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Abstract
  

Background: To provide normal vascular parameters for cynomolgus macaques. Compare the advantages and disadvantages of Fundus
�uorescence angiography (FFA) and Optical coherence tomography angiography (OCT-A) in angiography. To establish an eye parameter
database for cynomolgus macaques.

Methods: Five normal cynomolgus macaques were studied for the collection of data, with a mean age of 4.6±0.55 years. The Heldelberg
Spectralis® HRA+OCT was used to obtain parameters for Fundus �uorescence angiography (FFA). The vessel density was measured using
the RTVue XR with AngioVue (software version 2017.1.0.155; Optovue, Inc., Fremont, CA, USA); the scan sizes of the macular and optic discs
were 3×3mm and 4.5×4.5mm, respectively.

Results: Cynomolgus macaque's fundus �uorescence angiography had similar stages as those found in humans. Optical coherence
tomography can image the super�cial, deep capillary plexus and the radial peripapillary capillary network. The highest whole En-face mean
vessel density (VD) in the macular area was 68.19±0.75 % in the choroid capillary layer. In both layers of the optic disc, the vessel density in
the Nasal quadrant was lower than in the inferior-tempo quadrant.

Conclusions: This is a rare research, where we have collected the normal FFA and the novel OCT-A parameters for cynomolgus macaques.
This study provides normal vascular parameters of cynomolgus macaques via Fundus �uorescence angiography (FFA) and Optical
coherence tomography angiography (OCT-A), helping to establish an optical parameter database for cynomolgus macaques, promoting
choroid-retinopathy research.

Background
Retina plays a vital role in vision. The metabolic activity of retina is higher than other human tissues1,2 and therefore the vascular
circulation of retina is complex. A variety of techniques have been used to measure retinal perfusion. Fundus �uorescence angiography
(FFA) was routinely used to evaluate retinal vascular retinopathy3 as it could analyze the choroid-retinal vasculature, and show vascular
leakage and neovascularization4. However, there are some limitations to this methodology, such as the intravenous injection of contrast
agents that can lead to some side-effects5,6. Additionally, FFA images are unable to extract further details of deeper capillary plexus, due to
limited depth perception. Optical coherence tomography angiography (OCT-A) is a novel imaging method7, that detects the �ow of blood via
intrinsic signal, without the requirement of using an intravenous agent. It can visualize and divide the retina into various layers, clearly
showing the capillary vessels in each layer. The ability of OCT-A to quantify blood �ow and vascular density of the retinal choroidal
circulation is essential to the study of global ophthalmology.

Owing to close similarity to humans in optical structure and function, nonhuman primates like cynomolgus macaque serve a crucial role in
ophthalmic disease research8-11. The FFA and OCTA vascular parameters for normal humans have been reported before1,12, and
researchers have reported the flow perfusion parameters for normal monkeys13. However, there is very little literature available on the
vascular density parameters for the macular and optic disc of ocularly normal cynomolgus macaques. Our study aims to evaluate the
macular vascular circulation parameters in normal rhesus monkeys using OCTA and FFA, and to compare the advantages and
disadvantages of the two techniques in angiography.

Methods
Animals

Data was collected from �ve normal adult male cynomolgus macaques, with a mean age of 4.6±0.55 years, and a mean weight of
4.44±0.88 kg. The animal production license number was SCXK(YUE)2014-0027 (GuangZhou Blooming-Spring Biological Technology
Development Co. Ltd). Before the start of the experiments, all �ve animals were determined to be ocularly normal and healthy. After these
experiments, the animals are in good care and will be used for further research.

Preparation of animal

Animals were anesthetized with an intramuscular Injection (im.) of ZoletilTM50 (VIRBAC S.A.), which is the combination of Tiletamine-
Zolazepam (4mg/kg). Anesthesia was maintained during examinations by intravenously injecting supplemental doses of ZoletilTM50 (1/3
of the initial dose) as needed. Body temperature was monitored using a water circulating heating pad at 37℃. Pupils were fully dilated to
approximately 9 mm in diameter with Tropicamide Phenylephrine Eye Drops (0.5%, Santen-China, China). Sodium Hyaluronate Eye Drops
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(0.3%, Santen-China, China) were used to maintain corneal moisture. A restraining device was used to maintain stable positioning of the
animal’s eyes and head. The eyelids were opened with a lid speculum.

Acquisition of data

Fundus �uorescence angiography (FFA)

Five cynomolgus macaques were used in this experiment. FFA images were obtained by the Heidelberg Spectralis® HRA+OCT (Heidelberg
Engineering, Heidelberg, Germany) in the FA mode. A 24G intravenous indwelling needle was inserted into the ulnar vein of the monkey. The
needle was attached to a 1ml syringe containing Fluorescein Sodium Injection (20%, 0.05 ml/kg). The intravenous dye was infused over 3 s.
The photographic documentation of the posterior pole and the peripheral retina was conducted over 18 min.

Optical coherence tomography angiography (OCT-A)

Both eyes of the animals were scanned using RTVue XR with AngioVue (software version 2017.1.0.155; Optovue, Inc., Fremont, CA, USA).
The scan size for the macular was 3×3mm, and for the optic disc was 4.5mm×4.5mm.

Vessel density (VD) is de�ned as the percentage area occupied by blood vessels. AngioVue could automatically divide the scanned area of
macular into four sections according to vascularity as follows: the super�cial layer (upper line: ILM with offset of 3 micron; lower line: IPL
with offset of 16 micron), the deep retina layer (upper line: IPL with 16 micron offsets; lower line: IPL with 69 micron offsets), the outer retina
layer (upper line: IPL with 69 micron offsets; lower line: REP with offset of 16 micron) and the choroid capillary (upper line: REP with offset
of 31 micron; lower line: RPE with offset of 60 micron). The scanned area of vessel density in the optic disc was divided into two sections:
the nerve head (upper line: ILM with offset of 0 micron; lower line: ILM with offset of 150 micron) and the radial peripapillary capillary (upper
line: ILM with 0 micron offsets; lower line: NFL with 0 micron offsets). A single trained researcher carried out all image acquisition.

The �ow density map software AngioAnalytics can automatically evaluate the VD of the scanned area. In the macular area, the inner and
outer rings with a diameter of 1 and 3 mm, centered on fovea, divided the scanned area into six sections: fovea, parafovea, temporal (T),
superior (S), nasal (N) and inferior (I), where the fovea center was automatically determined from the relevant OCT data. In the optic disc
area, a ring with a width of 0.75mm, centering on the disc, automatically divided the scanned area into seven sections: Inside disc (ID),
Nasal (N), Inferior nasal (IN), Inferior temporal (IT), Superior temporal (ST), superior nasal (SN) and temporal (T).

Statistical analysis

The test images acquired by FFA and OCT-A were loaded onto Photoshop CS6. The FFA images for the macular and optic disc areas were
enlarged and intercepted to match the details seen on the optical coherence tomography angiography images. IBM SPSS statistics version
19.0 (SPSS, Inc. Chicago, USA) was used to analyze the data. The measurements are presented as mean ± standard deviation (SD). The
vessel density comparison of different layers and different regions of each layer were analyzed via Bonferroni analysis. The signi�cance
adopted was, P < 0.05.

Results
Stages of Fundus �uorescence angiography

Human Fundus �uorescence angiography is mainly divided into �ve stages: early arterial stage, arterial stage, arteriovenous stage, venous
stage and later stage. In our study, cynomolgus macaques' FFA images tend to have similarities with the human angiographic stages. As
seen in Figure 1, the mean arm-retina circulation time is (5’’11±1’’35) s and most of the �uorescence dissipation occurs at (17’18±1’21) min.

Vessel density of Fovea and Parafovea region
Fluorescein angiographic imaging of the central macular region easily shows the super�cial capillary plexus however it is not capable of
imaging it at a greater depth. Figure 2 shows the four levels of choroid-retinal capillary network images from OCT-A, including the super�cial
layer, the deep retina layer, the outer retina layer, and the choroid-capillary. When comparing whole En-face vessel density among the four
layers, the highest VD was shown to be in the Choroid Cap layer. The parafovea region in the outer retina layer on the other hand had the
lowest vessel density of (39.60±3.85). The four peripapillary sections of each retinal layer, showed no signi�cant distinctions .

Vessel density of Optic disc and Peripapillary region

When compared to optical coherence tomography, the �uorescein angiographic image of the optic disc and surrounding regions shows the
radial peripapillary capillary network less obviously, as shown in Figure3. In Table2, comparing the measurements of two layers, the mean
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vessel density of Whole En-face, Inside Disc region and Peripapillary region are distinguishing (P<0.01). The vessel density of the Inside Disc
region is higher in the nerve head. In the peripapillary region, the vessel density is much higher in radial peripapillary capillary layer (P<0.01).
With regard to the six peripapillary regions of each retinal layer, vessel density in the inferior-tempo section is signi�cantly higher than in the
Nasal section (P<0.05) of the Nerve head layer. In the RPC layer, the vessel density is lower in Nasal quadrant than in inferior-tempo and
superior-tempo quadrant (P<0.05).

Discussion
Fundus �uorescence angiography (FFA) is a conventional and qualitative technology, used for diagnosis of retinal vascular diseases, such
as Diabetic Retinopathy (DR) and Central Retinal Vein Occlusion (CRVO)14,15. With the use of a special intravenous dye, FFA turns out to be
one of the most valuable methods to evaluate the retinal vasculature. It is well known that FFA can record the �lling process of choroid-
retinal vascular and have a wide �eld of vision. It can analyze the choroid-retinal vascular, show vascular leakage and neovascularization4.
In this study, the FFA showed clear images of retinal vascular activity. Fluorescence angiography shows that cynomolgus macaque has
similar stages as humans: the early arterial stage (stage before retinal artery �lling), arterial stage (where the whole retinal artery is �lling),
arteriovenous stage (retinal vein laminar �ow), venous stage (where the whole retinal vein is �lling) and later stage (�uorescence vanished).
The mean arm-retina circulation time is (5’’11±1’’35) s. In humans, the RCT is usually 7’’-15’’s. This difference may be due to blood vessel
diameter and blood �ow velocity.

Optical coherence tomography angiography (OCT-A) is a novel imaging method6,16. It developed as an extension of OCT that clearly
showed vascular circulation in the retina and choroid17,18. Unlike FFA, OCT-A detects blood �ow via intrinsic signal, without the use of any
intravenous agents, thereby avoiding any serious side-effects arising from �uorescent dyes. FFA can be time consuming as the spread of
the �uorescent agent is limited by the rate of blood �ow leading to a long period of time before obtaining any vascular images. OCT-A on the
other hand is time-saving owing to quick scanning speeds. It is axiomatic that FFA provides two-dimensional (2D) images of vascular
circulations3, limiting depth perception and detailed investigation of vessels4. The development of Optical coherence tomography
angiography can solve these problems. OCT-A can visualize the �ow and divide the retina into various layers, clearly showing capillary
vessels in each layer; not only transparent vessels. Therefore, some deeper capillary plexus can be observed through optical coherence
tomography angiography, which is often mistaken for background choroid �uorescence in FFA 4,19. Interestingly, the optical coherence
tomography image in which the radial peripapillary capillary network is readily visible and the �uorescein angiographic image in the same
region in our study, show considerable similarities with Richard F’s research in humans4. No prior research has shown radial peripapillary
capillary network by using �uorescein angiography20.

Researchers can quantitatively analyze vessel parameters via high-resolution imaging in OCT-A. Therefore in this study, we further compared
the vessel density of macular, optic disc and surrounding regions via OCT-A. There are four levels of choroid-retinal capillary networks in the
macular of cynomolgus macaques, including the super�cial layer, the deep retina layer, the outer retina layer, and the choroid-capillary.
Comparing the whole En-face vessel density among the four layers, the highest was found to be in the Choroid Cap layer. These results are
in concordance with Florence Coscas’ research in humans1. One possible explanation for this maybe that the deep layer is formed by a
homogenous capillary vortex21, whereas the super�cial layer is formed only by transverse capillaries; additionally, the super�cial layer may
arti�cially in�uence the vessel density assessment of the DCP1. In the fovea area, the vessel density is the lowest, compared to the other
sections of the retinal layer, probably due to the fovea avascular zone (FAZ)18.

We found the vessel density of the whole En-face and the Inside Disc section to be higher in the nerve head layer. In contrast, the VD of
peripapillary region is much higher in radial peripapillary capillary layer. In both of the optic disc layers, the vessel density in nasal quadrant
is lower than inferior-tempo quadrant. Overall, optical coherence tomography can image the radial peripapillary capillary network better. The
blood supply associated with early optic disc lesions in glaucoma patients comes from the microcirculation of the posterior ciliary artery,
hence the observation of the radial peripapillary capillary layer is bene�cial in the early diagnosis of glaucoma22.
Despite the novelty of OCT-A, especially in assessing different diseases23-27, it’s still unclear how OCT-A may be used in disease
management, especially in animal models. Nowadays, the nonhuman primates, especially cynomolgus macaques, serve a very important
role in the research of ophthalmic diseases owing to similarities in optical structure and function with humans8-11. Therefore, fully
understanding the traditional FFA and the novel OCT-A parameters and comparing their images can help in establishing these techniques,
especially OCT-A, for the diagnosis of disease in animal models.

In conclusion, we evaluated the macular vascular circulation parameters in normal cynomolgus macaques by OCT-A and FFA and compared
the advantages and disadvantages of the two techniques in angiography. Furthermore, we analyzed the vessel density parameters of the
choroid-retinal vascular. All in all, our research provides normal vascular parameters of cynomolgus macaques, promoting the establishment
of an eye parameter database for non-human primates. Our study does have certain limitations that need to be addressed. Such as the
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experimental animal used was cynomolgus macaque, and therefore its unclear if these results are applicable to other species. Our future
goal is to do an extensive study across different species, comparing the similarities and differences of FFA and OCT-A.
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  Whole (%) Fovea (%) Para (%) T

(%)

S

(%)

N

(%)

I

(%)
Superficial 44.32±

1.65

22.53±4.43 46.12±1.66 46.07±1.52 45.87±2.80 46.29±2.11 46.28±2.42

Deep 50.05±

2.43

21.47±4.21 53.95±2.65 54.07±2.53 53.86±2.42 53.95±2.36 54.08±4.50

Outer retina 42.99±

3.87

65.59±3.92 39.6

±3.85

38.98±4.08 39.84±4.34 39.21±4.63 40.41±3.34

Choroid Cap 68.19±

0.75

70.42±1.28 68.09±0.82 68.49±1.81 67.78±1.27 68.48±1.04 67.61±1.05

27. Bulut M, Kurtuluş F, Gözkaya O, et al. Evaluation of optical coherence tomography angiographic �ndings in Alzheimer's type dementia.
British Journal of Ophthalmology. 2017:bjophthalmol-2017-310476.

Tables

Table 1. Vessel density (X±SD) of various sections based on a ring centering on macula in four retinal layers.

*Whole En-

face(Whole), fovea, parafovea(Para), temporal (T), superior (S), nasal (N), inferior (I).

Table 2. Normative Vessel Density (X±SD) of various sections in the nerve head and the radial peripapillary capillary

network.

  Whole
(%)

ID

(%)

Peri

(%)

N

(%)

I

(%)

IT

(%)

ST

(%)

SN

(%)

T

(%)
erve
ead

50.78

±4.66

44.11±4.88 54.20±5.60 48.97±6.04 57.27±6.03 62.12±1.43 58.87±4.70 55.30±5.93 53.54±7.07

RPC 48.43

±3.16

33.13±4.15 54.94±4.97 49.72±6.06 56.86±5.60 62.41±1.19 61.23±5.84 52.96±4.40 55.84±5.88

*Whole En-face(Whole), peripapillary(Peri), Inside disc (ID), Nasal (N), Inferior nasal (IN), Inferior temporal (IT),

Superior temporal (ST), superior nasal (SN), temporal (T).

Figures
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Figure 1

(A)IR image of normal cynomolgus macaque. (B) Multi-color image. (C) AF image. �uorescence angiography of cynomolgus macaque in
(D)arterial stage, (E) arteriovenous stage, (F)venous stage, and (G) later stage.
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Figure 2

The �uorescence angiography FFA image of capillary plexuses in the macular and surrounding region matched with the optical coherence
tomography angiography images. Optical coherence tomography angiography of the four capillary plexuses (A) Retinal layer in optical
Coherence tomography. (B) Ring centering on macula with foveal ring (1 mm), four quadrants (superior, inferior, temporal, and nasal, 3mm).
(C) The En-face images. (D) Normal virtual colored macular vascular density (Dark blue to red areas indicate areas of no �ow to high �ow
density).
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Figure 3

The �uorescence angiography FFA image of capillary plexuses in the optic disc and surrounding region matched with the optical coherence
tomography angiography images. Optical coherence tomography image in the optic disc and surrounding region of nerve head layer and
radial peripapillary capillary network. (A) Retinal layer in optical Coherence tomography. (B) A ring with width of 0.75mm, centering on the
disc, automatically divided the scanned area into seven sections. (C) The En-face image of same region. (D) Normal virtual colored optic
disc vascular density (Dark blue to red areas indicate areas of no �ow to high �ow density).
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