
Anatomical, BOLD, blood-flow MRI of non-human primate
(baboon) retina

Yi Zhang1,3,*, Hsiao-Ying Wey1,3,*, Oscar San Emeterio Nateras1,3, Qi Peng1,3, Bryan H. De
La Garza1,3, and Timothy Q Duong1,2,3,4,5

1Research Imaging Institute, University of Texas Health Science Center, San Antonio, TX
2Ophthalmology, University of Texas Health Science Center, San Antonio, TX
3Radiology, University of Texas Health Science Center, San Antonio, TX
4Physiology, University of Texas Health Science Center, San Antonio, TX
5South Texas Veterans Health Care System, San Antonio, TX

Abstract
The goal of this study was to demonstrate high-resolution anatomical, BOLD (blood-oxygenation-
level-dependent), and blood-flow (BF) MRI on large non-human primate (NHP) retinas using a 3-
Tesla clinical scanner as a first step toward translation. Baboon was chosen because of its
evolutionary similarity to human. Anesthetized preparation, free of eye-movement artifacts, was
used to evaluate clinical scanner hardware feasibility. Anatomical MRI (0.1×0.2×2.0 mm) before
contrast-agent injection detected three alternating bright-dark-bright layers. The hyperintense
inner strip nearest to the vitreous was enhanced by an intravascular contrast agent, likely included
the ganglion and bipolar cell layer and the embedded retinal vessels. The hypointense middle strip
showed no contrast enhancement, likely included the avascular outer unclear layer and
photoreceptor segments. The hyperintense outer strip showed contrast enhancement, likely
corresponded to the choroid vascular layer. In the posterior retina, the total thickness including the
choroid was 617±101µm (±SD, n=7). BOLD fMRI (0.3×0.6×2.0 mm) of oxygen inhalation
relative to air increased 6.5±1.4%. Basal BF (2×2×2mm) was 83±30mL/100g/min (air), and
hypercapnia increased BF by 25±9% (P<0.05). This study demonstrates multimodal MRI to image
anatomy, physiology and function on large NHP retinas using a clinical scanner, offering
encouraging data to explore human applications.
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INTRODUCTION
The retina is composed of three highly structured cell layers: the photoreceptor layer,
bipolar/amacrine cell layer, and ganglion cell layer (1). The adjacent nuclear cell layers are
connected by synapses. Two separate blood supplies – the retinal and choroidal vasculatures
(2) – nourish the retina. The retinal vasculature exists primarily within the ganglion cell
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layer, but does project a deep planar capillary bed into the bipolar cell layer. The choroidal
vasculature is located directly beneath the photoreceptor layer, sandwiched between the
retinal pigment epithelium and the sclera. The photoreceptor layer is completely avascular.
Choroid blood flow is many times higher than retinal blood flow and they are regulated
differently in responses to stimulations (2). Some retinal diseases, such as diabetic
retinopathy, glaucoma and macular degeneration, may have differential effects on different
vascular and/or tissue layers in terms of anatomy, blood oxygenation and blood flow (BF),
and their responses to stimulations (3,4). Thus, the ability to non-invasively image these
clinically relevant parameters in vivo could have important applications.

Historically, the retina has been studied using optical imaging techniques. Fundus imaging,
scanning laser ophthalmoscopy, and optical coherence tomography (5) are widely used to
image retinal anatomy. Life-time phosphorescent imaging (6) and spectral reflectance (7) for
detecting vascular oxygenation changes. Fluorescein angiography (8), indocyanin-green
angiography (9), laser Doppler flowmetry (10) and laser speckle imaging (11) are used to
measure relative BF or blood velocity. Optical imaging methods have high temporal and
spatial resolution but require unobstructed light paths, are usually qualitative, and have small
field of view. Eye diseases, such as senile cataract and vitreous hemorrhage, often preclude
applications of optical retinal imaging techniques. With the exception of optical coherence
tomography which is predominantly used for anatomical imaging to date, optical imaging
techniques have ambiguous depth resolution.

By contrast, magnetic resonance imaging (MRI) provides non-invasive high-resolution
anatomical, physiological and functional information without depth limitation, although the
spatiotemporal resolution of MRI is lower compared to that of optics. Anatomical, blood-
oxygenation-level-dependent (BOLD) and blood flow MRI has been widely used to image
small brain substructures including columnar (12–14) and laminar (15,16) structures in the
brains of humans and animal models. More recently, multimodal MRI has been applied to
study the retinas of small anesthetized animals. These included anatomical layer resolution
of the rat and cat retinas (17,18), relaxation and diffusion time constants of different layers
of the rat and mouse retinas (18), BOLD fMRI of physiological (17) and visual (19)
stimulations of the rat and cat retinas, and quantitative blood flow MRI by continuous
arterial spin labeling (20). Multimodal MRI has also been applied to study retinal
degeneration (17,20), diabetic retinopathy (21), and glaucoma (22,23) on rodent models.

Translation of retinal MRI applications from rodents to humans has two major challenges: i)
hardware that limits spatial resolution and signal-to-noise ratio on clinical MRI scanners,
and ii) eye movement in awake humans. As a first step toward translation, we investigated
the feasibility of multimodal retinal MRI on anesthetized/paralyzed large non-human
primate (baboon) using a standard clinical 3-Tesla MRI scanner. Baboon was chosen
because the retina of baboon, compared to rodent, is evolutionarily closer to that of human,
likely better recapitulates human retinal diseases. The size of baboon eye and the thickness
of baboon retina are more similar to those of humans compared to rodents. Baboons have
fovea in contrast to rodents and cats. Anesthesia and paralysis were used to exclude
movement artifacts, such that we could focus on evaluating hardware feasibility, pulse
sequence protocols and parameters for high-resolution multimodal MRI of the retinas on a
clinical scanner. These multimodal MRI protocols included anatomical MRI, basal BF MRI,
BOLD fMRI of hyperoxic challenge and BF fMRI of hypercapnic challenge. This study
presents a novel approach to visualize anatomical, physiological (BOLD and BF) and
functional MRI of large NHP retinas on a clinical scanner, and this serves as a first step
toward translation. Comparisons with published rodent and cat data are made.
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METHODS
Animal preparations

Seven normal baboons (Papio hamadryas Anubis, 14–18 kg) were studied with approval of
the Institutional Animal Care and Use Committee and in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research. In Group I,
anatomical scans were performed on 4 baboons in 5 sessions with a total of 8 trials. In
Group II, BOLD fMRI were performed on 3 baboons in 4 sessions with a total of 10 trials.
In Group III, BF measurements were obtained from 3 baboons in 3 sessions with a total of 8
trials. Each session was performed on different day.

The baboon model, which offered high degree of stability, has been described previously
(24). Briefly, anesthesia was initially inducted using ketamine (1.2 cc, i.m.), followed by
oral intubation and cannulation of the right saphenous vein for fluid supplement and contrast
agent administration. Animals were mechanically ventilated (Aestiva 5, Datex-Ohmeda,
Madison, WI) at ~10 stroke/mins and 120–180 ml/stroke. Anesthesia was maintained using
0.8~1.0% isoflurane in air. The animal was positioned supine in a custom-made animal
holder and stabilized with ear bars, mouth bar and padding around the head. Rectal
temperature was maintained within normal physiological ranges (37–38° C) using a custom-
built feedback-regulated circulating warm-air blanket. End-tidal CO2, O2 saturation, heart
rate, and respiration rate were monitored continuously using an MRI compatible
physiological monitoring equipment (Precess, InVivo, Orlando, FL), and were maintained
within normal physiological ranges. Vecuronium was administered immediately before
placing the animal inside the scanner and was maintained throughout the entire MRI study
(0.1 mg/kg initial dose, followed by 10% of initial dose every 45 min). At the end of the
MRI experiments, neostigmine (0.5–2 mg, i.v.) and atropine (0.6–1.2 mg, i.v.) were
administered to reverse paralysis. All animals recovered from anesthesia and paralysis.

In Group I, to enhance the anatomical retinal vascular layers, Gd-DTPA (0.2–0.3 mmol/kg,
Magnevist®, N = 2 of 5 baboons) was intravenously infused over a few mins and MRI
measurements were made before and immediately after Gd-DTPA injection. In Group II, to
modulate the BOLD MRI signals, subjects were ventilated with air (2 mins), oxygen (3
mins) and air (5 mins) during MRI acquisition. In Group III, to modulate the BF MRI
signals, subjects were ventilated with air (3 min) and 5% CO2 in air (4 min) during MRI
acquisition. A break of 5–10 min was given between trials. Multiple trials were repeated on
each imaging session.

To verify that BF contrast signals are genuine, BF MRI was also measured on an additional
animal (N = 1) alive and postmortem in the same setting. This animal was scheduled for
necropsy due to unrelated clinical reasons and was euthanized in the scanner.

MRI
MRI studies were performed on a 3T Siemens TIM Trio (Siemens, Erlangen, Germany)
using a body radiofrequency coil for transmission and a Siemens small receive-only surface
coil (4 cm) for anatomical MRI and BOLD fMRI, and an 8-channel transmit/receive volume
coil (human kneel coil, InVivo, Orlando, FL) for BF MRI and fMRI.

Anatomical MRI was acquired using fast low angle shot (FLASH) or balanced steady-state
free precession (bSSFP) (25). The FLASH parameters were: repetition time (TR) = 50 ms,
echo time (TE) = 3 ms, flip angle = 50°, a single slice thickness = 2 mm, readout bandwidth
(BW) =16 kHz, field of view (FOV) = 29×29 mm, and matrix size = 290×145 (0.1×0.2×2.0
mm resolution). The higher in-plane resolution was placed perpendicular to the retina
(anterior-posterior direction) to minimize partial-volume effect (PVE). Pre- and post-
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contrast enhanced images were acquired in time series for 15 mins each. The bSSFP
parameters were: TR = 12 ms, TE = 3 ms, flip angle = 40°, slice thickness = 2 mm, readout
BW = 21 kHz, FOV = 50×50 mm, and matrix size = 500×250 (0.1×0.2×2.0 mm resolution).
Pre- and post-contrast enhanced images were acquired in time series for 6 mins each.

BOLD MRI was acquired using a BOLD-sensitive pass-band bSSFP technique (26). The
imaging parameters were: TR = 8 ms, TE = 4 ms, flip angle = 40°, a single slice thickness =
2 mm, readout BW = 36 kHz, FOV = 50×50 mm, and matrix = 150×75 (0.3×0.6×2.0 mm
resolution). A non-slice selective inversion recovery pulse was employed to suppress
vitreous signal (inversion delay = 1800 ms). The temporal resolution per image was 4 s.
Each stimulus trial took 10 mins.

BF MRI was acquired using the pseudo-continuous arterial spin labeling (pCASL) technique
with a single-shot gradient echo-planar imaging. The imaging parameters were: TR = 3500
ms, TE = 16 ms, labeling duration = 2.1 sec, labeling gradient of 0.6 G/cm, post-labeling
delay = 700 ms, labeling offset = 60 mm, matrix = 64×64, FOV = 128×128 mm, and 12
contiguous slices with 2 mm slice thickness (2×2×2 mm resolution). Two of the eight trials
were acquired with 4 mm slice thickness. Each stimulus trial took 7 mins. Specific
absorption rate was not an issue for the pCASL protocol as the protocol was essentially
identical to typical human brain pCASL BF measurements and was verified by the scanner
safety monitor.

Data analysis
Image analysis was performed using Matlab (MathWorks Inc, Natick, MA) and FSL
(FMRIB's Software Library, Oxford, UK). All images were acquired in time series and co-
registered using custom-written algorithm in Matlab. The retina was automatically detected
using an edge-detection technique as previously described (17). Radial projections
perpendicular to the vitreous boundary were obtained with three or four times the sampling
density of the original image, and projection profiles at different time points were then co-
registered to the averaged profile by minimizing the root-mean-square distances. Time-
series movies of MR images were carefully evaluated to verify the absence of gross motion
or drift before further analysis.

To quantitatively determine laminar thickness, the edge-detection technique described above
was employed and the projection profiles were averaged along the length of the retina. Band
thicknesses were determined from the averaged projection profile using the “half height”
method as commonly used to measure vessel diameters in optical imaging studies.

BOLD fMRI activation maps were generated using FSL. A cross correlation analysis was
performed by matching the fMRI signal time courses to the stimulus paradigm with a
background signal intensity threshold applied prior to fMRI analysis to exclude low
intensity pixels (such as noisy background and the suppressed vitreous). A cluster analysis
with cluster size P <0.05 was further imposed to threshold the cross correlation map. Time
courses had band-pass temporal smoothing (range of 0.002~0.1Hz). Quantitative analysis of
fMRI percent changes utilized a region of interest (ROI) analysis to avoid correlation bias.
Percent changes were tabulated for 90% of maximal signal changes. Regional variations of
the fMRI responses along the length of the retina were also evaluated.

BF in ml/100g/min was calculated pixel-by-pixel using (24),

, where α is the labeling efficiency, λ is the water brain-
blood partition coefficient, T1a is the longitudinal relaxation time of arterial blood, w is the
post-labeling delay and τ is the labeling duration. λ of 0.9, α of 0.8, τ of 2.1 sec, and T1a of
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1.66 s at 3 T were used. BF changes due to hypercapnia in the retina were also analyzed as
described above for the BOLD data. For comparison, basal BF and hypercapnia-induced BF
changes for gray matter and white matter from the brain were also tabulated. Gray matter
and white matter of the brain were segmented based on T1-weighted anatomical MRI as
described previously (24).

All statistical tests employed t-test unless otherwise specified. P < 0.05 was taken to be
statistically significant.

Histology
Four eyes from two additional female baboons (both 19 years old, 14 and 18.5 kg) were
enucleated and immersion fixed in 10% neutral buffered formalin immediately after post-
mortem. These eyes were obtained from necropsy, different from those of the survival MRI
studies. Eyes were paraffin embedded and sectioned at 12 µm and stained with H&E. Each
histological section was digitally photographed within 2–5 days postmortem and laminar
thicknesses were measured at 100X.

RESULTS
Anatomical MRI

The diameter of the baboon eye was 21.8 ± 0.4 mm (mean ± SD, 4 baboons) in the anterior-
posterior direction as measured by MRI. Assuming a sphere, PVE due to the curvature of the
retina was 15.2% of the total retinal thickness for a central imaging slice of 2 mm. Because
the retina is relatively flat at the posterior pole where the fovea and optic nerve head are
located, this estimate likely reflected the upper limit. Figure 1A shows a representative T1-
weighted gradient-echo (FLASH) image of a normal retina revealed three distinct “layers”
as indicated by the alternating bright, dark and bright bands. The adjacent vitreous and
sclera appeared relatively hypointense because of the long T1 of the vitreous, and the short
T2

* of the sclera. The optic nerve, rectus muscles, lens, anterior chambers, iris, ciliary
bodies, among others, were also clearly delineated. Administration of the intravenous
contrast agent Gd-DTPA markedly enhanced the inner and outer bands, but not in the
middle bands, lens or vitreous. In addition, the outer band was more enhanced than the inner
band (Figure 1B). The subtraction of pre- from post-contrast images demonstrated the
localization of Gd-DTPA impermeable vasculature on either side of the retina (Figure 1C).

To improve temporal resolution and to corroborate laminar resolution, we explored bSSFP
acquisition. Figure 2 shows the bSSFP images before and after Gd-DTPA administration.
Similar alternating bright, dark and bright bands were observed before Gd-DTPA. The two
bounding layers were enhanced after Gd-DTPA. The total scan time was 6 mins compared
to the 15-min FLASH acquisition. Signal-to-noise ratio was apparently improved as well,
although vigorous comparison was not performed.

Retinal thickness was calculated using edge-detection technique. The group-averaged total
retinal thicknesses are plotted along the length of the retina (Figure 3A). The retina is
thickest around the fovea and the optic nerve head, and the thickness tapered off toward the
distal edges of the retina. The thicknesses for the three “layers” were analyzed for an ROI
including the fovea as shown in the inset of Figure 3B. The group-averaged thicknesses
were 218 ± 42, 182 ± 40, and 217 ± 59 µm by MRI (mean ± SD, N = 8 trials), for the inner,
middle and outer MRI “layers”, respectively. The total retinal thickness including the
choroid was 617 ± 101 µm from the same ROI. The group-averaged inner-to-outer peak
spacing was 375 ± 91 µm.
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A histological section depicting different cell layers and a distinct choroidal vascular layer is
shown in Figure 4. The nerve fiber layer (NFL), ganglion cell layer (GCL), inner plexiform
layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer
(ONL), inner segment (IS) and outer segment (OS) and the choroid (CH) were clearly
identified. Comparative analysis between MRI and histology yielded the following layer
assignments. Gd-DTPA enhanced the inner band of MRI, which was assigned to include the
ganglion cell layer and inner nuclear layer with embedded retinal vasculature. The middle
band, which appeared relatively hypointense on anatomical imaging, was not enhanced by
Gd-DTPA and was thus assigned the avascular outer nuclear layer and the photoreceptor
segments. Gd-DTPA enhanced the outer band, which was assigned the choroid. The
corresponding histological inner, middle and outer band thicknesses for the MRI bands
were, respectively, 122 ± 7 (NFL, GCL, IPL, OPL), 113 ± 8 (ONL, IS, OS), and 91 ± 3 µm
(choroid), with a total thickness of 326 ± 10 µm (mean ± SD, N = 4 eyes), including the
choroid.

BOLD MRI
Dynamic BOLD fMRI was used to probe the responses to oxygen inhalation relative to air
(Figure 5). BOLD fMRI responses were detected to be highly localized to the retina. The
group-averaged time course from the posterior retina ROI showed increased BOLD signals
during oxygen inhalation compared to air, with a mean BOLD increase of 6.5 ± 1.4% (mean
± SD, N = 10 trials). BOLD responses were also detected globally in the rectus muscles and
ciliary bodies but were largely absent from the vitreous and lens as expected. The group-
averaged BOLD percent changes are plotted along the length of the retina in Figure 6.
BOLD percent changes showed spatial dependence, with the responses being significantly
stronger around the fovea and the optic nerve head than the distal edges of the retina (P <
0.05 by Tukey Honestly Significant Difference).

BF MRI
Figure 7A shows the BF images obtained using BF MRI from one representative animal. BF
contrast was reliably detected. The highest BF was at the posterior pole and dropped off
distally. To verify BF contrast signals are genuine, BF was also measured in alive and post-
mortem animal (N = 1) in the same setting where the animal was euthanized in the magnet
for unrelated clinical reasons. The results showed no significant BF contrasts in the
postmortem retina and brain (data not shown), indicating no significant unwanted
magnetization-transfer effect.

Group-averaged basal blood flow and hypercapnia-induced blood-flow changes of the
retina, white and gray matter of the brain were analyzed from the same animals (Figure 7B).
Basal BF from the posterior retina ROI was 83 ± 30 mL/100g/min (mean ± SD, N = 8
trials). Hypercapnia increased BF by 25 ± 9% in the retina. By comparison, basal BF values
of the gray and white matter were 60 ± 12 and 24 ± 3 mL/100g/min, respectively.
Hypercapnia increased BF by 74 ± 13% and 85 ± 23% in the gray and white matter,
respectively. The basal BF of the retina and gray matter were significantly higher than that
of the white matter (P < 0.01), but no significant difference was found between the retina
and the gray matter (P > 0.05). Hypercapnic-induced % BF changes were higher in the brain
than in the retina (P < 0.01).

DISCUSSION
This study demonstrates hardware feasibility of high-resolution multimodal MRI of the
retinas of large NHPs using a clinical 3T scanner. Anatomical MRI reveals multiple tissue
and vascular “layers” in the retina. Gd-DTPA enhanced MRI corroborates layer
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assignments. Basal BF, hyperoxia-induced BOLD changes, and hypercapnia-induced BF
changes in the retina are reliably detected. While spatial resolution needs improvement and
will be the target of future investigations, this report provides encouraging data to explore
retinal MRI in large NHPs and human.

The advantages of MRI include depth resolution, images unhindered by media opacity, and
a large field of view, while the disadvantages of MRI include poorer spatiotemporal
resolution and high cost, compared to optical imaging techniques. MRI could provide
valuable, clinically relevant anatomical, physiological and functional data which may be
helpful for early detection and staging of retinal diseases, as well demonstrated in many
neurological disorders. This approach also has the potential to complement existing retinal
imaging techniques.

Potential issues
High-resolution MRI of the NHP retina may be susceptible to hardware and eye drift
artifacts because high-resolution imaging pulse sequences are more demanding on the
magnetic field gradient, which can lead to temperature-induced frequency and signal drift.
We confirmed on phantoms that our imaging protocols with identical parameters did not
have significant hardware-related drift over half an hour of data acquisition (data not
shown). The eye could drift significantly despite the animal being under anesthesia (27). To
ensure the absence of movement artifacts and drifts, time-loop movies of the raw data and
center-of-mass time courses were evaluated. Signal time courses were also evaluated to
ensure no sudden jumps or significant drift. These precautions were necessary because
signal contamination from either side of the retina due to mis-registration would markedly
affect signal intensities.

Partial-volume effect due to the thin retina could be significant because the thin retina is
bounded by the vitreous and the sclera, which have very different signal intensities from that
of the retina. Although vitreous signals were suppressed using short TR in anatomical MRI
and inversion pulse in BOLD MRI, PVE could affect retinal thickness, basal BF, BOLD and
BF percent change measurements. Future studies will need to improve spatial resolution and
sensitivity to improve laminar thickness quantification, and to differentiate BOLD and BF
MRI signal changes between the retinal and choroidal vasculatures.

Absolute quantification of BF is generally difficult. The pCASL MRI technique to measure
BF of the retina has the following limitations. BF calculation used the blood-tissue partition
coefficient (λ) of the brain (28) because blood-tissue partition coefficient in the retina has
not been measured. This assumption is reasonable because the retina is part of the central
nervous system. In addition, brain T1 was used in the BF calculation. Retina T1 has been
reported to be similar to brain T1 in animals (29). BF MRI of the brain has been cross-
validated with PET and autoradiographic techniques. Ultimately, ASL MRI of the retina
needs to be cross validated with microsphere or iodoantipyrine technique in animal models.
Improving accuracy of quantitative BF MRI remains an active area of research.

Anatomical MRI
Three distinct “layers” of alternating bright, dark and bright bands were resolved. The
vitreous and the sclera appeared relatively hypointense because of the long T1 of the
vitreous water, and the low water content and short T2

* of the sclera. The vitreous and sclera
set the boundaries of the retina. The retinal vessels consist of non-fenestrated capillaries,
forming the blood-retinal barriers, which are impervious to many tracers, including Gd-
DTPA. In the choroidal circulation, tight-junctions between retinal epithelial cells prevent
passages of large molecules (including Gd-DTPA) from the choriocapillaris (30). Thus, Gd-
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DTPA selectively enhances signal in the blood vessels, providing valuable contrast. Indeed,
subtraction of post- and pre-contrast images from the Gd-DTPA experiments showed
marked signal enhancement on either side of the retina, with the outer band being more
enhanced than the inner band. The contrast-enhanced imaging results indicated that: i) There
are two vascular layers located at either end of the retina with the middle of the retina being
avascular, as expected (31). ii) The choroidal vasculature has markedly higher blood flow
and blood volume than the retinal vasculature, consistent with established differences in
blood flow between the two vasculatures (2). The Gd-DTPA enhancement and laminar
assignments herein are in good agreement with previous MRI studies in rats (17) and cats
(18).

MRI-derived total retinal thickness including the choroid was 617 ± 101 µm at the posterior
retina which was thicker than that by histology of 326 ± 10 µm (P < 0.05). If PVE of 15%
due to curvature was applied (17), the MRI-derived total retinal thickness including the
choroid would be 537 µm, which was still significantly thicker than by histology.
Discrepancy between MRI and histological thicknesses could arise from collapse of
choroidal vessels after removal of orbits from the systemic circulation, histological
shrinkage, differences in retinal regions analyzed, different animals being used for MRI and
histology, and/or PVE due to MRI spatial resolution. To our knowledge, there are no
published baboon retinal thicknesses with which to compare. By comparison with the rat
retina, the inner, middle and outer band thicknesses of adult Sprague-Dawley rat retinas
were, respectively, 101 ± 17, 79 ± 11, and 86 ± 10 µm by MRI (n = 24, total thickness 267 ±
31 µm), which were also thicker than those by histology, namely, 92 ± 9, 77 ± 9 and 37 ± 8
µm (SD, n = 9, total thickness = 205 ± 11 µm) (17). By appearance of histology, the baboon
retina is substantially different from rat retina (32). For example, baboon NFL and OPL are
comparatively thicker, whereas IPL and ONL are comparatively thinner, relative to the
overall thicknesses.

There was a strong spatial dependence in the total thickness of retina/choroid complex along
the length of the retina (Figure 3A). The retina/choroid complex was thicker immediate
adjacent to the ONH, on the side of the fovea based on optical coherence tomography data
(33). In around the expected region of the fovea, the retina/choroid was thinner slightly
compared to its surrounding regions on either side, likely because the retinal thickness reach
a minimum at the fovea (34). The total thickness dropped off markedly away from the
macular area as expected (33,35).

BOLD MRI
Oxygen inhalation relative to air is expected to increase arteriole, capillary and venous
oxygen saturation and thus is expected to increase BOLD signal, as well demonstrated in the
brain (36). Oxygen inhalation has been reported to increase BOLD signals in the gray matter
of the rhesus monkey brain by 2.4% at 3T (37). Because choroidal BF is much higher than
retinal BF, the observed BOLD signal is likely predominantly from choroidal vasculature.
The arteriovenous oxygen difference in the choroid (2) is small compared to that of the
brain. Thus, one might expect a small hyperoxia-induced BOLD increase. In contrast, the
group-averaged BOLD increase in the retina/choroid complex during oxygen challenge was
6.5 ± 1.4%, generally larger than those of the brain. This is likely because the choroid has a
high vascular density, and thus the larger percent changes. In addition, it is worth pointing
out that hyperoxia markedly decreases retinal blood flow (by 60% relative to air inhalation)
(39), but has no effect on choroidal vessels (38). By comparison, hyperoxia decreases brain
blood flow by ~10% (40). Such vasoconstriction would tend to counteract the BOLD signal
increase from elevated oxygen tension by hyperoxia per se. The net effect observed in our
study is a positive BOLD increase, suggesting that the increased oxygen delivery per se
from oxygen inhalation dominates. The results herein are in good agreement with previous
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BOLD fMRI study of oxygen challenge in the rat retina, which also detected positive BOLD
signal changes (17). Further exploration of laminar-specific BOLD and blood-flow
measurements would help to detect these unique vascular responses in the retina.

There was a strong spatial dependence in the BOLD responses along the length of the
baboon retina (Figure 6). The responses were the strongest around the fovea and the optic
nerve head, and dropped off distally. This appeared consistent with similar profile in layer
thickness (Figure 3A) and BF values (Figure 7).

Blood flow
Under normal physiological conditions, BF is intricately coupled to basal metabolism and
function, as well demonstrated in the brain. Basal BF of the total retina, including the
choroid was 83 ± 30 mL/100g/min in anesthetized baboon. Basal BF of the rat retina has
been reported to be 630 ± 100 mL/100g/min under 1% isoflurane also using ASL MRI (20).

The anesthetized baboon brain gray-matter BF was 60 ± 12 mL/100g/min obtained in the
same animals, consistent with previous brain BF data in baboon (24). By comparison, BF of
the entire rat brain was ~100 ml/100g/min under similar experimental conditions (41,42).
The BF retina:brain ratio was 6.3:1 in rat and 1.3:1 in baboon. This difference could be due
to differences in partial volume effect and/or species.

Hypercapnic inhalation is expected to increase BF, as well demonstrated in the brain (36). In
the baboon brain, BF in the gray matter increased 74 ± 13%. In the rat brain, hypercapnic
(5% CO2 in air) inhalation increased cerebral BF varied over a wide range, but has been
reported to increase ~50% (42) in anesthetized rats. Similar hypercapnia-induced changes in
cerebral BF in humans under different anesthetics have also been reported in the literatures.
Hypercapnia-induced BF increase in the baboon retina (25 ± 9%) appears to be smaller than
in the brain, consistent with 16 ± 6% increase in rat retina (43). The high basal choroidal BF
could reduce head room for additional vasodilation (42).

Species differences
Retinal thickness, blood flow value, and fMRI percent changes of baboon retinas differed
from rat (17) and cat (18) data. Retinal thickness was about double that of rat and cat total
retinal thickness. The baboon retina showed heterogeneity, revealing indentation of the
fovea and optic nerve head (Figure 3A), in contrast to rat data which was relatively uniform
by MRI (17). Retinal thickness in baboon showed a rapid drop off as a function of distance
away from the optic nerve head, in contrast to rat data which was relatively uniform (17).
There were also the marked differences in histological appearances. For example, with
respect to the overall thicknesses, the baboon NFL and OPL are thicker whereas IPL and
ONL are thinner compared to the rat retina. Baboon, in contrast to cat, does not have a
tapetum (18). Baboon has a fovea, whereas neither rat nor cat has a fovea.

BF of the baboon retina were also lower than that in rat retina, consistent with baboon brain
BF also being lower than rat brain BF. Larger animals generally have lower basal BF (which
reflects lower basal metabolic rate) than smaller animals. Moreover, BF of the retina in
baboon showed a rapid drop off as a function of distance from the optic nerve head, in
contrast to rat BF data which appeared more uniform (43). Cognizant of more partial-
volume effect in the baboon retinal data, these comparisons suggest there are species
differences and warrant further investigations.
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CONCLUSION
This study reports a proof-of-concept that anatomical MRI, hyperoxia-induced BOLD fMRI
changes, quantitative basal blood flow and hypercapnia-induced blood-flow fMRI in the
retina of anesthetized baboon can be imaged using a clinical 3-Tesla scanner. Comparison
with rodent and cat data revealed some species differences in retina thickness, blood flow
value, and fMRI responses. These findings offer encouraging data to explore human
applications. Indeed, retinal MRI in humans has recently been reported (44–46). Translating
high-resolution anatomical, physiological (BF and oxygenation tension) and functional MRI
to image the unanesthetized human retina could have important applications. Irrespective of
whether these approaches can be translated to humans or clinics, this approach can be
utilized to study retinal diseases and to test novel therapeutic strategies in the retinas of large
non-human primates, which likely better model human retinal diseases compared to rodents.
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Figure 1.
Anatomical MRI (FLASH) at 0.1×0.2×2 mm from a normal baboon (A) before, (B) after
Gd-DTPA administration and (C) the subtracted image. Three distinct “layers” of
alternating bright, dark and bright bands are evident. The two (blue) arrows in the expanded
views indicate the inner and outer bands of the retina corresponding to the two vascular
layers, bounding the retina. The (red) arrowhead indicates signal enhancement of extra-
ocular tissues.

Zhang et al. Page 13

Magn Reson Med. Author manuscript; available in PMC 2013 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Anatomical MRI (bSSFP) at 0.1×0.2×2 mm from a normal baboon (A) before, (B) after Gd-
DTPA administration. Three distinct “layers” (arrows) of alternating bright, dark and bright
bands are evident.
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Figure 3.
(A) Retinal thickness as a function of distance from the optic nerve head (ONH), obtained
from point a to b (mean ± SD, N = 8 trials). Inset: The blue radial lines across the retinal
thickness show how the profiles are obtained by the automated program. (B) Projection
profile across the retinal thickness, obtained from point c to d. The retina was segmented
using edge-detection technique. Projection profiles across the retinal thickness were summed
along the length of the retina over the ROI shown and displayed. Error bars are standard
deviations. Inset: ROI used for group-averaged thicknesses reported in text.
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Figure 4.
A H&E histological slide of baboon retina. NFL: nerve fiber layer, GCL: ganglion cell layer,
IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL:
outer nuclear layer, IS: inner segment, OS: outer segment, CH: choroid.
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Figure 5.
(A) BOLD fMRI at 0.3×0.6×2 mm of oxygen versus air inhalation from two subjects, and
(B) the group-averaged time course of oxygen versus air inhalation. Inset image: ROI used
to obtain the group-averaged time course. Error bars are standard deviations across trials.
Note that scattered activations in the ciliary bodies and extraocular tissue are also expected
as oxygen inhalation causes global BOLD increases.
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Figure 6.
Spatial dependence of BOLD fMRI percent changes due to oxygen inhalation (mean ± SD,
N = 10 trials). There was no significant difference between any two regions from 3 to 9 (P >
0.05 by Tukey Honestly Significant Difference). There were significant differences between
region 1, 2, or 11 and any region from 4 to 9 (P < 0.05 by Tukey Honestly Significant
Difference). * indicates statistical significance.
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Figure 7.
(A) Basal blood flow image of a baboon retina at 2×2×2 mm. (B) Group-averaged basal
blood flow and hypercapnia-induced blood-flow changes (shaded regions) of the retina, gray
and white matter (GM and WM) of the brain (mean ± SD, N = 8 trials). Inset: typical ROIs
of the posterior retina used for group-averaged analysis.
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