
Article

Normative Data of Axial Length, Retinal Thickness
Measurements, Visual Evoked Potentials, and Full-Field
Electroretinography in Female, Wild-Type Minipigs
Kwang-Eon Choi1, Vu Thi Que Anh2, Jong-Hyun Oh3, Cheolmin Yun1, and
Seong-Woo Kim1

1 Department of Ophthalmology, Korea University College of Medicine, Seoul, Korea
2 Department of Ophthalmology, Hanoi Medical University, Hanoi, Vietnam
3 Department of Ophthalmology, Dongguk University Ilsan Hospital, Goyang, Korea

Correspondence: Seong-Woo Kim,
Department of Ophthalmology,
Korea University Guro Hospital 148,
Gurodong-ro, Guro-gu, Seoul, South
Korea. e-mail: ksw64723@korea.ac.kr

Received: February 25, 2021
Accepted: August 22, 2021
Published: October 4, 2021

Keywords: minipig; retina; visual
streak; spectral-domain optical
coherence tomography (SD-OCT);
electrophysiology

Citation: Choi KE, Anh VTQ, Oh JH,
Yun C, Kim SW. Normative data of
axial length, retinal thickness
measurements, visual evoked
potentials, and full-field
electroretinography in female,
wild-type minipigs. Transl Vis Sci
Technol. 2021;10(12):3,
https://doi.org/10.1167/tvst.10.12.3

Purpose: The purpose of this study was to present normative data of optical coher-
ence tomography (OCT), electrophysiological, andocularbiometryparameters and their
correlation in minipigs.

Methods: Eighty-eight eyes of 44minipigs underwent full-field electroretinogram (ERG)
recordingandocular biometry.However, 10 eyesof 6minipigswere excludedbecauseof
poor OCT image quality. The thickness of the retinal sublayers was measured on a verti-
cal line at 5 locations with a 1 mm interval from the disc margin to the dorsal periphery
and at 10 locations on the visual streak. Visual evoked potentials (VEPs) were measured
in 15 eyes of 8 minipigs.

Results: All minipigs were female with a mean age and axial length of 13.83 ±
10.56 months and 20.33 ± 0.88 mm, respectively. The implicit time of the a-wave and
b-wave in scotopic 3.0 ERGs was longer than that in photopic 3.0 ERG. The implicit time
of the n2-wave and p2-wave in VEP was 25.67 ± 7.41 ms and 52.96 ± 10.38 ms, respec-
tively. The total retinal layer (TRL) and nerve fiber layer (NFL) became thinner near the
periphery. The inner retinal sublayers near the visual streak were thicker than those at
other locations. Central TRL and NFL thickness on visual streak was 223.06 ± 23.19 μm
and 74.03± 13.93 μm, respectively. The temporal TRL and NFL on the visual streak were
thicker than those on the nasal side.

Conclusions: Thenormative electrophysiological andOCTparameters used inour study
can be used as reference data in further pig studies.

Translational Relevance: This study presents normative data of minipigs, which are
adequate animal models for preclinical studies.

Introduction

Large animal models are needed for the develop-
ment of new drugs and ocular devices for human
eye diseases.1–3 Normative data are essential to
observe the significant changes after experiments or
intervention.1,4–6 Pig and human eyes share many
anatomic similarities that make the former useful
in ophthalmic research.7,8 The size of a pig eyeball
(21.64–23.9 mm) is comparable to that of a human
eyeball (23–24 mm), which is larger than those of a

mouse (approximately 3 mm), rat (6–7 mm), rabbit
(approximately 16 mm), and dog (18–19 mm).9–16 Pigs
also have a visual streak where photoreceptors and
ganglion cell layers are concentrated and showed a
high rod and cone cell density ranging from 83,000
to 200,000 cells/mm2.17,18 These features make pigs
a good candidate for evaluating various therapeutic
strategies, such as stem cell therapy, gene therapy, and
implantation of retinal prosthesis, for photoreceptor
degeneration.

To investigate morphological and functional retinal
changes, optical coherence tomography (OCT) with
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a fundus camera and electrophysiological tests, such
as electroretinogram (ERG) and visual evoked poten-
tial (VEP) examinations, are popular among labora-
tory researchers. In particular, the correlation between
OCT and functional findings is useful for optic nerve
disease or retinal degeneration.19–21 OCT is enables
a noninvasive examination of the retina and choroid
with high resolution.1,2,22,23 OCT data have proven
useful in various animal experiments.24,25 Several pig
studies about the correlations between OCT and histo-
logical results have been conducted.1,2 Furthermore,
the clinical significance and reliability of OCT images
have been established.1,2,26 Several animal studies have
shown that the total thickness of the retina decreases
as the distance from the optic disc increases.24,27–29
However, there is a paucity of OCT studies that have
focused on the thickness of each sublayer in pigs,1,26
particularly in the visual streak. ERGandVEP tests are
representative tests for the detection of visual function.
Such electrophysiological tests can be useful in quanti-
fying the possible effects in experimental ophthalmo-
logic studies,30–32 and there have been some studies of
ERGs in pigs.33–35

Therefore, in the present study, we report the thick-
ness of each retinal layer in various locations accord-
ing to the distance from the optic disc and along the
visual streak in wild-type minipigs. Normative data
on ocular biometry and electrophysiology were also
evaluated.

Materials and Methods

ERG and OCT examinations were performed on
minipigs (MICROPIG T-type, Sus scrofa domestica;
APURES Co., Ltd, Pyeongtaek-si, Korea). All minip-
igs that underwent ERG examination were enrolled.
To evaluate the peripheral location adequately, OCT
images of good quality were used for the analysis.
For VEP examination, one eye of one normal minipig
and 14 eyes of 7 normal minipigs before euthanasia
were enrolled. All evaluations for each minipig were
performed while they were under general anesthesia,
and the method of general anesthesia was as follows.
The minipigs were anesthetized by intravenous injec-
tion of alfaxalone (1 mg/kg of Alfaxan; Vetoquinol,
West Sussex, UK) into the marginal auricular vein
following premedication, which comprised a subcuta-
neous injection of atropine (0.05 mg/kg) and an intra-
muscular injection of xylazine (1 mg/kg of Rompun;
Bayer Corp., Shawnee Mission, KS, USA) and azaper-
one (4 mg/kg of Stresnil; Mallinckrodt Veterinary Inc.,
Indianapolis, IN, USA), sequentially. After the induc-

tion of general anesthesia, maintenance was performed
using 1.5% to 2.5% isoflurane at 2 L/min with 50%
to 70% oxygen supply. The eyes were dilated with
three eyedrops of a tropherine solution (phenylephrine
hydrochloride 5 mg/mL + tropicamide 5 mg/mL) after
general anesthesia. After 3 consecutive loadings of
eye drops, dilating eye drops were administered at
30-minute intervals.

All procedures adhered to the Association for
Research in Vision and Ophthalmology’s Statement
for the Use of Animals in Ophthalmic and Vision
Research. Approval for this study was obtained from
the Institutional Animal Care and Use Committee of
the Korea University College of Medicine.

Ocular Biometry

Axial length (AL), anterior chamber depth,
lens thickness, and vitreous chamber depth were
measured in both eyes using commercial biometry
(SW-1000 A-scan ultrasonography; Suoer, Shanghai,
China). The data were obtained using an automatic
averaging program with 10 measurements. The
lid speculum was inserted, and an emulsion fluid
was applied to the cornea. The applanation probe
was then placed on the corneal center of each pig
eye with minimal pressure by a retina specialist
(author K.E.C.).

Electroretinography

The ERG protocol was based on the international
standard for electroretinography from the Interna-
tional Society for Clinical Electrophysiology of Vision
(ISCEV).36,37 The stimulus strengths for scotopic ERG
examination were 0.01, 3.0, and 10 cd·seconds·m−2,
and those for the photopic ERG examination were
0.01, 3.0, 10, and 3.0 cd·seconds·m−2. The inner
stimulus times for scotopic 0.01, 3.0, and 10.0 ERG
examinations were 0.49, 0.1, and 0.05 Hz, respectively.
The inner stimulus times for the photopic 3.0 ERG
and 30 Hz flicker ERG examination were 2.0 Hz and
30 Hz, respectively. The background-light strength of
photopic ERG examination was 30 cdm−2, and record-
ing bandpass was 0.3 to 300 Hz. Sixteen responses
with a 2-second interstimulus interval were obtained
for each recording and averaged. The pupils were
dilated up to 5 mm in diameter under general anesthe-
sia, and then dark adaptation was performed for
30 minutes. The dilatation of the pupil was maintained
by topical eye drops with 30-minute intervals
until the end of the experiment. Light-emitting
diode (LED) light stimulation was modulated,
and ERG signal recording was performed using a
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commercial system (RETIcom; Ronald Consult,
Germany). A contact lens electrode with a built-
in LED light source (Kooijman/Damhof ERG
lens; Medical Workshop BV, The Netherlands)
was used for light stimulation, which provided
consistent illumination.38 During the experiments, the
pupils remained dilated, and the contact lens electrode
was kept in contact with the eye using hypromellose.
The obtained responses were transferred to a computer
system for data storage and printing of the record-
ings. Reference and ground electrodes were subdermal
platinum needle electrodes. Reference electrodes were
placed in the skin near the lateral canthus of the eyes,
and a ground electrode was placed on the forehead
between the two eyes.

Flash Visual Evoked Potentials

The skull of a pig is quite thick, and there is a
sinus between the skull and brain.39,40 Therefore, it
is nearly impossible to obtain a VEP by placing a
skin electrode upon or under the skin, as in humans.
A hole was drilled in the cranium, and an electrode
was grounded to the epidural surface for VEP evalu-
ation. First, a superior-inferior view and lateral view
of a head radiograph were obtained to check the brain

location. Second, we made a sufficiently long verti-
cal incision in the skin and muscle above the visual
cortex on the opposite side (the periphery at a 2 cm
distance from the center) of the eye to expose the skull
adequately. Third, a round craniotomy was performed
at the planned location using a commercial neuro-
surgery drill (Anspach BlackMax; Johnson& Johnson,
New Brunswick, NJ, US) with a 14mmCodman perfo-
rator. Drilling was performed with water sprinkling
until the bone was completely penetrated, and then
the drill was turned away. Then, the thin bone seen
under the sinus was tapped and broken using a surgi-
cal hammer.41 The epidural surface was visible when
the broken bone was removed with forceps. A record-
ing electrode patch was placed on the epidural surface,
and cotton gauze was used to fill the space to keep the
electrode in contact with the epidural surface. Finally,
the skin was sutured. For the reference electrode, a
craniotomy was performed on the frontal lobe site
in the same manner, and the reference electrode was
placed on the epidural surface of the frontal lobe
(Fig. 1). A needle electrode for the ground signal was
inserted into the skin of the anterior leg. The flash
VEP protocols were based on the ISCEV standard,42
with a stimulus luminance of 3.0 cd·seconds·m−2 and
a recording bandpass was 1 to 500Hz. VEP stimulation

Figure 1. Preparation for the Evaluation of Visual Evoked Potentials (VEP). (A) Confirmation of the brain location is done by taking a
lateral view (B) and a superior-inferior view (C) radiograph of the head. C A radiographic image of a minipig head with a needle penetrating
deep into the skin at the occipital cortex is shown. (D) A sufficiently long incision is made in the skin and muscle to expose the skull base.
(E) Schematic planning to punch the skull with a neurosurgery drill above the visual cortex for a recording electrode and frontal lobe as
a reference electrode is shown. The recording electrode is targeted contralateral to the eye side of VEP stimulation. (F) A round-shaped
craniotomy is performed using a neurosurgery drill at the planned location. (G) The epidural surface is visible after removing the thin bone
shown below using a surgical hammer and chisel following the first craniotomy. (H) The patch recording electrode is placed on the epidural
surface and the space above it is filled with cotton gauze to keep the electrode in contact with the epidural surface. (I) Resuturing of the skin
is performed.



Normative Data of Various Tests the Minipig’s Eye TVST | October 2021 | Vol. 10 | No. 12 | Article 3 | 4

was performed with a RETIcom machine using a
contact lens with a built-in light source. After induc-
tion of deep anesthesia using ketamine (50 mg/kg)
and xylazine (10 mg/kg), euthanasia was performed by
collecting whole blood.

Image Acquisition and Analysis

Using a Spectralis OCT machine (Heidelberg
Engineering GmbH, Heidelberg, Germany), infrared
images and OCT images in the 55 degree range were
obtained. Vertical and horizontal line scans and raster
scans (33 B-scans for a 16.5 × 16.5 mm area in a
55 degree image) were performed in high-resolution
mode (1536 A-scans per B scan, lateral resolution
of 10 μm/pixel for a 55 degrees image). Up to 100
single images were averaged using an automatic real-
time mode to obtain a high-quality average image
(Fig. 2C). Themeasurements weremanually performed
by a retinal specialist (author K.E.C.) and a general
ophthalmologist (author V.T.Q.A.). Intercorrelation
scores were measured. Moreover, the data from the
retinal specialist (K.E.C.) were used for analysis. The
measurement was performed at several points of a
vertical line from the optic disc margin between the
two dorsal large blood vessels from the optic disc
(Fig. 2A). The thickness of each sublayerwasmeasured
on the vertical line at distances of 1, 2, 3, 4, and
5 mm from the optic disc margin (see Fig. 2A).
The thickness of the total retinal layer (TRL), total
choroidal layer (CL), nerve fiber layer (NFL), ganglion
cell complex (GCC), ganglion cell layer (GCL), inner

plexiform layer (IPL), GCL/IPL, inner nuclear layer
(INL), outer plexiform layer (OPL), outer nuclear layer
(ONL), inner retinal layer (IRL), and outer retinal layer
(ORL) was measured manually. TRL was defined as
the layer from the inner border of the internal limit-
ing membrane (ILM) to the outer border of the retinal
pigment epithelium (RPE) cell layer. CL was defined as
the layer from the outer border of the RPE to the outer
border of the large choroidal blood vessel. The thick-
ness of each sublayer with low or high signal inten-
sity in OCT images was measured directly. IRL was
defined as the layer from the inner border of the ILM
to the external limiting membrane (ELM). ORL was
defined as the layer from the ELM to the outer border
of the RPE. Additionally, the GCC was defined as the
layer from the inner border of the NFL to the inner
border of the INL. Finally, theGCL/IPL thickness was
measured by subtracting the thickness of NFL from
that of the GCC.

The visual streak is a dorsal horizontal band where
the thickness of the ganglion cell density is the most
abundant and vascular arcade is absent, similar to the
fovea in humans.9,17,43–45 In this study, the thickness
of the horizontal line crossing at the 2 mm point of
the vertical line was assumed to be the visual streak
thickness (Fig. 2B). Five additionalmeasurements were
performed along this horizontal line at distances of
1 mm toward the nasal and temporal sides. Each
sublayer was measured at each location. Additionally,
we attempted to compare each sublayer’s thickness on
the nasal and temporal sides by taking an average of
fivemeasurements for each of the five locations on each
side (see Fig. 2).

Figure 2. Representative 55 degree Optical Coherence Tomography (OCT) Images Used for Measuring Each Sublayer at Various
Locations. (A) The vertical line is located within the vertical vein and the artery from the disc. Each point is at an interval of 1 mm. Various
retinal layer thickness is measured at a total of five points on the vertical line. (B) The horizontal line is perpendicular to the vertical line at a
point 2mm from the discmargin. From themedian line, the points are spaced at 1mm intervals. Various retinal layer thickness aremeasured
at five nasal points (N) and five temporal points (T) along the horizontal line. (C) Enlarged image from the dotted box A. The thickness of
the total retinal layer (TRL), total choroidal layer (CL), ganglion cell complex (GCC), nerve fiber layer (NFL), ganglion cell layer (GCL), inner
plexiform layer (IPL), GCL/IPL, inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), inner retinal layer (IRL), and
outer retinal layer (ORL) are measured manually at each location.
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Correlation Among Various Parameters

Correlation was evaluated among OCT indicators,
ocular biometry indices, and ERG findings To assess
the relationship between ocular biometry indices and
ERG findings, we used the mean sublayer thickness for
analysis and each implicit time from ERGs.

Statistical Analysis

Repeated analysis of variances (ANOVA), paired t-
tests, Pearson χ2 tests, Pearson’s correlation analyses,
and multiple regression analyses were performed using
SPSS version 21.0. A P value less than 0.05 was consid-
ered statistically significant.

Results

In total, 44 female pigs underwent ocular biome-
try and electrophysiological tests. The average age of
the pigs was 13.83 ± 10.56 months (9–15 months), and
their mean body weight was 29.66± 3.26 kg. The mean
AL and anterior chamber depth was 20.33 ± 0.88 mm
and 3.19 ± 0.42 mm, respectively (Table 1). The mean

AL of the right and left eyes was 20.36 ± 1.14 mm
and 20.29 ± 0.72 mm, respectively. The mean anterior
chamber depth of the right and left eyes was 3.22 ±
0.45 mm and 3.16 ± 0.39 mm, respectively.

Electrophysiologic Tests

All ERGs of minipigs showed consistently similar
morphology to each other (Fig. 3 and Supple-
mentary Fig. S1). None of the ERG parameters
showed any significant difference between the right
and left eyes. The mean implicit time of the b-wave
in scotopic 0.01 ERG was 68.09 ± 14.64 ms. The
mean implicit time of the a-wave and b-wave in
scotopic 3.0 ERG was 16.12 ± 3.20 ms and 41.06 ±
6.28 ms, respectively. The mean b/a ratio was 2.09
± 0.56. The mean implicit time of the a-wave and
b-wave in photopic 3.0 ERG was 13.84 ± 6.93 ms
and 33.73 ± 5.78 ms, respectively. The mean implicit
time and amplitudes of all waves are summarized
in Table 1.

The mean age and body weight of 8 minipigs that
underwent flash VEP tests were 11.26 ± 1.89 months
and 27.94 ± 2.76 kg, respectively. None of the param-
eters showed significant differences between the right

Table 1. Electroretinography Findings (n = 88 Eyes)

Both Right Eye Left Eye

P Value Between
the Right Eye and

Left Eye

Age (months) 13.83 ± 8.56
Weight (kg) 64.08 ± 41.21
AL (mm) 20.33 ± 0.88 20.36 ± 1.14 20.29 ± 0.72 0.686a

ACD (mm) 3.19 ± 0.42 3.22 ± 0.45 3.16 ± 0.39 0.328a

Lens (mm) 7.29 ± 0.69 7.33 ± 0.67 7.26 ± 0.72 0.643b

VCD (mm) 9.83 ± 1.23 9.79 ± 1.12 9.83 ± 1.23 0.744b

Mean implicit time of the b-wave in scotopic 0.01 ERGs (ms) 68.09 ± 14.64 66.67 ± 29.64 69.54 ± 15.11 0.610b

Mean amplitude of the b-wave in scotopic 0.01 ERGs (μV) 64.08 ± 41.21 64.36 ± 41.50 63.78 ± 41.38 0.440b

Mean implicit time of the a-wave in scotopic 3.0 ERGs (ms) 16.12 ± 3.20 15.77 ± 2.29 16.48 ± 3.92 0.443b

Mean implicit time of the b-wave in scotopic 3.0 ERGs (ms) 41.06 ± 6.28 41.02 ± 5.78 41.11 ± 6.83 0.454b

Mean amplitude of the a-wave in scotopic 3.0 ERGs (μV) 65.76 ± 24.68 68.13 ± 23.68 63.34 ± 25.71 0.988b

Mean amplitude of the b-wave in scotopic 3.0 ERGs (μV) 134.89 ± 52.21 137.34 ± 48.29 131.78 ± 56.38 0.625b

b/a ratio in scotopic 3.0 ERGs 2.09 ± 0.56 2.10 ± 0.55 2.08 ± 0.57 0.948b

Mean implicit time of the a-wave in scotopic 10.0 ERGs (ms) 15.73 ± 2.66 15.52 ± 2.38 15.95 ± 2.92 0.888b

Mean implicit time of the b-wave in scotopic 10.0 ERGs (ms) 40.39 ± 6.39 40.18 ± 5.69 40.61 ± 7.09 0.177b

Mean amplitude of the a-wave in scotopic 10.0 ERGs (μV) 56.84 ± 21.32 58.35 ± 20.26 55.30 ± 22.48 0.790b

Mean amplitude of the b-wave in scotopic 10.0 ERGs (μV) 109.87 ± 42.16 112.03 ± 37.59 107.65 ± 46.73 0.394b

Mean amplitude of oscillatory potential (μV) 19.51 ± 14.03 19.58 ± 13.25 19.45 ± 14.95 0.440b

Mean implicit time of the a-wave in photopic 3.0 ERGs (ms) 13.84 ± 6.93 12.65 ± 2.78 15.06 ± 9.35 0.203b

Mean implicit time of the b-wave in photopic 3.0 ERGs (ms) 33.73 ± 5.78 33.13 ± 4.94 34.34 ± 6.52 0.391b

Mean amplitude of the a-wave in photopic 3.0 ERGs (μV) 23.53 ± 12.11 23.78 ± 12.18 23.27 ± 12.18 0.760b

Mean amplitude of the b-wave in photopic 3.0 ERGs (μV) 131.44 ± 55.64 138.38 ± 54.67 124.35 ± 56.37 0.934b

Mean interval between n1 and p1 waves of photopic 3.0 flicker ERGs (ms) 21.37 ± 4.05 22.02 ± 3.55 20.70 ± 4.45 0.065b

Mean amplitude of photopic 3.0 flicker ERGs (μV) 114.75 ± 62.64 121.84 ± 65.01 107.51 ± 60.02 0.835b

AL, axial length; ACD, anterior chamber depth; VCD, vitreous chamber depth; ERG, electroretinogram.
aPaired t test.
bWilcoxon signed-rank test.
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Figure 3. Overall TraceMaps of Full-field Electroretinograms (ERG) and VEP inMinipigs.Overall tracemaps of full-field electroretino-
gram (ERG). (A) A scotopic 0.01 ERG is shown. The mean implicit time of the b-wave in the scotopic 0.01 ERG is 68.09 ± 14.64 ms, and the
amplitude is 64.08± 41.21 μV. (B) A scotopic 3.0 ERG is show. Themean implicit time of the a-wave and b-wave is 16.12± 3.20ms and 41.06
± 6.28 ms, respectively. The amplitudes of the a-wave and b-wave are 65.76 ± 24.68 μV and 134.89 ± 52.21 μV, respectively. (C) A scotopic
10.0 ERG is shown. The mean implicit time of the a-wave and b-wave is 15.73± 2.66 ms and 40.39± 6.39 ms, respectively. The mean ampli-
tudes of the a-wave and b-wave are 56.84 ± 21.32 μV and 109.87 ± 42.16 μV, respectively. (D) The oscillatory potential is shown. The mean
amplitude of oscillatory potential is 19.51 ± 14.03 μV. (E) A photopic 3.0 ERG is shown. The mean implicit time of the a-wave and b-wave
is 13.84 ± 6.93 ms and 33.73 ± 5.78 ms, respectively. The mean amplitudes of the a-wave and b-wave are 23.53 ± 12.11 μV and 131.44 ±
55.64 μV, respectively. (F) A photopic flicker ERG is shown. The mean amplitude is 114.75 ± 62.64 μV. (G) Overall trace map of flash VEP is
illustrated. The mean implicit time of the p1 wave, n2 wave, p2 wave, and n3 wave are 27.86 ± 8.07 ms, 1.76 ± 1.45 μV, 52.96 ± 10.38 ms,
122.08 ± 38.58 ms, and 255.23 ± 62.24 ms, respectively.

Table 2. Visual Evoked Potentials (n = 15)

Flash VEP

Mean implicit time of the n1 wave (ms) 6.44 ± 5.42
Mean amplitude of the n1 wave (μV) 0.86 ± 1.13
Mean implicit time of the p1 wave (ms) 15.85 ± 5.46
Mean amplitude of the p1 wave (μV) 1.09 ± 1.31
Mean implicit time of the n2 wave (ms) 25.67 ± 7.41
Mean amplitude of the n2 wave (μV) 1.34 ± 1.62
Mean implicit time of the p2 wave (ms) 52.96 ± 10.38
Mean amplitude of the p2 wave (μV) 28.52 ± 22.22
Mean implicit time of the n3 wave (ms) 122.08 ± 38.58
Mean amplitude of the n3 wave (μV) 34.49 ± 23.56
Mean implicit time of the p3 wave (ms) 255.23 ± 62.24
Mean amplitude of the p3 wave (μV) 6.22 ± 4.81
Mean implicit time of the n4 wave (ms) 372.44 ± 83.92
Mean amplitude of the n4 wave (μV) 4.99 ± 3.72
Mean implicit time of the p4 wave (ms) 451.91 ± 48.98
Mean amplitude of the p4 wave (μV) 4.93 ± 2.54

VEP, visual evoked potential.

and left eyes. The flash VEP pattern of the minipigs
was not the same as that of human VEPs. A small-
amplitude n2-wave was followed by a large-amplitude
p2-wave (Fig. 3G). The implicit time of the n2-wave
and the p2-wave was 25.67 ± 7.41 ms and 52.96 ±
10.38 ms, respectively. The implicit time and ampli-
tudes of all waves are summarized in Table 2.

OCTMeasurements

Ten eyes of six minipigs (8 eyes of 4 minipigs and
one eye each of 2 minipigs) were excluded as the OCT
image signal-to-noise ratio was below 0.6 or image
quality was inadequate to measure thickness in the
periphery. A total of 39 female pigs were included in the
OCT analysis. The average age of the enrolled pigs was
12.30 ± 8.19 months (9–15 months), and their mean
body weight was 29.49 ± 3.19 kg. The mean thick-
ness of TRL, CL, NFL, GCL, IPL, INL, OPL, ONL,
IRL, andORL on the vertical line from the disc margin
was 206.82 ± 30.38 μm, 180.54 ± 71.58 μm, 66.41 ±
25.24 μm, 12.34 ± 3.45 μm, 46.03 ± 8.95 μm,
20.73 ± 6.59 μm, 20.51 ± 6.94 μm, 27.36 ± 8.20 μm,
167.69 ± 32.37 μm, and 25.51 ± 5.58 μm, respectively
(Table 3). There was no significant difference in thick-
ness of any layer between the left and right eyes (allP>

0.05). The mean thickness of each sublayer is summa-
rized in Supplementary Table S1.

There were significant differences among the 5
locations at distances of 1-mm interval on the verti-
cal line from the disc margin in TRL, NFL, GCC,
GCL/IPL, IPL, INL, OPL, and ONL (all P < 0.001 by
ANOVA test) (Table 3). In post hoc analysis, the TRL,
NFL, and GCC thickness showed a decreasing pattern
with increasing distance from the optic disc. However,
there was no significant difference in NFL thickness at
the 4mm and 5mmpoints. The thickness of GCL/IPL,
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Table 3. Optical Coherence Tomography Findings for the Vertical Axis (n = 78)
1 mm 2mm 3mm 4mm 5mm Total P Value

Mean TRL thickness (μm) 237.96 ± 26.27 223.06 ± 23.19 207.31 ± 18.11 189.12 ± 17.54 176.62 ± 17.54 206.82 ± 30.38 <0.001a

Mean NFL thickness (μm) 103.14 ± 23.07 74.03 ± 13.93 58.38 ± 8.82 51.25 ± 10.99 45.26 ± 10.77 66.41 ± 25.24 <0.001a

Mean GCC thickness (μm) 152.30 ± 21.77 128.52 ± 16.09 115.78 ± 14.69 100.74 ± 12.84 90.57 ± 12.52 117.58 ± 12.52 <0.001a

Mean GCL/IPL thickness 49.16 ± 9.49 54.49 ± 8.25 57.39 ± 10.95 49.49 ± 6.59 45.32 ± 8.24 51.17 ± 5.09 <0.001a

Mean IPL thickness (μm) 44.28 ± 8.01 50.41 ± 7.86 51.67 ± 7.86 43.38 ± 7.09 40.39 ± 7.76 46.03 ± 8.95 <0.001a

Mean INL thickness (μm) 19.01 ± 5.71 22.49 ± 6.25 23.93 ± 6.49 19.69 ± 6.68 18.56 ± 6.24 20.73 ± 6.59 <0.001a

Mean OPL thickness (μm) 17.91 ± 5.01 24.22 ± 6.97 22.81 ± 7.01 19.71 ± 7.00 17.89 ± 6.15 20.51 ± 6.94 <0.001a

Mean ONL thickness (μm) 29.32 ± 6.69 30.69 ± 7.79 29.41 ± 6.52 29.47 ± 7.26 24.25 ± 5.96 28.63 ± 7.19 <0.001a

Mean IRL thickness (μm) 200.62 ± 25.34 181.71 ± 24.67 169.12 ± 22.25 148.79 ± 25.14 138.21 ± 19.40 167.69 ± 32.37 <0.001a

TRL, total retinal layer; CL, choroidal layer; INL, inner nuclear layer; NFL, nerve fiber layer; GCC, ganglion cell complex; IPL,
inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IRL, inner retinal layer.

aWilcoxon signed-rank test.

IPL, INL, and OPL at the 2 mm and 3 mm points were
significantly greater than those at the 1 mm and 4 mm
points (3 mm vs. 2 mm vs. 1 mm and 4 mm vs. 5 mm
for GCL/IPL; 2 mm and 3 mm vs. 1 mm, 4 mm, and
5 mm for IPL, NL, and OPL). Furthermore, IPL at
the 5-mm point was significantly thinner than that at
the 1-mm point. ONL appeared to be thickest at the 2
mm point; however, only ONL at the 5-mm point was
significantly thinner than at the other points (Supple-
mentary Table S2, Supplementary Fig. S2, Fig. 4).

The mean thickness of TRL, CL, NFL, GCC,
GCL/IPL, GCL, IPL, INL, OPL, ONL, IRL, and
ORL on the horizontal line with the center point at
2 mm distance from the disc margin was 215.79 ±
24.21 μm, 183.54 ± 36.61 μm, 55.71 ± 19.40 μm,
113.52 ± 14.06 μm, 57.81 ± 7.50 μm, 12.02 ±
5.68 μm, 49.84 ± 8.36 μm, 24.79 ± 6.11 μm, 19.51 ±
6.42 μm, 30.98 ± 8.53 μm, 169.28 ± 23.66 μm, and
36.54 ± 3.41 μm, respectively The thickness of each
sublayer on the presumed visual streak is summarized
in Supplementary Table S3. Temporally, the thick-
ness of TRL, IRL, GCC, and NFL were significantly
greater than their nasal values (P < 0.001, P = 0.001,
P< 0.001, andP= 0.005, respectively, by paired t-test).
There were no significant differences in the thickness of
the other layers between the temporal and nasal sides.
The thickness of TRL, IRL, GCC, and NFL on the
horizontal line showed significant differences among
the 10 locations (all P < 0.001 by ANOVA test). After
post hoc analysis, TRL at 2 mm and 1 mm on the
temporal side and 1 mm on the nasal side was thicker
than that at 3 mm, 4 mm, and 5 mm on the nasal side.
The thickness of IRL and NFL at 2 mm and 1 mm
on the temporal side and 1 mm on the nasal side was
greater than that at 5 mm on the temporal side and
3 mm, 4 mm, and 5 mm on the nasal side. The GCC
thickness at 2 mm and 1 mm temporally and 1 mm and
2 mm nasally was greater than that at 5 mm and 4 mm
temporally and 4 mm and 5 mm nasally (see Supple-
mentary Table S3, Supplementary Fig. S3, Fig. 4).

Correlations Among Various Parameters

To reduce bias, one minipig aged 60 months was
excluded from this analysis. AL was positively corre-
lated with anterior chamber depth (r = 0.314, P =
0.004) and vitreous chamber depth (r = 0.792, P <

0.001). AL was negatively correlated with lens thick-
ness (r = −0.815, P < 0.001) and positively corre-
lated with vitreous chamber thickness (r = 0.781, P <

0.001). AL had negative correlations with the thick-
ness of TRL (r = −0.493, P < 0.001), GCC (r =
−0.388,P= 0.001), GCL/IPL (r= −0.481,P< 0.001),
GCL (P = −0.272 and P = 0.019), IPL (r = −0.451,
P < 0.001), INL (r = −0.415, P < 0.001), OPL (r =
−0.244, P= 0.036), and ONL (r= −0.287, P= 0.013).
Age was significantly correlated with OPL (r = 0.375,
P < 0.001). The results of multiple regression analyses
using OCT parameters that showed significant correla-
tions with ocular biometry indices (Pearson’s correla-
tion coefficient, r > 0.3) were as follows. The thickness
of OPL showed negative correlations (r2 = 0.194) with
age (B = 0.459, P = 0.001) and AL (B = −1.190, P =
0.037). The correlations between ERG parameters and
other factors showed low significance values (Supple-
mentary Table S4).

Discussion

Pig and human eyes have many similarities, includ-
ing a non-tapetal fundus with a holangiotic vascu-
lar pattern and retinal layer thickness. AL of mouse,
rat, and rabbit eyes is much smaller than that of
human eyes, which is approximately 23 to 24 mm.
The minipigs used in our study had an eyeball size of
20.33 mm, similar to that in other pig studies
(approximately 21 mm).9,46,47 The anterior chamber
depth in this study was greater (3.19 mm) than in
another pig study using OCT and was similar to
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Figure 4. Heatmap showing difference thickness of each sublayer at different 15 locations. (A) TRL thickness near the optic disc and
vertical line is thicker than TRL thickness at other locations. (B) None of the CL thickness values have significant differences between them.
(C) GCC thickness near the optic disc and vertical line is thicker than GCC thickness at other locations. (D) NFL thickness near the optic disc

→
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←
and vertical line is thicker than NFL thickness at other locations. (E) The GCL/IPL thickness at 2 and 3mm from optic disc is thicker than those
at 1, 4, and 5 mm. However, there is no difference of GCL/IPL thickness along the visual streak. (F) None of the GCL thickness values have
significant differences between them. (G) The IPL thickness at 2 and 3 mm from optic disc is thicker than those at 1, 4, and 5 mm. However,
there is no difference of IPL thickness along the visual streak. (H) The INL thickness at 2 and 3 mm from optic disc is thicker than those at 1,
4, and 5 mm. However, there is no difference of IPL thickness along the visual streak. (I) The OPL thickness at 2 and 3 mm from optic disc is
thicker than those at 1, 4, and 5 mm. However, there is no difference of IPL thickness along the visual streak. (J) The ONL thickness at 5 mm
(b) is significantly smaller than those at the other locations. (K) IRL thickness near the optic disc and vertical line is thicker than IRL thickness
at other locations. (L) None of the ORL thickness values show significant differences between them.

that of humans (2.50–3.44 mm).46,47 Pigs showed the
denser photoreceptor number (20 million cones and
120milion rods) thanmice (180 thousand cones and 6.4
million rods), rabbit (8 million cones and 100 million
rods), and nonhuman primates (3.1 million cones and
61 million rods).48,49 Overall rod:cone density (7:1–8:1)
in pigs is relatively lower than that in humans (20:1);
however, the cone cell density (199,000 cones/mm2)
of the central area in pigs was comparable to that of
humans (141,000 cones/mm2).50–52

In this study, we obtained strong and stable signals
with wave morphology and average amplitudes very
close to those of humans and primates.36,53,54 Minip-
igs showed delayed implicit time and decreased ampli-
tudes than nonhuman primates, even though they had
more large eyes and larger photoreceptor numbers
than nonhuman primates.55 It is difficult to compare
directly the ERG parameters in different animals under
ISCEV standard methods, because there are lots of
other factors affecting ffERG, such as eyebyall sizes
(size of retinal area), orbital rim thickness, location of
electrodes, electodes materials, general anesthesia, and
so on.56,57 The implicit time of the a-wave (16.12 ms)
and b-wave (41.06 ms) in scotopic 3.0 ERG (rod-cone
response) in our study were similar to those reported
by Bouskila et al. in the rod-cone response of green
monkeys (14.8ms and 36.7ms, respectively).58 Further-
more, our ERG results (aged 14 months and weighed
30 kg) were comparable to those of other pig studies
and valuable with a relatively larger number of subjects.
Previous studies of ERG using normal pig showed the
a-wave implicit time (16.6 ms) in rod-cone response, b-
wave implicit time (41.8–47.4 ms) in rod-cone response,
a-wave implicit time (12.7–16.7 ms) in maximal rod-
cone response, b-wave implicit time (36.0–45.0 ms) in
maximal rod-cone response, a-wave implicit time (8.37–
13.4 ms) in cone response, and b-wave implicit time
(29.6–33.5 ms) in cone response.33,34,59,60 The b-wave
amplitude of 10.0 ERG in our study showed a smaller
amplitude than that of 3.0 ERG.

The VEP recordings of our study showed a small-
amplitude n2-wave (25.67 ms), followed by a large-
amplitude p2-wave (52.96 ms) and a large-amplitude

n3-wave (122.08 ms). Sachs et al. and Schwahn et
al. showed similar VEP morphologies to that of our
findings in epidural recordings with craniotomy in
the minipig.4,61 Using subdermal platinum needles,
Barone et al. and Strain et al. reported the possibil-
ity of VEP signal detection at a relatively young age
without craniotomy (n2 wave just below 0.05 seconds
and p2 wave just above 0.05 seconds).6,62 The implicit
time could be affected by the visual track length
and brain size.63,64 However, recording electrodes in
the above two studies without craniotomy had more
distance from the eye. Therefore, the implicit time
showed the tendency of delayed latency. As each pig
type has different skull and brain sizes, the implicit
time of each wave varies.4,6,61,62 However, the ampli-
tudes with craniotomy were generally larger than those
without craniotomy,63 because the distance between
recording elctrodes and visual cortex were shorter
with craniotomy than without craviotomy.64 Although
craniotomy is an inconvenient procedure, it is helpful
to record large amplitudes to rule out noise signals
from true signals. Without craniotomy, there is a
possibility of failure in acquiring VEPs in adult pigs
with thick neck tissue. In contrast, our study showed
quantitative VEP results for minipigs with craniotomy.
The VEP wave morphology in our study appeared to
have a much faster implicit time than that of human
fVEP (n2 approximately 90 ms, and p2 approximately
120 ms).42,65,66 Comparing with humans, (1300 g and
15 cm) the pig can have at least 7.5 times smaller brain
size (100–180 g and 7.5 cm) and the shorter distance
(10–12 cm vs. 7–8 cm) between the eye and dorsal visual
cortex.67–69 In addition, the waveform and amplitudes
of VEP recordings in primates were found to differ
according to the depth of electrodes (deep or super-
ficial from the brain) or recording locations in the
striate laminae.70,71 Because there were the similari-
ties between our VEP findings and the VEP waveform
of pigs using skin electrodes without craniotomies
in other previous studies,4,6,61,62 the differences in
recording site (shorter than that of humans in our
study) could have affected the results. It is also possi-
ble that different waveforms of each VEP originated
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from species differences in the eye-to-brain signaling
pathway.

Our study presented the specific thickness of each
sublayer at various locations. As was shown in other
studies,24,27–29 the TRL thickness tends to decrease as it
moves away from the optic discmargin. Similar tenden-
cies were also noted for the thickness of the GCC
and NFL in our study. Interestingly, the thickness of
the GCL/IPL, IPL, INL, and OPL was greater near
the visual streak than at other dorsal locations. Xia et
al. reported the thickness of each retinal layer (TRL,
NFL, GCL, IPL, INL, OPL, ONL, ellipsoid zone, and
interdigitation zone/RPE were 290, 66, 18, 68, 41, 12,
39, 18, and 15 μm, respectively) at a point located 3 mm
dorsally to the optic disc26 and these values were greater
than those at the same locations in our study. Using
the rabbit, the outer retinal thickneess and photorecep-
tor outer segment thickness were thickest in the central
visual streak and thinnest outside the visual streak.72

The visual streak with high optical cell density
is located approximately 1.5 to 3 mm from the
disc margin.17,18,43,45 Deschaepdrijver et al. showed
a streak-like macular area lacking major vasculature
within a similar region,73 and our presumed visual
streak area (2 mm dorsally from disc margin) also
showed a lack of major vasculature (see Fig. 2). The
GCL thickness in our study did not show a significant
difference according to the distance from the optic disc.
GCL is the thinnest layer among the retinal sublay-
ers; therefore, it may be difficult to measure precisely
to detect subtle differences at each point. Instead, the
GCL/IPL thickness was significantly greater at 2 and
3 mm from the optic disc than at other locations. Cone
cell density shows an increase in a broad region dorsal
to the optic disc that extends both nasally and tempo-
rally.7,17,18 However, our study showed no significant
differences at different points located dorsally from the
optic disc in the thickness of ONL and ORL.

Furthermore, we investigated the distribution of
each sublayer’s thickness on the presumed visual streak.
Other studies showed maximal ganglion and photore-
ceptor cell densities at the middle of the temporal arm
of the streak.17,18,43 This tendency was not observed
in the thickness of the GCC/IPL, INL, and ONL
on the visual streak. However, there were statisti-
cal differences in the average thickness of the TRL,
IRL, GCC, and NFL between the nasal and tempo-
ral sides. The temporal retinal area is larger than the
nasal area,43 and it is natural that the temporal NFL
is thicker than the nasal NFL, particularly near the
optic disc. Beauchemin et al. showed that the tempo-
ral retina is thicker than the nasal retina in pig histol-
ogy.7 It is well known that AL increases with age in
animals and humans.74,75 AL showed a negative corre-

lation with IRL thickness in our study. Thus, increas-
ing AL can correlate with inner retinal thinning.5,76,77
It has been reported that as aging progresses, inner
retinal thinning and thickening of OPLwith or without
interdigitation zone occurs in humans.78 Additionally,
the thickness of inner retinal sublayers is reported
to reflect the inner retinal functions of many ocular
and systemic diseases.79,80 Specifically, GCL/IPL and
NFL thinning are associated with the delay of b-wave
implicit time.81 However, our study using normal adult
minipigs showed the weak significance of correlations
between ERG parameters and ocular biometry and
other OCT parameters.

Our study had several limitations. First, we did not
evaluate the thickness in the area ventral to the disc
or at distant locations. There is a possibility that the
thickness pattern could be different in the ventral and
far peripheral areas. Instead, we focused on the dorsal
area and the presumed visual streak. Far peripheral
retinal locations are difficult to evaluate owing to their
low image quality. Our minipigs were all female; there-
fore, further study with male minipigs will be needed
to report the normative data of wild minipigs. Finally,
the number of VEP examinations was low, and we
only recorded contralateral signals from light stimula-
tion even though the recording location was near the
central line. This could affect the results, such as the
waveform morphology or amplitudes. Further studies
using a large number of VEP examinations with other
examination modalities will help understand the corre-
lations with VEP findings. Considering the discrepancy
in thickness between the temporal and nasal sides of
the retina, hemifield VEP or multifocal ERG will help
understand the functional and anatomic correlation.

We reported normative data for minipigs using a
larger number of subjects than that used in other
studies and presented specific data for the thickness
of each sublayer at various locations. Normative data
from electrophysiological tests, such as ERG and VEP
examinations in minipigs were obtained. For studies
using minipigs, OCT, ERG, and VEP examinations are
reliable and useful. The above findings could be used
as baseline data and are considered normal values for
assessing retinal degeneration in minipig models.
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