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Abstract
● AIM: To determine the progression of parameters from 
optical coherence tomography (OCT) in chronic elevated 
intraocular pressure (IOP) monkeys.
● METHODS: A chronic elevated IOP model of rhesus 
monkeys was induced by laser photocoagulation. 
Representative OCT parameters, including the average and 
four-quadrant retinal nerve fiber layer (RNFL) thickness, 
and parameters from optic nerve head (ONH) analysis 
were collected before and after laser treatments biweekly 
for up to 28wk. The performance of each parameter for 
early progression detection was analyzed. The progressive 
trends toward elevated IOP were analyzed using a linear 
mixed-effects model.
● RESULTS: There were 10 successfully maintained high 
IOP eyes in 7 monkeys. The follow-up time was 24±5.37wk. 
With cumulative IOP elevation, the cup area, rim area and 
C/D area ratio were statistically significantly changed as 
early as 2wk after elevated IOP induction (P<0.05). The 
quadrant RNFL thickness changed at 6wk after high IOP 
induction, and the superior and inferior RNFL thicknesses 
exhibited more obvious reductions than other quadrants. 
The average RNFL thickness was the last one to show a 
significant decrease at 8wk.

● CONCLUSION: The parameters of ONH are most 
sensitive to elevated IOP in a primate glaucomatous 
model. These findings suggest that we should focus on 
those parameters instead of RNFL thickness in patients 
with elevated IOP, as they might present with earlier 
glaucomatous changes.
● KEYWORDS: optical coherence tomography; rhesus 
monkey; glaucoma; high intraocular pressure; retinal nerve 
fiber layer
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INTRODUCTION

G laucoma is a leading cause of irreversible blindness 
worldwide[1]. The condition is called “the silent thief 

of sight” due to its chronic progression without any notice, 
particularly primary open angle glaucoma (POAG). Studies 
have shown that early detection and early intervention are 
the best ways to prevent vision loss[2]. Therefore, it is of great 
importance to recognize early glaucoma progression.
Elevated intraocular pressure (IOP) is the most important risk 
factor for glaucoma progression[3]. However, it is unethical 
and difficult to study the effects of elevated IOP on damaged 
fundus in human beings instead of treatment. Compared 
with rodents, monkeys and humans have close phylogeny 
and high homology[4]; therefore, the rhesus monkey was 
used in our study. Previous studies have shown that laser 
photocoagulation of the trabecular meshwork can be used to 
induce IOP elevation in monkeys, which is an ideal model to 
study the effect of elevated IOP and to investigate glaucoma 
progression[5-6].
Structural and functional damages are seen in early glaucoma 
or glaucoma progression detection during clinical practice, 
in which optic coherence tomography (OCT) and visual 
field (VF) are most widely used[7-9]. Studies have shown that 
structural changes can be detected earlier than functional 
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change[8-9]. With the maturation of big data collection methods, 
it is easy to get large amounts of data from various devices; 
however, analyzing and applying them in clinical practice is 
challenging.
Many studies have been conducted to characterize the 
structural progression under cumulative high IOP, and various 
apparatus with various parameters have been used, such 
as OCT, confocal laser scanning ophthalmoscope (CLSO), 
scanning laser perimetry (SLP), etc[10-13]. However, regarding 
RNFL thickness analysis, the “average RNFL thickness” has 
been commonly used, which is an overall parameter without 
considering the separate changes occurring in each quadrant 
of the peripapillary RNFL thickness[5,10,12-13]. Moreover, 
some studies have made comparisons of some parameters 
from different apparatus[11]. In clinical practice, it might be 
more helpful for us to achieving a thorough understanding 
of the earlier progression trend of each parameter, and 
to understanding the effect of elevated IOP on the early 
progression of parameters from fundus scanning, and to 
conducting the earlier intervention.
Our research group has successfully established stable chronic 
high IOP monkey models with similar laser photocoagulation 
of the trabecular meshwork[14]. In this study, we conducted a 
full analysis of the progression of different parameters of OCT 
in a longitudinal study with trend analysis and relative long-
term follow-up. The aim of this study was to determine the 
performance of progression detection of each parameter, which 
may offer guidance in applying various OCT parameters for 
glaucomatous monitoring in clinical practice.
MATERIALS AND METHODS
Ethical Approval  This study strictly adhered to the ARVO 
Statement for the Use of Animals in Ophthalmic and Vision 
Research. It was approved and monitored by the Institutional 
Animal Care and Use Committee of Zhongshan Ophthalmic 
Center.
Materials  Seven healthy adult rhesus monkeys (Blue Island 
Biological Technology Co., Ltd., of Guangdong, Guangzhou, 
China, Qualification), with initial body weights of 7-12 kg and 
initial ages of 5-6y, were used in this study. Before creating 
models, monkeys were examined using various tests to confirm 
the healthy state of their eyes, including slit-lamp microscopy 
(Topcon, SL-D7, Japan), gonioscopic examination (Volk G-1 
trabeculum, Volk Optical, Inc., Mentor, OH, USA), fundus 
photography (TRC-50DX Retinal Camera; Topcon, Tokyo, 
Japan), OCT (Stratus OCT, Carl Zeiss Meditec, Dublin, CA, 
USA), and Tono-Pen XL tonometry (Reichert, Depew, NY, USA). 
Establishment of the Model  Detailed descriptions of 
model establishment have been previously published[14]. 
Briefly, after anesthesia, laser-dedicated gonioscopy (Volk, 
G-1 Trabeculum, USA), multiwavelength solid-state lasers 

and associated multiplier slit-lamp microscopes (VISULAS 
Trion & LSL Trion Laser Slit Lamp, Carl Zeiss Meditec AG, 
Goeschwitzer Strasse, Jena, Germany) were used to perform 
360° photocoagulation in the functional trabecular meshwork 
area of each eye in all subjects. The laser spot size was 50 μm 
in diameter, and the settings were 1200 W for 0.5s. Laser 
parameters were adjusted to obtain a visible reaction in the 
trabecular meshwork, most often a bubble formation. Eighty 
to 120 spots were created per treatment. Daily application 
of tobramycin dexamethasone eye drops (TobraDex, Alcon, 
USA) was performed once a day after each laser procedure for 
two weeks. Inclusion criteria: the eyes with IOP consistently 
between 25-40 mm Hg for more than 8wk were included for 
further analysis.
Intraocular Pressure Measurement  After laser photocoagulation, 
Tono-PenXL was used for the measurement of IOP. During the 
first 2wk after laser treatment, the IOP was monitored every 
week, and then biweekly. The apparatus was corrected before 
each measurement, the IOP measurements were taken 4 times, 
and the average data were regarded as the IOP of the day. If the 
IOP was not consistently higher than 25 mm Hg within a week, 
additional laser treatment was performed until stable ocular 
hypertension was achieved. The IOPs of recruited monkeys 
were between 25-40 mm Hg. 
Fundus and Optic Coherence Tomography Examinations  
Animals were anesthetized with an intramuscular injection of 
ketamine hydrochloride (10-20 mg/kg, Ketalar 50®, GuTian 
Pharmaceuticals Ltd., Fujian, China) plus chlorpromazine 
hydrochloride (3.5 mg/kg, Ketalar 50®, GuTian Pharmaceuticals 
Ltd, Fujian, China). Pupils were dilated using one drop of 
tropicamide compound (Mydrin-P, Santen Pharmaceutical Co., 
Ltd., Japan) before fundus photography and OCT scanning. 
The bilateral fundus of each animal were photographed using 
an ocular fundus camera (TRC-50DX Retinal Camera; Topcon, 
Tokyo, Japan) before and after laser photocoagulation to record 
the overall findings of the optic nerve head (ONH), such as 
cupping, rim hemorrhage, and other features. At the same time, 
eyes were scanned by commercially available Stratus OCT 
(Carl Zeiss Meditec, Dublin, CA, USA) biweekly. Timolol 
was used for lowering the IOP before OCT scanning. The 
fast-scanning mode of peripapillary retinal nerve fiber layer 
(RNFL) thickness and the optic disc protocol were used for 
analysis. Artificial tears were applied if necessary to maintain 
the wetness of the ocular surface. At each imaging record, at 
least two images were acquired from each subject to achieve 
the best focus. The image with the higher quality was selected 
for analysis.
Protocol and Parameters
Fast retinal nerve fiber layer scanning  Each image 
consisted of 3 sets of 256 A-scans along a 3.4-mm diameter 
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circumpapillary scan centered at the ONH. Under its RNFL 
analysis protocol, the device automatically determines the 
RNFL anterior and posterior boundaries, peripapillary RNFL 
thickness parameters, including average thickness (360°), 
superior, nasal, inferior, and temporal quadrant thickness, 
were recorded and evaluated in this study. These values 
were provided in the printout after averaging the results of 3 
sequential circular scans captured during acquisition[15].
Fast optic disc scanning  A set of 6 radial intersecting line 
scans, each at 30-degree intervals, were obtained in a single 
alignment and capture operation such that each clock hour of 
the optic nerve was scanned. The topography of the entire optic 
disc was computed by interpolating to fill the gaps between 
radial linear scans[16]. From all of the parameters of the 
printout, the three representative optic disc parameters of cup 
area, rim area and cup to disc (C/D) area ratio were selected 
for analysis.
Cup area: surface area bounded by the outline of the optic cup; 
this outline is determined by locating the cup diameter in each 
linear scan by a line that is located 150 μm anterior to the disc 
diameter line and connecting the cup diameter marker for each 
clock hour. Rim area: surface area calculated by subtracting 
the cup area from the disc area. C/D area ratio: ratio of the cup 
area to the disc area.
All of the above-mentioned parameters from both protocols 
were recorded to analyze their changes with increased IOP and 
follow-up duration.
Statistical Methods  R software package 3.3.2 (R Foundation 
for Statistical Computing, Vienna) was used for all of the 
analyses. The linear mixed-effects model was used for 
analyzing the time point at which statistically significant 
changes developed for all of the parameters, including the 
average and four-quadrant RNFL thickness, cup area, rim 
area, and C/D area ratio, with the elevated IOP and follow-up 

duration. Two nested random factors were introducing into our 
model since repeated measures were made on the same eye, 
and two eyes were sometimes measured from the same subject. 
RESULTS
Chronic elevated IOP animal models were successfully 
established by laser photocoagulation of the trabecular 
meshwork on ten eyes of 7 monkeys (both pairs of eyes 
from 3 monkeys and single eyes from the other monkeys). 
The demographic characteristics of the involved rhesus 
monkeys are shown in Table 1. The appearance of ONH and 
the peripapillary RNFL thickness change at corresponding 
time points are shown in Figures 1 and 2, respectively. As 
time progressed, the optic cup was enlarged, and the color of 
the ONH was pale, with distinctive bending or disrupture of 
capillary blood vessels. The RNFL thickness became thinner 
and thinner, with the characteristic “double hump” curve 
lowered as time progressed.
Parameters Before Laser Treatment  Relevant parameters 
before laser treatment, including IOP and all of the selected 
parameters of OCT, are presented in Table 2. The normal IOP 
of rhesus monkeys is almost the same as that of human beings, 
with the average IOP being 17.6 mm Hg and ranging from 
10.3 to 22 mm Hg.

Table 1 The demographic characteristics of the involved rhesus 
monkeys

Animal 
No. Sex Age 

(y)
Baseline IOP (mm Hg) Fellow-up 

time (wk)Right eye Left eye
1 Male 6 15.6667 - 14
2 Male 6 17 - 28
3 Male 6 - 15 28
4 Male 6 - 10.333 14
5 Male 5 20 18.5 28
6 Female 5 21 18 24
7 Male 5 22 19 28

Figure 1 Enlargement of the cup on the ONH in chronic high IOP monkey models  A to D present the original fundus photos taken before 
and 10, 20, and 28wk after laser coagulation, respectively. Photos were overlapped with the lining of the optic cup, which is easily detected 
under slit lamp combined with lens. A: The ONH before laser coagulation, with a cup to disc ratio (C/D) of 0.3; B: The progression at 10wk 
after high IOP, C/D=0.6; C, D: The late stages of glaucoma progression at 20 and 28wk after high IOP, respectively, with C/D ratios of 
approximately 0.8-0.9. Black arrows show the bending of blood vessels on the optic disc. White arrows show the interruption of capillary blood 
vessels on the optic disc.
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Changes of Parameters Under Intraocular Pressure Elevation  
The changes of OCT parameters in the 10th and 28th weeks 
after IOP elevation compared with their baseline data are 
shown in Table 3. The superior RNFL thickness was reduced 
by 25.333 µm at 10wk and 43.6 µm at 28wk compared with the 
baseline. The inferior RNFL thickness was reduced by 34.333 µm 
at 10wk and 64 µm at 28wk compared with the baseline.
Progression Trends of Various Parameters over Time After 
Establishment of the Model  The follow-up time of recruited 
rhesus monkeys was 24±5.37wk after IOP elevation. As is 
shown in Figure 3, there was moderate elevation of IOP levels 
in monkeys of approximately 30-40 mm Hg.
The progression trends of RNFL thickness, including 
average, superior, inferior, nasal and temporal quadrant 
RNFL thickness, are shown in Figure 4. All of the thickness 

Figure 4 RNFL thicknesses before and after establishment of 
the high IOP model in rhesus monkeys  On the horizontal axis, 0 
represents the IOP before laser photocoagulation, and the other axis 
marks represent weeks after laser photocoagulation.

Figure 2 RNFL thickness changes in a chronic high IOP monkey model of disease progression with increased IOP and time duration  A 
to D show the OCT reports taken before and 10, 20, and 28wk after laser coagulation, respectively. With increasing time from A to D, the RNFL 
thickness decreased, and the characteristic “double hump” curve became lower and lower.

Table 2 Descriptive data of IOP and OCT parameters from 
rhesus monkeys before laser coagulation

Parameter n Min Max Mean SD

IOP (mm Hg) 10 10.3 22 17.6 3.39

RNFL-Avg (µm) 10 79 103 89.7 8.91

RNFL-S (µm) 10 88 131 107.8 13.66

RNFL-I (µm) 10 110 159 132.2 14.47

RNFL-N (µm) 10 44 97 60 15.55

RNFL-T (µm) 10 44 78 64.3 12.66

Cup area (mm2) 10 0.3 1.7 0.8 0.42

Rim area (mm2) 10 0.9 2.3 1.5 0.46

C/D area ratio 10 0.1 0.6 0.4 0.16

RNFL: Retinal nerve fiber layer; RNFL-Avg: Average RNFL 
thickness; RNFL-S: Superior quadrant RNFL thickness; RNFL-I: 
Inferior quadrant RNFL thickness; RNFL-N: Nasal quadrant RNFL 
thickness; RNFL-T: Temporal quadrant RNFL thickness; C/D area 
ratio: Cup to disc area ratio.

Figure 3 Means and standard deviations of IOP before and after 
establishment of the high IOP model in rhesus monkeys  On the 
horizontal axis, 0 represents the IOP before laser photocoagulation, 
and the other axis marks represent weeks after laser photocoagulation.
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parameters decreased with time. In the early stages, the 
RNFL thicknesses of the superior and inferior quadrants were 
larger than those of the other two quadrants, and they were 
severely damaged compared with the others. After 16wk, the 
progression trends of all parameters became slow, possibly due 
to the “floor effect” of RNFL thickness damage.
Analysis of Relevant Parameters  As is shown in Table 4, in 
the statistical trend analysis, we found the following results. 
First, the ONH analysis parameters, including cup area, rim 
area and C/D area ratio, were the first three parameters that 
presented statistically significant changes, which occurred 
2wk after IOP elevation in monkeys. Second, quadrant RNFL 
thickness parameters, including superior, inferior, nasal 
and temporal quadrant RNFL thicknesses, were the next 
parameters to show statistically significant changes at 6wk 
after IOP elevation (Table 5). Compared with the superior 
RNFL thickness, the inferior and nasal RNFL thicknesses 
were significantly different, but with less influence. Finally, the 
average RNFL thickness was significantly changed at 8wk.
DISCUSSION
This study was designed to investigate the dynamic progression 
of structural parameters from OCT under IOP elevation. 
Representative parameters were analyzed in rhesus monkeys 
with chronic elevated IOP with 28wk of follow-up. We found 
that with cumulative IOP elevation and follow-up duration, 
parameters from ONH analysis, including cup area, rim area 
and C/D area ratio, were the first three parameters to show 
statistically significant differences as early as 2wk after IOP 

elevation. RNFL thicknesses, including both average and 
quadrant RNFL thicknesses, were damaged later under high 

Table 3 Changes in OCT parameters in the 10th and 28th week after IOP elevation compared with the baseline data                      mean±SD

Parameter No. of eyes 0 wk 10-0 wka 28-0 wkb

RNFL-Avg (µm) 10 89.7±8.908 -18.222±24.144 -34.8±28.341
RNFL-S (µm) 10 107.8±13.661 -25.333±40.841 -43.6±34.717
RNFL-I (µm) 10 132.2±14.474 -34.333±38.331 -64±41.407
RNFL-N (µm) 10 60±15.549 -6.444±19.236 -27.2±26.781
RNFL-T (µm) 10 64.3±12.658 -12.889±20.817 -14±33.174

Cup area (mm2) 10 0.83±0.425 0.91±0.82 1.112±0.625

Rim area (mm2) 10 1.513±0.456 -0.629±0.62 -0.682±0.526

C/D area ratio 10 0.354±0.165 0.278±0.248 0.307±0.196

RNFL: Retinal nerve fiber layer; RNFL-Avg: Average RNFL thickness; RNFL-S: Superior quadrant RNFL thickness; RNFL-I: Inferior quadrant 
RNFL thickness; RNFL-N: Nasal quadrant RNFL thickness; RNFL-T: Temporal quadrant RNFL thickness; C/D area ratio: Cup to disc area 
ratio. aChanges of each parameters at 10th week compared with baseline; bChanges of each parameters at 28th week compared with baseline.

Table 4 Progression rates of parameters from OCT over time in the high IOP rhesus monkey model

Parameter Earliest 
changec

Primary progression 
rate (/2wk)a 95%CI P Overall progression 

rate (/2wk)b 95%CI P

RNFL-Avg (µm) 8wk -16.15 -28.822, -3.477 0.015 -31.464 -49.635, -13.293 0.006
Cup area (mm2) 2wk 0.428 0.081, 0.776 0.018 1.135 0.63, 1.64 <0.001
Rim area (mm2) 2wk -0.277 -0.548, -0.005 0.049 -0.728 -1.274, -0.181 0.091
C/D area ratio 2wk 0.463 0.086, 0.841 0.018 1.262 0.627, 1.896 0.011

RNFL-Avg: Average retinal nerve fiber layer thickness; C/D area ratio: Cup to disc area ratio. aThe primary progression rate till there is a 
statistically significant change; bThe entire progression rate until the last follow-up. cThe earliest time point that show statistically significant change.

Table 5 Comparison of the progression rates of different quadrant 
RNFL thicknesses over time in the high IOP rhesus monkey model

Duration Slope 95%CI P
2wk 4.99 -5.221, 15.202 0.339
4wk -5.2 -15.541, 5.141 0.325
6wka -12.281 -23.107, -1.456 0.027a

8wk -14.075 -24.898, -3.252 0.011
10wk -22.59 -33.399, -11.78 <0.001
12wk -23.257 -34.034, -12.48 <0.001
14wk -27.643 -39.445, -15.84 <0.001
16wk -22.303 -34.108, -10.499 <0.001
18wk -27.821 -39.058, -16.583 <0.001
20wk -23.248 -34.114, -12.382 <0.001
22wk -28.534 -39.761, -17.307 <0.001
24wk -31.237 -43.05, -19.424 <0.001
26wk -28.566 -43.776, -13.357 <0.001
28wk -9.952 -16.179, -3.724 0.002
RNFL-Ib 10.654 4.426, 16.881 0.001
RNFL-Nb 13.192 6.965, 19.42 <0.001
RNFL-Tb 4.99 -5.221, 15.202 0.339

RNFL: Retinal nerve fiber layer; RNFL-I: Inferior quadrant RNFL 
thickness; RNFL-N: Nasal quadrant RNFL thickness; RNFL-T: 
Temporal quadrant RNFL thickness. aThe RNFL thickness began to 
have significant change at 6wk after high IOP; bThis parameter was 
compared with the superior RNFL thickness.
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IOP. These facts suggest that more attention should be paid 
to these three parameters instead of RNFL thickness during 
clinical practice, especially for ocular hypertension patients, 
as these changes might occur at early stages of glaucomatous 
fundus damage.
In the normal human eye, RNFL thickness showed a double-
hump pattern, with relatively similar superior and inferior 
peaks and with temporal and nasal troughs[17]. This structure 
was confirmed in both in vivo imaging[18] and normal histologic 
eyes[17], while in glaucomatous eyes, the bulk of glaucomatous 
damage to the RNFL thickness occurs in the superior and 
inferior quadrants[19-21]. Our study shows a similar tendency 
in glaucomatous monkeys, as the superior and inferior RNFL 
thicknesses were initially reduced compared with other 
quadrants. Previous studies suggested that superior and inferior 
parts of the lamina at the level of the sclera appeared to 
contain larger pores and thinner connective tissue support for 
the passage of nerve-fiber bundles (i.e. dense arcuate retinal 
ganglion cell axons) than the nasal and temporal parts of the 
lamina[22-23]. These areas are more susceptible to glaucomatous 
damage, such as IOP elevation, which might explain the 
characteristic pattern of early glaucomatous field loss. 
Early diagnosis or detection of glaucomatous progression 
is critical for taking effective measures for visual function 
protection. However, it is difficult to observe the process 
of progression from the eye’s normal state to glaucomatous 
damage (the earliest change) in patients. Structural and 
functional examinations are two effective procedures for 
monitoring and evaluation of glaucoma[7-9]. OCT has been 
shown to obtain accurate and reproducible RNFL and retinal 
thickness measurements that correspond to histomorphometric 
measurements of the same tissues[24-25]. Wollstein et al[26] found 
that OCT is more sensitive for showing glaucomatous damage 
compared with VF. Another longitudinal study[9] demonstrated 
that the average and inferior quadrant RNFL thicknesses 
showed statistically significant changes compared with other 
parameters during glaucoma progression, which partially 
corresponded with our results.
There are many parameters on OCT reports, but it is difficult 
to differentiate normal from abnormal results since there is no 
widely used database for rhesus monkeys. In our study, the 
glaucomatous damage was detected by trend analysis, in which 
the baseline state was compared with the progression process 
itself. Moreover, this method removes the effects of individual 
differences. With trend analysis, we obtained progression rates 
up to half a year (28wk), and all selected parameters showed 
statistically significant progression (P<0.05). The knowledge 
of these progression rates contributes to understanding the 
process of glaucomatous fundus damage under IOP elevation, 
which is impossible for us to study in human beings.

Regarding the changes of ONH under IOP elevation, several 
researchers have analyzed relevant parameters by HRT or 
SD-OCT and discovered that the rim area was significant in 
patients with glaucoma progression[27-28]. In our study, the 
representative parameters of ONH, including cup area, rim area 
and C/D area ratio, were decreased at 2wk after IOP elevation. 
It is reasonable that the damage occurred first on ONH and 
then progressed to the RNFL. Therefore, we suggest that in 
clinical practice, parameters from ONH should be prioritized 
over other parameters scanned by OCT[27-28].
There are some inconsistencies between the results of our study 
on monkeys and other studies on patients. In addition to the 
species difference, the reason for these inconsistencies might 
be that glaucomatous progression in patients may be far more 
complex than a single high IOP effect, including ischemia of 
the optic nerve, low infusion, primary or secondary inflammation 
or immune mechanisms, intraocular growth factors, ROS, and 
other contributing factors, which might have some influence 
on RNFL thickness or ONH. At the late stage of glaucomatous 
optic neuropathy, inflammation or immune-related signaling 
pathways, including autophagy activity[29] and apoptosis, 
might lead to secondary optic nerve damage to accompany the 
primary damage. Therefore, our study revealed the pure effects 
of high IOP on glaucomatous structural changes at very early 
stages, which might help us identify the real damage of single 
elevated IOP to the fundus. Additionally, our study shows the 
process from a normal state to a glaucomatous damaged state, 
other than the progression from an early stage to a late stage of 
disease, as later stages might involve some of the other above-
mentioned complex mechanisms.
In summary, our study used trend-based analysis to investigate 
longitudinally the effects of chronic elevated IOP on OCT 
parameters with a rhesus monkey model induced by laser 
photocoagulation of the trabecular meshwork, which lay an 
experimental basis for the further study of the contributions of 
glaucomatous structural, functional and molecular biological 
damage in glaucoma. In addition, the detection of the progression 
of each parameter under cumulative IOP elevation provides 
guidance for glaucomatous monitoring during clinical practice.
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