitis pigmentosa.”'® Furthermore, as

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC_ND


mailto:ksw64723@korea.ac.kr
https://doi.org/10.1167/tvst.10.13.14
http://creativecommons.org/licenses/by-nc-nd/4.0/

translational vision science & technology

Normative Ocular Data in Cynomolgus Monkeys

nonhuman primate models are useful for understand-
ing vision,!""!? these models are used in studies related
to translation therapies targeting the fovea and other
interventions for complex eye diseases.!> Among these,
cynomolgus macaque (Macaca fascicularis) and rhesus
macaque (Macaca mulatta) are typical nonhuman
primates commonly used in biological research.'*

Optical coherence tomography (OCT) is a nonin-
vasive approach to evaluate the retina and choroid
structures.’> A previous study reported a correlation
between anatomical histology and OCT findings.'®

An electroretinogram (ERG) has been used to evalu-
ate visual function in animal ophthalmic research.
Many previous studies have evaluated ophthalmic
functions using nonhuman primates.'”-'® Furthermore,
one study correlating anatomy and visual function in
rhesus macaques has been published.!” However, most
individual studies have reported anatomical structures,
visual functions, and eye sizes, respectively. Therefore, it
was difficult to present normative data simultaneously
and evaluate the relationships between each factor
directly because each nonhuman primate study with
the same species had different weights, ages, and eyeball
sizes in each study. To the best of our knowledge, there
is a lack of studies reporting detailed sublayer thick-
ness on the fovea with a simultaneous visual function
examination in cynomolgus monkeys.

Therefore, we examined the sublayer thickness
of the macula and peripheral retina in cynomol-
gus monkeys and simultaneously evaluated ERG and
ocular biometry.

All monkeys in this study were cynomolgus
macaques (Macaca fascicularis), supplied by the Korea
National Primate Research Center, Jeongeup-si, Korea.
Multimodal examinations, including spectral-domain
OCT images, full-field ERG, and ocular biometry, were
performed at the Osong Medical Innovation Founda-
tion laboratory animal center. All tests were performed
under general anesthesia with atropine (0.04 mg/kg),
ketamine (15 mg/kg), and domitor (60 pg/kg) admin-
istered intramuscularly. Subsequently, maintenance
was performed using 1.5% to 2.5% sevoflurane at
1 L/min with 100% oxygen supply. The eyes were fully
dilated for the initial examination using three drops
of a tropherine solution (phenylephrine hydrochlo-
ride 5 mg/mL + tropicamide 5 mg/mL). Eye drops
were administered at 30-minute intervals to maintain
the dilation well. All procedures were performed
in accordance with the Association for Research in
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Vision and Ophthalmology’s Statement for the Use
of Animals in Ophthalmic and Vision Research. The
study was approved by the Institutional Animal Care
and Use Committee of the Osong Medical Innovation
Foundation in Korea (KBIO-IACUC-2020-054).

Ocular Biometry

For ocular biometry, a lid speculum was inserted
into each eye. A-scan biometry (SW-1000, Suoer,
Shanghai, China) was used to measure the axial length
(AL), anterior chamber depth (ACD), lens thickness
(LT), and vitreous chamber thickness (VCD) in both
monkey eyes.

Image Acquisition and Analysis

Infrared and OCT images in the 30° and 55° ranges
were obtained using a Spectralis OCT (Heidelberg
Engineering GmbH, Heidelberg, Germany) instru-
ment. Vertical and horizontal line scans for a 55° image
were obtained using the raster scan protocol (33 B-
scans for a 16.5 x 16.5 mm area) in a high-resolution
mode (1536 A-scans per B scan, lateral resolution:
10 pum/pixel). Similarly, scans for a 30° image (64
B-scans for a 4.5 x 4.5 mm area) were performed
in the same mode (1536 A-scans per B scan, lateral
resolution: 5 pm/pixel). The thicknesses of the total
retinal layer (TRL), total choroidal layer, retinal nerve
fiber layer, ganglion cell complex (GCC), ganglion cell
layer (GCL), inner plexiform layer (IPL), inner nuclear
layer (INL), outer plexiform layer (OPL), outer
nuclear layer (ONL), inner retinal layer (IRL), and
outer retinal layer (ORL) were evaluated for the macula
and periphery. TRL was defined as the layer from
the inner border of the internal limiting membrane
to the outer border of the retinal pigment epithe-
lium (RPE) layer. The IRL was considered as the
layer from the inner border of the internal limiting
membrane to the ellipsoid zone, and the layer from
the ellipsoid zone to the outer border of the RPE
layer was termed ORL and GCC was defined as the
layer between the inner borders of the NFL and INL.
The individual thickness values on the fovea, parafovea
(1- to 3-mm zone), and perifovea (3- to 6-mm zone)
were measured automatically in the Early Treatment
Diabetic Retinopathy study circular to the macula
using the in-built program. The measurements for 30°
OCT were performed twice to ensure repeatability of
the test, and the mean values were used for analy-
sis. Peripheral thickness was measured at four points
from the macula. With respect to the macula, measure-
ments at the superior, inferior, temporal, and nasal
points (at 5 mm each) were performed using a widefield
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Table 1. ERG of Cynomolgus Monkeys

Standard a-Wave a-Wave Peak b-Wave b-Wave Peak Luminance Inner Stimulus Adaptation

Response (ISCEV) Amplitudes (uV) Latency (ms) Amplitudes (uV) Latency (ms) (cd.s.m.”2) Time (Hz) State

Rod response 96.36 + 24.46 7199 + 5.23 0.01 0.49 Dark

Maximal 128.36 + 31.68 14.78 £ 1.00 132.71 £ 26.34 32.89 + 1.81 3.0 0.1 Dark
response

Oscillatory 3234 £ 11.62 3.0 0.1 Dark
potential

Strong flash 90.97 £ 25.09 13.98 £+ 0.94 79.70 £ 19.08 31.16 £ 1.51 10 0.05 Dark
response

White flash cone 2713 £ 7.39 1291 £ 1.03 79.86 £+ 19.21 31.79 £ 2.16 3.0 20 Light
response

30 Hz flicker 99.63 £ 26.21 3.0 30 Light

Values are mean = standard deviation.

ISCEV, International Society for Clinical Electrophysiology of Vision.

55° lens (Supplementary Fig. S1). The thickness values
were comparable when switching between the standard
30° spectral domain OCT and wide-field 55° spectral
domain OCT.? For accuracy and the thicknesses of
TRL, IRL, ORL, and GCC were measured at the
periphery. Two researchers performed the measure-
ments directly (K.E.C. and V.T.Q.A.), and the mean
value was used for analysis.

Electrophysiology Test

The protocol for ERG was based on the standard
of the International Society for Clinical Electrophysi-
ology of Vision.?! The luminance and inner stimulus
time for scotopic 0.01 (rod response), 3.0 (maximal
responses), oscillatory potentials, 10.0 (strong flash),
photopic 3.0 (white flash cone response), and 30 Hz
flicker ERG are summarized in Table 1. A background
luminance of 30 cd m~> was done for light adaptation,
and a recording bandpass of 0.3 to 300.0 Hz was used.
Each recording averaged at least 16 responses over a
2-second interstimulus interval. The pupils were
enlarged to a diameter of 5 mm under general anesthe-
sia and underwent dark adaptation for 30 minutes.
Topical eye drops were administered to maintain pupil
dilatation at 30-minute intervals until the end of the
experiment. A commercial ERG system (RETIcom;
Ronald Consult, Germany) with LED light stimula-
tion recorded the ERG signal. Furthermore, a contact
lens electrode with a built-in LED light source (Kooij-
man/Damhof ERG lens, Medical Workshop BV, the
Netherlands) was used for light stimulation to enable
consistent illumination.

The flash visual evoked potential (VEP) protocols
were based on the ISCEV standard,?? with a stimulus
luminance of 3.0 cd-s'm 2 and a recording bandpass
of 1 to 500 Hz. VEP stimulation was performed with
the same RETIcom machine using a contact lens with

a built-in light source. VEP activity was detected via
platinum subdermal electrodes placed approximately 1
cm superior to the occipital ridge. Reference recording
was placed approximately 3 cm posterior to the frontal
suture targeted for the frontal lobe. The ground record-
ing was placed in the upper arm.

Statistical Analysis

The Wilcoxon signed-rank test repeated analysis of
variance with Bonferroni correction, Pearson’s x? test,
Spearman’s correlation coefficient, and multiple logis-
tic regression tests were performed using SPSS (version
21.0; SPSS Inc., Chicago, IL). Statistical significance
was set at a P value of less than 0.05.

Animals

Eleven cynomolgus monkeys (22 eyes) were
included in the study. All monkeys were male, and
the mean age was 63.79 £ 20.36 months (range, 49-95
months; median, 52 months). The mean body weight
was 4.29 + 1.41 kg (range, 3.2-7.5 kg) (Table 2).

Ocular Biometry

The mean AL, ACD, LT, and VCD were 18.41 =+
0.52,3.12 £ 0.38, 3.51 £ 0.52, and 11.77 £ 0.76 mm,
respectively. AL was significantly correlated with VCD
(r=0.796, P < 0.001, Pearson’s correlation coeflicient)
and ACD (r =0.460, P =0.031). The LT was negatively
correlated with the ACD (r = 0.504, P = 0.017) and
VCD (r = —0.627, P = 0.002). The ACD seemed to
have significant correlations with the AL, LT, and GCC
on the fovea, and the INL on the fovea. However, after
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P Value Between the

Both Right eye Left eye Right Eye and Left Eye
Age (months) 63.79 + 20.36
Weight (kg) 429 £ 1.41
AL (mm) 1841 £+ 0.52 18.43 £+ 0.57 18.38 + 0.48 0.505"
ACD (mm) 3.09 + 0.32 3.13 £ 0.38 3.05 + 0.27 0.185
Lens (mm) 3.51 + 0.52 3.49 + 0.56 3.53 + 0.51 0.9999"
VCD (mm) 11.77 £+ 0.76 11.85 + 0.79 11.69 + 0.76 0.247"

Values are mean = standard deviation.

ACD, anterior chamber depth; VCD, vitreous chamber depth.

P < 0.05, based on Wilcoxon signed-rank test.

Table 3. Correlations Between OCT and Ocular
Biometry

R?> Related Factors First Second
ACD 0.500 1. AL B=0.206 B=0.019
2.GCC (center) P=0.049" P=0.001"
VCD 0.809 1. AL B=0.939 B=-0.658
2.LT P <0.001" P=0.001"
LT  0.460 1.VCD B=—0.463
P=0.001"

VCD, vitreous chamber depth.

AL, axial length; ACD, anterior chamber depth; LT, lens
thickness; VCD, vitreous chamber depth; GCC, ganglion cell
complex.

“Multiple regression analysis.

multiple regression analysis, the ACD showed signifi-
cant correlations (R? = 0.500) with the AL (B = 0.206,
P = 0.049) and the GCC on the fovea (B = 0.019, P
= 0.001). Although the VCD was significantly corre-
lated (R? = 0.809) with the AL (B = 0.939, P < 0.001)
and the VCD (B = —0.658, P = 0.001), the LT was
negatively correlated (R> = 0.460) with the VCD (B
= —0.463, P = 0.001) (Table 3 and Supplementary
Fig. S2).

OCT Measurements

The mean TRL thickness of the fovea was 286.27
+ 18.43 um, and the mean subfoveal choroidal layer
thickness was 234.73 4+ 53.93 um. The fovea’s mean
IRL thickness and the mean ORL thickness were
176.91 4+ 14.28 and 106.36 4+ 26.07 um, respectively.
The mean GCC layer and the mean NFL thickness of
the fovea were 56.73 + 10.55 and 12.59 + 1.44 pm,
respectively. The central peripapillary retinal NFL was
99.82 4+ 6.43 um, and the mean GCL thickness of

the fovea was 14.18 £ 1.92 uym. The mean IPL thick-
ness and the mean INL thickness of the fovea were
20.73 £ 1.64 and 17.59 + 2.89 um, respectively. The
mean OPL and ONL thicknesses were 23.00 £ 2.89 and
88.23 £ 13.21 um, respectively. The mean RPE thick-
ness was 41.05 + 16.57 um. There were no differences
in thickness between the two eyes (Supplementary
Table S1).

In the 1- to 3-mm zone (parafovea), the TRL thick-
nesses seemed to differ between the four quadrants as
evaluated with the analysis of variance test (P = 0.022),
and the nasal TRL thickness was thicker than the
temporal TRL thickness after Bonferroni correction
(P = 0.020). Among the four quadrants of parafoveal
NFL thickness, the superior thickness was significantly
thicker than the temporal and nasal thickness (P =
0.005 and P < 0.001, respectively), and the inferior
thickness was thicker than the nasal and temporal
thickness (P < 0.001 and P < 0.001, respectively).
The nasal NFL thickness in the 1- to 3-mm zone was
thicker than the temporal NFL thickness (P = 0.001).
In the 1- to 3-mm zone, the ONL thicknesses seemed
to have significant differences (P = 0.033); however,
there was no difference after Bonferroni correction
(Supplementary Table S2 and Fig. 1). All quadrants
showed significant differences for the perifoveal (3—
6 mm) TRL, IRL, GCC, and NFL thicknesses. The
nasal TRL, IRL, GCC, and NFL were the thickest,
followed by the inferior, superior, and temporal thick-
nesses (Supplementary Table S2 and Fig. 1). The IPL
was thickest in the nasal quadrant and thinnest in the
superior quadrant. Although the INL was thicker in
the nasal and inferior regions, its thickness sequentially
increased in the temporal and superior regions. There
were no significant differences between the inferior and
temporal thicknesses for the INL (P = 0.9999).

The mean peripheral TRL, GCC, IRL, and ORL
thicknesses were 223.55 + 20.88, 64.00 + 12.07, 151.84
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Figure 1. Heat maps and comparison of each retinal sublayer’s thickness and the mean thickness of peripapillary retinal nerve fiber layers.
(A) The comparison of each retinal sublayer’s horizontal thickness is shown. Nasal TRL, NFL thickness in the inner ring is thicker than temporal
thicknesses. Nasal TRL, IRL, GCC, and NFL thickness in the outer ring are thicker than temporal thicknesses. (B) The comparison of each retinal
sublayer’s vertical thickness is shown. Inferior TRL, IRL, GCC, and NFL thicknesses in the outer ring are thicker than superior thicknesses. (C-M)
The heat maps of each sublayer in the ETDRS circle are shown. (C) The TRL thickness is shown. In the 1- to 3-mm zone, the nasal TRL is thicker
than the temporal TRL. In the 3- to 6-mm zone, the thickness is different among the four quadrants, thickest at nasal, followed by inferior,
superior, and temporal. (D) The IRL thickness is shown. In the 3- to 6-mm zone, the thickness differs among the four quadrants, thickest at
nasal, inferior, superior, and temporal (no significant difference between superior and temporal). (E) The ORL thickness is shown. There is no
difference between the ORL thickness among the four quadrants in the 1- to 3- and 3- to 6-mm zones. (F) The GCC thickness. In the 3-to 6-mm
zone, the GCC thickness differs among the four quadrants, thickest at nasal, followed by inferior, superior, and temporal. (G) The nerve fiber
layer (NFL) thickness is shown. In the 3- to 6-mm zone, the NFL thickness is different among the four quadrants, thickest at nasal, followed
by inferior, temporal, and superior (no significant difference between at inferior and at nasal). (H) The GCL thickness is shown. No difference
among the four quadrants is observed. (I) The IPL thickness is shown. In the 3- to 6-mm zone, the superior IPL thickness is thinner than other
IPL thicknesses. (J) The INL thickness is shown. In the 3- to 6-mm zone, the INL thickness is different among the four quadrants, thickest at

nasal, followed by inferior, temporal, and superior (no significant difference between at inferior and at nasal). (K) The OPL thickness is shown.
—
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<«
No difference among the four quadrants is observed. (L) The ONL thickness is shown. No difference among the four quadrants is observed.
(M) The RPE thickness is shown. No difference among the four quadrants is observed. (N) The peripheral thickness of GCC, ORL, IRL, and TRL
are thinner than those of the foveola. (O) The peripapillary retinal NFL (ppRNFL) thickness is shown. Superior and temporal ppRNFL thickness
is thicker than nasal and temporal ppRNFL thickness.
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Figure 2. Trace map of the full-field retinography and flash VEPs in all cynomolgus monkeys. (A) A scotopic 0.01 ERG showing the mean
peak latency and amplitudes of b-wave (71.99 + 5.23 ms and 96.36 =+ 24.46 UV, respectively). (B) A scotopic 3.0 ERG showing the mean peak
latency of the a-wave and b-wave (14.78 & 1.00 and 32.89 £ 1.81 ms, respectively). The amplitudes of the a-wave and b-wave are 128.36 +
31.68 and 132.71 £ 26.34 pV, respectively. (C) A scotopic 10.0 ERG showing the mean peak latency of the a-wave and b-wave (13.98 & 0.94
and 13.98 + 0.94 ms, respectively). The mean amplitudes of the a-wave and b-wave are 90.97 + 25.09 and 79.70 =+ 19.08 uV, respectively.
(D) The oscillatory potential with a mean amplitude of 32.34 &+ 11.62 V. (E) A photopic 3.0 ERG showing the mean peak latency of the a-wave
and b-wave (12.91 4 1.03 and 31.79 £ 2.16 ms, respectively). The mean amplitudes of the a-wave and b-wave are 27.13 £ 7.39 and 79.86
=+ 19.21 pV, respectively. (F) The 30-Hz flicker ERG with a mean amplitude of 99.63 + 26.21 pV. (G) The trace map of flash VEP is shown. The

p1-wave, the n2-wave, and p-2 wave peak latencies were 18.59 4 3.24,39.71 £+ 6.71, and 79.76 & 8.41 ms, respectively.

+ 18.45, and 68.71 + 7.54 pum, respectively. The
temporal quadrant thicknesses of the TRL, GCC, and
IRL were thinner than those of the other quadrants
(P < 0.001). In the peripheral GCC and IRL thickness,
the nasal thickness was also greater than the superior
thickness (P < 0.001) (Supplementary Table S2).

Electroretinography

The morphology of scotopic and photopic ERG in
cynomolgus monkeys was similar to that in humans
(Supplementary Fig. S3). The peak latency of the b-
wave in the scotopic 0.01 ERG was 71.99 + 5.23
ms. The peak latency of the a-wave and b-wave in
the scotopic and photopic 3.0 ERG was 14.78 =+
1.00 and 32.89 £+ 1.81 ms and 12.91 4+ 1.03 and
31.79 £+ 2.16 ms, respectively. The mean amplitude
of the photopic 3.0 flicker ERG was 99.63 + 26.21
uV. The peak latency and amplitudes of all waves
are summarized in Table 1, and all the waves are
depicted in Figure 2. There was no difference in the
wave peak latency and amplitude between the right and
left eyes (Supplementary Table S3). The peak latency
of the a-wave in scotopic 3.0 ERG (r = 0.610, P
= 0.002) and the peak latency of the a-wave in the
photopic 3.0 ERG (r = 0.466, P = 0.029) were signif-

icantly correlated with age (Supplementary Fig. S3).
In two subgroups (adolescent monkeys <5 years of
age and young adults >7 years of age),”>>?* the young
adult group showed delayed peak latency of a-wave
(P = 0.021 by Mann—Whitney U test) in scotopic 3.0
ERG. It delayed the peak latency of the a-wave (P =
0.027) and b-wave (P = 0.049) in the photopic 3.0 ERG
group than in the adolescent group (Supplementary
Table S4 and Supplementary Fig. S4).

VEPs

The flash VEP pattern of cynomolgus was not
identical to that of human VEP. A small-amplitude
pl-wave was followed by a small-amplitude n2-wave
and a large-amplitude p2-wave (Fig. 2G). The peak
latencies of the pl-wave, n2-wave, and p-2 wave were
18.59 4+ 3.24, 39.71 + 6.71, and 79.76 + 8.41 ms,
respectively. The peak latencies and amplitudes of all
the waves are summarized in Table 4. The mean peak
latency (r = —0.444, P = 0.039) and amplitude (r =
—0.551, P =0.008) of the n-2 wave, the amplitude (r =
—0.708, P < 0.001) of the p2-wave, and the amplitude
(r = —0.518, P = 0.013) of the n-4 wave were signif-
icantly correlated with age (Supplementary Fig. S3).
In two subgroups (adolescent group vs. young adult
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Table 4. Flash VEPs of Cynomolgus Monkeys

Flash VEP

Mean implicit time of the n1 391 £+ 2.20
wave (ms)

Mean amplitude of the n1 1.59 + 1.14
wave (V)

Mean implicit time of the p1 18.59 + 3.24
wave (ms)

Mean amplitude of the p1 11.88 + 4.33
wave (uV)

Mean implicit time of the n2 39.71 £+ 6.71
wave (ms)

Mean amplitude of the n2 15.21 + 8.07
wave (uV)

Mean implicit time of the p2 79.76 £+ 8.41
wave (ms)

Mean amplitude of the p2 27.06 + 12.67
wave (uV)

Mean implicit time of the n3 116.54 + 19.56
wave (ms)

Mean amplitude of the n3 7.81 + 547
wave (uV)

Mean implicit time of the p3 143.11 £+ 21.21
wave (ms)

Mean amplitude of the p3 536 + 4.61
wave (uV)

Mean implicit time of the n4 330.63 + 43.69
wave (ms)

Mean amplitude of the n4 2439 4+ 1048
wave (uV)

Mean implicit time of the p4 403.41 + 57.40
wave (ms)

Mean amplitude of the p4 4,78 + 3.68
wave (V)

group),”*-?* the young adult group showed a faster peak

latency of the n2-wave (P = 0.033 by Mann—Whitney U
test), the smaller amplitude of the n2 wave (P = 0.027),
a smaller amplitude of p2 wave (P < 0.001), and smaller
amplitude of n4 wave (P = 0.021) than the adoles-
cent group (Supplementary Table S4 and Supplemen-
tary Fig. S4).

Discussion

We simultaneously presented normative data on
visual function, anatomy, and ocular size in cynomol-
gus monkeys. Monkeys have many anatomical similar-
ities with humans.”>-?¢ A study comparing the growth
of the eyes of monkeys and humans reported that
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1 year in a monkey’s life is almost equivalent to
3 human years.”’ In our study, the average monkey
age was 63.79 £ 20.36 months (median, 52.77 months;
range, 49.4-98.83 months), which was the period after
sexual maturation. Based on previous studies, this age
spectrum is at a stable plateau stage with respect to
eye growth.”® Although cynomolgus monkeys gener-
ally have smaller body size and weight (2.5-3.5 kg),”
their AL (18.41 £+ 0.52 mm) is relatively large when
compared with the whole body and slightly smaller
than the human eye size (16-24 mm depending on
age).’ The eyeball sizes of rhesus monkeys are 18 to
22 mm, which is marginally smaller than that of
humans and comparable with or relatively larger
than that of cynomolgus monkeys.”®-3! In nonhuman
primates, the eyeball volume showed a linear increase
to the body weight even in different species.’' However,
we could not obtain a significant correlation between
body weight and AL (P = 0.216).

The LT of the human and nonhuman primates
reportedly increases marginally after birth and
decreases at a certain age.”’-1:3> A few studies have
shown a further marginal increase at 4 to 15 years.?$-33
In higher age groups, the average LT of a human,
rhesus monkey, and cynomolgus monkey is similar at
4.0t04.5, 3.5 (range, 2.8-4.0), and 4.0 mm, respectively
(Supplementary Table S5).28:31:3* Although the ACD
varies depending on measurement methods, the mean
values of average ACD in a human, rhesus monkey,
cynomolgus monkey are similar (3.0, 3.5, and 3.2
mm respectively) (Supplementary Table S5).28-30:31.34
With aging, the thicknesses of the retina, choroid,
and sclera decrease® and VCD increases.’® Although
the correlation between the AL and the VCD of
rhesus monkeys is the highest,”® our study showed
that the AL had significant correlations with both the
ACD and the VCD. However, there was no correla-
tion between age and ocular biometry in the study
monkeys.

Nonhuman primates have a fovea that is absent
in other large animals, such as dogs and pigs. Hence,
they are important for preclinical research on macular
diseases. The association between OCT and histol-
ogy was reported in nonhuman primates,’’-*® and the
retinal thickness of the macula was significantly thicker
than that of the peripheral retina like humans. Our
study showed that the TRL, IRL, and ORL thicknesses
of the fovea were thicker than those of the peripheral
retina. The TRL, IRL, GCC, and ORL thicknesses
on the perifovea and parafovea were also thicker than
those on the periphery (P < 0.001). Parafoveal thick-
nesses seem to be thicker than those of fovea centers in
humans and nonhuman primates.'>*4’ The thickness
trend on the macula was also observed in our study,
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except for the GCC. The TRL, IRL, GCL, IPL, INL,
OPL, and ONL in the 1- to 3-mm zone (parafovea) was
thicker than those in the 1-mm circular zone (fovea),
whereas the ORL, NFL, and RPE layers in the 3- to
6-mm zone (perifovea) was thicker than those in the 1-
mm circular zone (fovea).

Using cynomolgus monkeys (aged 30-50 months)
of Mauritanian genetic background, Denk et al.*
reported a thicker macular retinal thickness, especially
for the parafovea, than that in our study using the same
OCT instrument. Except for the foveal thickness (18%),
the difference in thickness of each layer was within
10% between the two studies. In humans, the variabil-
ity in the thickness of the retina depends on race.!
The nasal retinal thickness of parafoveal quadrants is
thicker than the temporal thickness in humans and
nonhuman primates and among the different thickness
patterns for different parafoveal quadrants, the nasal
seems to be thicker.** This finding suggests that the
NFL bundle has the greatest impact on the different
thickness patterns.

In our study, the GCC and IRL thicknesses in the
parafoveal and perifoveal quadrants showed significant
differences. The thicknesses of the two layers of the
nasal quadrants were thicker than those of the tempo-
ral quadrants in the 1- to 3-mm zone. In the 3- to
6-mm zones, the NFL, IRL, and GCC were thicker
in the order of nasal, inferior, superior, and tempo-
ral quadrants, respectively. With respect to the periph-
ery, the TRL, GCC, and IRL were the thickest in the
nasal periphery, followed by the inferior, superior, and
temporal regions. However, there were no significant
differences between the nasal and inferior peripheries
in TRL, GCC, and IRL thicknesses.

The VEP is an effective and objective method for
evaluating the state of visual pathways. However, the
VEP results from nonhuman primates show variable
patterns with different peak latencies and amplitudes.
The waveform and amplitudes of VEP recordings in
primates differed according to the depth of electrodes
(deep or superficial from the brain) or recording
locations in the striate laminae.***** Using the electrode
on the midfrontal lobe, the normal rhesus macaque
showed a reversed appearance from our VEP* Our
study showed faster peak latencies of pl-, n2-, and
p2- waves than other monkeys (Supplementary Table
S5).46 Compared with the previous study using 2- to
3-year-olds, our monkey was older. In our study, age
showed a negative correlation with the peak latency
of the n2-wave. Age might influence peak latency in
addition to race differences (Macaca fascicularis vs.
Macaca arcloides). Therefore, normative data of the
VEP from each study setting are needed to observe
the change after experiments, such as the induction of
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retinal degeneration or the implantation of a retinal
prosthesis.

Furthermore, several studies involving nonhu-
man primate models of retinal diseases have shown
functional changes through ERG.!7#7-48 Age and AL
are known to be related to b-wave amplitudes, partic-
ularly in scotopic ERG.*>*° Our study also showed
a significant correlation between age and the peak
latency of the a-wave in the scotopic 3.0 and photopic
3.0 ERG. These results are consistent with those of
a previous study on humans (Supplementary Table
S5).% The ERG of cynomolgus monkeys in the present
work showed comparable results to those of other
monkeys.!7-18:47.48 Bouyskila et al.'® showed similar
peak latency of the a-wave and delayed peak latency
of b-wave (36.7 ms) in rod—cone response using green
monkeys (Supplementary Table S5). The ERG of
cynomolgus monkeys in our study also showed ERG
morphology similar to humans. Although the peak
latency was similar to that in humans (around 15 ms
for a-wave, 32 ms for b-wave), the amplitudes were
lower (250-370 puV for b-wave in adults).>!->> Nonhu-
man primates have a density of 3.1 million cone cells
and 61.0 million rod cells; the distribution being similar
to that in humans.>® The similarity of photoreceptor
density with smaller eyeball sizes may have generated
similar peak latency and relatively lower amplitudes in
cynomolgus monkey’s ERG compared with those in
humans.!”7->*

We have been cautious in interpreting the correla-
tions between each parameter because of the relatively
few animals. First, the VCD was negatively correlated
with the LT, and the AL was positively correlated with
ACD and VCD (Supplementary Fig. S2). Previous
studies with nonhuman primates including, cynomol-
gus monkeys, also showed a decreased proportion of
ACD and VCD related to the increased proportion of
LT with eye growth.?’-3!

Our study has some limitations. All examinations
were performed under general anesthesia. It is thus
possible that the ERG amplitude and peak latency
may have been affected. In dogs, general anesthe-
sia significantly decreases amplitudes than sedation,
especially in dark-adaptive ERG.>> However, a previ-
ous study has shown that sevoflurane (which was
used in this study) has little effect on ERG ampli-
tudes, and its use significantly attenuates the VEP
amplitudes.’® Second, our study included relatively few
monkeys. All cynomolgus monkeys were young adults
after sexual maturation and had full eye growth; all
were male. Further studies using a larger sample size
with a wider age range and both sexes will help under-
stand the normative values of cynomolgus monkeys’
eyes.
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Nevertheless, our study could provide normative
data of monkeys among the same cynomolgus species,
which varies to some extent by species and region. We
simultaneously presented ocular biometry, electrophys-
iology, and OCT thickness findings, including those
for the fovea and periphery of cynomolgus monkeys,
which are good candidates for preclinical studies of
ocular diseases. Therefore, our normative data will be
useful as baseline data to evaluate subtle changes in
visual function and retinal anatomy, especially in the
cynomolgus monkey retinal degeneration model.
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