
Background

Retinal Anatomy and Physiology

Vision begins at the retina, where light is converted into 
neurochemical and electrical signals. The neural retina is 
made up of multiple layers (Fig. 1).1–3 Light incident on the 
outer segment (OS) of the photoreceptors initiates the 
signal cascade. The neurochemical and electrical signals 
propagate backward (toward the vitreous) to the inner 
segment of the photoreceptors, the outer nuclear layer 
(ONL), the outer plexiform layer (OPL), the inner nuclear 
layer (INL), the inner plexiform layer (IPL), and the gan-
glion cell layer (GCL). The signals are transmitted to the 
fi ber nerve layer and the optic nerve. The thickness of the 
mammalian neural retina, excluding the choroid, is about 

200–250 μm, and is of similar thickness in different species 
regardless of eye size.2,3

The retina is supported by two separate blood supplies, 
the retinal and choroidal vessels. The retinal vasculature is 
mainly localized in the GCL, but projects capillaries into 
the INL, IPL, and OPL.1,4,5 The choroidal vasculature is 
located beneath the photoreceptor layer, between the sclera 
and retinal pigment epithelium, a thin layer of epithelial 
cells at the base of the photoreceptor OS. Choroidal vessels 
do not extend into the photoreceptor layers [ONL, inner 
segment (IS), OS], which are in fact avascular. These layers 
therefore rely on diffusion for oxygen delivery, primarily 
from the choroidal vessels, and transport of metabolites 
across the retinal pigment epithelium.1,4,5 The thickness of 
the choroid is reported to be 25–45 μm in rats.6 Importantly, 
the retinal and choroidal blood fl ow are regulated very dif-
ferently. Basal choroidal blood fl ow is much higher than 
retinal blood fl ow, which is similar to cerebral blood fl ow. 
Choroidal vessels are less responsive to many blood-fl ow 
modulating factors compared with retinal vessels, which, 
similar to cerebral blood-fl ow regulation, respond robustly 
to many blood-fl ow modulating factors.1,4,5,7,8
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Optical Imaging

Optically based imaging techniques have been widely uti-
lized to study the anatomy and physiology of the retina. 
Methods for imaging retinal anatomy include fundus 
photography, optical coherence tomography,9 and scanning 
laser ophthalmoscopy. With adaptive optics, spatial resolu-
tion can be improved so that single cone and rod cells can 
be visualized.10 Methods to image blood fl ow include fl uo-
rescein angiography,11 indocyanine green angiography,12 
laser Doppler velocimetry and fl owmetry,13,14 laser speckle 
imaging,15,16 and intrinsic optical imaging.17–21 These tech-
niques have been used to study both blood velocity and 
blood fl ow in large vessels and relative blood fl ow and oxy-
genation in tissues.

Optical techniques, with the exception of optical coher-
ence tomography, are depth limited. Most optical signals 
come from the retinal surface with unknown extent of signal 
contamination from deeper layers. Optical techniques may 
be constrained to a small fi eld of view and may not be used 
in instances of disease-induced opacity of the vitreous 
humor, cornea, or lens. Moreover, blood fl ow and blood 
velocity optical measurements are limited to large surface 
vessels, which may not refl ect local tissue perfusion. 
Choroidal blood fl ow usually cannot easily be viewed with 
optics because the choroid vessels are hidden behind the 
retinal pigment epithelium. Nonetheless, optical imaging 
techniques provide important and clinically relevant infor-
mation and are widely utilized in the clinical settings.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) can provide relatively 
high-resolution anatomical, physiological, and functional 
images noninvasively and in a single setting. MRI also has 
no depth limitations and offers a large fi eld of view. To date, 
MRI is arguably the method of choice for noninvasive ana-
tomical imaging of most organs since it provides exquisite 
soft-tissue contrast and structural details for clinical diagno-
sis. In addition, blood fl ow, relative blood oxygenation, and 
function can also be imaged. Anatomical, blood-fl ow, vas-
cular oxygenation, and functional MRI (fMRI) techniques 
are briefl y described below.

Anatomical contrast in MRI arises from differences 
in spin density, spin-lattice relaxation time (T1), spin–spin 
relaxation time (T2), and the apparent diffusion coeffi cient 
(ADC) of water in tissue. These tissue-specifi c MRI par-
ameters vary depending on properties of the local tissue 
environment, including water content, cellular structure, 
macromolecule content, and ion concentrations. Many dis-
eases alter these biophysical parameters, resulting in visible 
changes in image contrasts. Moreover, alterations of 
these contrasts are often detectable in the early stages 
before clinical symptoms occur, providing opportunities for 
early detection.

Blood fl ow, an important physiological parameter, can 
be quantitatively imaged using MRI. This can be done using 
an exogenous intravenous contrast agent (dynamic suscep-
tibility contrast) or by magnetically labeling blood noninva-

Figure 1. Schematic drawing of the eye and histology of a rodent retina. The retina consists of multiple well-defi ned layers.1–3 Starting from the 
vitreous boundary, they include the ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer 
(OPL), outer nuclear layer (ONL), and photoreceptor inner (IS) and outer segments (OS). The retina is nourished by two separate blood sup-
plies, the retinal and choroidal circulations. The retinal vessels are within the GCL, INL, IPL, and OPL. The choroidal vessels are located pos-
terior to the photoreceptor layer. The outer nuclear layer and the inner and outer segments are avascular. Adapted from Fig. 1 of Shen et al., 
J Magn Reson Imaging.48
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sively to provide endogenous contrast [arterial spin-labeling 
(ASL)].22 These blood-fl ow imaging methods23–28 are widely 
used to measure quantitative blood fl ow in the brain and 
have been cross-validated with autoradiography29 and posi-
tron emission tomography.30,31 Dynamic susceptibility con-
trast MRI, which requires the injection of a contrast agent, 
has a higher signal-to-noise ratio (SNR). However, it can 
be performed only once because of the long intravascular 
half-life of the contrast agent. ASL techniques, on the other 
hand, are totally noninvasive, and the labeled water has a 
short half-life (∼blood T1) making it possible to perform 
repeated measurements that can be used to augment spatial 
resolution and the SNR, and to monitor blood fl ow in real 
time.22

Relative blood oxygenation can also be imaged using the 
blood oxygenation level-dependent (BOLD) technique.32 
BOLD MRI detects differences in magnetic resonance 
signal intensity that arise from changes in oxygen saturation 
of hemoglobin during brain activation. While oxyhemoglo-
bin is diamagnetic, deoxyhemoglobin is paramagnetic and 
thus introduces intravoxel magnetic fi eld inhomogeneity, 
which alters the magnetic resonance signal. Susceptibility-
sensitized MRI images can thus show changes in regional 
deoxyhemoglobin content. A local reduction in deoxyhe-
moglobin concentration will increase the BOLD signal, 
while an increase in deoxyhemoglobin will decrease the 
BOLD signal.

In the brain, when a specifi c region is activated by a 
specifi c stimulation (such as visual stimuli), local blood fl ow 
increases to compensate for the increased metabolic activity 
and oxygen consumption in the region. Such blood fl ow 
increases boost oxygen delivery in excess of the increased 
oxygen consumption associated with increased neural activ-
ities. Local oxygen saturation therefore increases, and 
deoxyhemoglobin concentration decreases. Techniques 
that can measure blood fl ow and blood oxygenation can 
thus noninvasively image brain functions. These are referred 
to as functional MRI (fMRI) techniques.

The most commonly used fMRI method is BOLD fMRI, 
which has revolutionized mapping of brain functions, 
ranging from perception to cognition.32–35 Another common 
fMRI method is based on dynamically measuring blood-
fl ow changes in response to stimuli. Blood-fl ow fMRI can 
be made more sensitive to blood fl ow in smaller vessels, 
which better refl ect local tissue perfusion, avoiding con-
tamination from large draining veins, which are prominent 
in typical BOLD fMRI. Moreover, blood-fl ow fMRI is 
easier to interpret because it measures a single physiological 
parameter, in contrast to BOLD fMRI, which is affected by 
multiple physiological parameters, such as blood fl ow, blood 
volume, and blood oxygenation. However, blood-fl ow fMRI 
has lower temporal resolution and poorer sensitivity per 
unit time owing to a much lower SNR compared to BOLD 
fMRI.36

Neurovascular coupling in the brain has been studied 
with fMRI techniques performed during physiologic chal-
lenges, such as hyperoxia, hypercapnia, and breath hold.37–40 
These stimuli alter cerebral blood fl ow and oxygenation 

without changing neural activity or oxygen consumption. 
The integrity of neurovascular coupling, independent of 
changes in neural activity, can be studied through these 
methods, providing valuable information.

The spatial resolution of MRI is low relative to optical 
imaging techniques. With rapid improvements in MRI tech-
nology, the spatial and temporal resolutions of MRI have 
suffi ciently advanced to allow anatomical and functional 
imaging of cortical layers and the columnar structure in the 
brain.41–46 Moreover, a number of recent reports explore the 
use of MRI to study laminar-specifi c anatomy, physiology, 
and function in the retina.6,47–53 This paper reviews the recent 
developments of high-resolution MRI and its novel applica-
tions to image anatomy, physiology, and function of the 
retina in animals. First, technical and animal issues and 
solutions are discussed. Anatomical MRI, BOLD fMRI, 
and blood-fl ow MRI of normal retinas are described. 
Finally, the application of these retinal MRI techniques to 
the investigation of retinal degeneration in animal models 
is presented. MRI offers some unique advantages over 
other existing retinal imaging techniques, including the 
ability to image multiple layers without depth limitation and 
to acquire anatomical and physiological data in a single 
setting. These MRI approaches have the potential to com-
plement optically based imaging techniques.

Technical Considerations for High-Resolution 
MRI of the Retina

In Vivo Animal Issues

In contrast to many optically based imaging techniques, 
which have remarkable temporal resolution, MRI takes on 
the order of seconds or minutes to acquire an image. Mul-
tiple repetitions are needed to increase the SNR for very 
high resolution imaging, resulting in a signifi cantly longer 
acquisition time (several minutes). Thus, eliminating eye 
movement is critical for high-resolution MRI, particularly 
during prolonged experiments entailing multiple measure-
ments. Duong et al.53 observed that, unlike the brain where 
the skull can be robustly immobilized, the eye drifts slightly, 
even under deep isofl urane (1.1%–3%). The combination 
of 1.1% isofl urane and pancuronium bromide paralytic 
eliminates eye movement and yields stable anatomical and 
fMRI measurements of the retina for prolonged imaging 
studies,6 and were employed in most studies described 
below. Eye drift was independently confi rmed by optical 
imaging of the corneal surface. Quantitative analysis of the 
optical imaging data showed that the displacement per unit 
time with the combination of 1.1% isofl urane and pan-
curonium bromide is one-tenth that with 1.1% isofl urane 
alone (Fig. 2). Stable animal physiological parameters (such 
as heart rate, respiration rate, end-tidal CO2, blood gases, 
and body temperature) are also critical to elicit robust fMRI 
responses. Isofl urane is chosen over injectable anesthetics 
because gas anesthetics are readily adjustable and can be 
maintained at a stable level over an extended period. Effects 
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of eye movement under other anesthetics are currently 
being investigated.

Hardware Issues

Layer-specifi c MRI of the retina requires very high spatial 
resolution. Spatial resolutions of 25 × 25 μm have been tar-
geted for anatomical MRI using conventional gradient-echo 
imaging, and 90 × 90 μm for physiological and functional 
MRI using echo-planar imaging (EPI) acquisition. High-
resolution retinal MRI is susceptible to hardware-related 
instability because (1) high-resolution MRI pulse sequences 
are more demanding on the magnetic fi eld gradients, which 
can lead to temperature-dependent frequency and/or phase 
drifts, resulting in displacement in the image space; (2) the 
smaller pixel size at high spatial resolution can make dis-
placement more apparent; (3) the thin retina is surrounded 
by the sclera and vitreous, both of which have very different 
MRI signal intensities than the retina, so misregistration 
errors can have quite signifi cant impacts; and (4) some MRI 
techniques such as blood-fl ow MRI, time-series BOLD 
fMRI, and blood-fl ow fMRI are more susceptible to motion 
between image acquisitions. Careful consideration of hard-
ware-related issues will result in more reliable and tempo-
rally stable layer-specifi c MRI of the retina.

To address these issues, phantom studies have been 
performed to distinguish hardware-related instability from 
animal-related instability.53 Fastening the animal holder 
tightly at both ends of the magnetic fi eld gradient eliminates 
minor holder displacement. Second-order (particularly Z2) 
shims are avoided because they have been observed to 
cause signifi cant spatial drift when imaging phantoms. This 
is likely because second-order shims require several minutes 
to hours to reach a steady state, depending on shim current. 
Third-order shims have not been explored or used. 
FASTMAP shimming54 and custom optimization of eddy-
current compensation for specifi c EPI parameters have also 
been found to be helpful because the retina is located in a 
region of large magnetic fi eld inhomogeneity.

Despite these improvements, displacement along the 
phase-encode direction in time-series acquisition has been 
observed in conventional gradient-echo MRI of a phantom 
at 25 × 25 μm (Fig. 3).53 The underlying cause was deter-
mined to be temperature-dependent Bo drift due to the high 
demand made of the magnetic fi eld gradients, a widely rec-
ognized problem both in EPI fMRI55 and in spectroscopy.54 
Such Bo drift, which results in spatial displacement, is more 
acute at high spatial resolution. Bo drift was independently 
confi rmed using 1H2O localization spectroscopy (data not 
shown). Phase correction successfully eliminates such dis-
placement errors.53

Similar displacement along the phase-encode direction 
was also observed in vivo in conventional gradient-echo 
anatomical imaging at 25 × 25 μm (Fig. 4) and EPI at 90 × 
90 μm. Phase correction successfully eliminates these dis-
placement errors.53 Phase correction also improves tempo-
ral stability of the fMRI as quantifi ed by the standard 
deviation of the temporal signal fl uctuation over the mean 
signal intensity (data not shown). On the other hand, no 
signifi cant displacement has been detected in the brain at 
typical 400 × 400 μm spatial resolutions for rats under 1.1% 
isofl urane and without paralysis.

In sum, the following suggestions are made to facilitate 
the technical aspects of high-resolution retinal MRI in 
animals: (1) Systemic paralysis is preferred, especially for 
long experiments, because even under systemic isofl urane 
anesthesia the eye tends to drift slightly, unlike the brain, 
for which the skull can be robustly immobilized. (2) Fasten-
ing the animal holder at both ends of the magnetic fi eld 
gradient is helpful. Alternatively, suspending the animal 
holder to avoid contact with the gradient could be explored. 
(3) Second-order shims, which have a long settling time 
constant, should be avoided unless it can be verifi ed that 
they do not cause Bo drifts. (4) Fine-tuning eddy-current 
compensation for EPI parameters is helpful because the 
retina is located in a region of spatially varying magnetic 
susceptibility. (5) Despite the above improvements, appre-
ciable Bo fi eld drift can still be detected, and it causes sig-
nifi cant displacement errors up to a few pixels over a few 

Figure 2A, B. Optical imaging 
of the corneal surface. Optical 
images were acquired at 7 × 7 μm 
on an animal under 1.1% isofl u-
rane without (A) and with (B) 
pancuronium bromide paralytic. 
The traces show the in-plane dis-
placement of a marker on the 
corneal surface over 4 min for 
both experimental conditions. 
Adapted from fi gures in Duong 
et al., J Magn Reson Imaging53 
and Zhang et al., Proc Magn 
Reson Med.83 
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minutes. Displacement errors are generally more severe in 
EPI than in conventional gradient-echo acquisition. Such 
displacement errors result in blurring, erroneous blood-fl ow 
calculations, and reduced fMRI detection sensitivity. (6) 
Coregistration and phase correction are effective in mitigat-
ing displacement errors, resulting in improved resolving 
power, blood-fl ow contrast, and fMRI detection sensitivity. 
Phase correction generally performs better than coregistra-
tion. While these recommendations are specifi c to high-
resolution retinal MRI, some may apply to high-resolution 
MRI studies in general.

Partial Volume Effect

As a result of the limited MRI resolution, a partial volume 
effect (PVE) caused by the thin retina and its curved geom-
etry could be signifi cant in both the in-plane dimension and 
across-the-slice thickness. The in-plane resolution of 90 × 
90 μm has 3 pixels across a retinal thickness of 267 μm, 
including the choroid.6 A 50 × 50 μm resolution has 5 pixels, 
and a 25 × 25 μm resolution has 11 pixels, across the retina. 
Assuming a rat eye to have a diameter of 6 mm, the PVE 
on the imaging slice thickness can be estimated. For the 

Figure 3A, B. Magnetic resonance imaging (MRI) of a phantom by 
conventional gradient-echo MRI at 25 × 25 μm. A Temporal-phase 
evolution in the readout ( ) and phase-encode ( ) direction of the 
entire image. B Image intensity profi le of the fi rst ( ) and last ( ) 
original images, and the last image after phase correction ( ). The 
profi les were obtained across the phantom in the phase-encoding direc-
tion as shown in the inset. Adapted from fi gures in Duong et al., J Magn 
Reson Imaging53 and Zhang et al., Proc Magn Reson Med.83

Figure 4A, B. In vivo MRI by conventional gradient-echo MRI at 25 
× 25 μm. A Temporal-phase evolution in the readout ( ) and phase-
encode ( ) direction of the entire retina obtained from an anesthe-
tized and paralyzed animal using conventional gradient-echo acquisition 
at 25 × 25 μm. B Image intensity profi les of the in vivo original data 
( ), after coregistration ( ), and after phase correction ( ) from 
an in vivo retina. The image profi les were obtained across the retinal 
thickness from the sclera to the vitreous as shown in the inset. Adapted 
from fi gures in Duong et al., J Magn Reson Imaging53 and Zhang et 
al., Proc Magn Reson Med.83
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used imaging slice thicknesses of 0.5 or 1.0 mm, PVE is 4% 
or 16% of the total retinal thickness, respectively.6 For the 
larger cat or human eye, a thicker imaging slice can be 
used.

Signal-to-Noise Ratio

High-resolution MRI reduces the SNR. High-sensitivity 
surface coils optimized for imaging the eye, low-noise 
preamplifi ers, high magnetic fi eld scanners, and additional 
signal averaging (albeit with a longer scan time) can be used 
to improve the SNR. Ongoing advances in MRI technology, 
such as improved gradient capability, parallel imaging, and 
other fast acquisition techniques, are expected to improve 
spatial and temporal resolution.

Structural MRI

T1, T2, and Diffusion-Weighted Contrasts

Layer-specifi c structural MRI has been reported in rats,6 
cats,48 and mice.56 Cheng et al.6 detected three anatomical 
layers in the rat retina at 60 × 60 × 500 μm. They used a 
T1-weighted FLASH sequence to observe the different 
layers as alternating bright, dark, and bright bands (Fig. 
5A). The vitreous appeared hypointense because of its long 
T1, and the sclera appeared as a hypointense layer at the 
back of the retina owing to its low water content and short 
T2. Similarly, Shen et al.48 also observed three anatomical 
layers in the cat retina at 100 × 100 × 1500 μm, again seen 
as alternating bright, dark, and bright bands, consistent with 
the fi ndings in the rat (Fig. 5B).

Diffusion-weighted imaging has been performed in the 
cat retina with diffusion-sensitizing gradients along three 
principal directions. At 50 × 100 × 1500 μm, this revealed 
diffusion anisotropy in the cat retina, as can be seen by 
comparing images with diffusion weighting in different 
directions (Fig. 6).48 The diffusion-weighted images show 
three alternating bright, dark, bright bands, which localize 
with the three layers in the basic anatomical images. The 
intensities of the layers depend upon the direction of the 
diffusion gradient. Layer-specifi c values of T2 and ADC 
values have also been measured in the cat retina and are 
summarized in Table 1.48 T2 and ADC values of the retina 
are similar to those of the brain but differ markedly from 
those of the vitreous and sclera. Values of T2, T1, and ADC 
have also been reported in rats57 and mice.56

Contrast-Enhanced MRI

Exogenous contrast agents can be used to enhance or alter 
MRI contrast. Gadolinium diethylenetriamine pentaacetic 
acid (Gd-DTPA) is a nontoxic MRI contrast agent that 
shortens water T1 and cannot cross normal blood–brain and 
blood–retina barriers. The retinal vessels consist of non-

Figure 5A, B. Anatomical MRI of rat and cat retina. A Anatomical 
images from a normal Sprague-Dawley adult rat retina at 60 × 60 × 
500 μm. Three distinct layers (solid arrows) of alternating bright, dark 
and bright bands are evident. The sclera (dashed arrow) is hypointense. 
Adapted from Fig. 1 of Cheng et al., Proc Natl Acad Sci USA.6 B 
Cross-sectional T2-weighted (TE = 40 ms) images from a normal cat 
retina at 100 × 100 × 1500 μm resolution. The solid white arrows indi-
cate the inner and outer strips, respectively. The dashed arrow indi-
cates the hypointense sclera. Adapted from Fig. 3 of Shen et al., J Magn 
Reson Imaging.48

Figure 6. Diffusion-weighted MRI of the cat retina. T2-weighted (TE 
= 40 ms) and diffusion-weighted (b = 504 s/mm2) images at 50 × 100 × 
1500 μm. Diffusion-sensitizing gradients were placed along the x, y, or 
z axis separately. The small and large white arrows indicate the inner 
and outer bands, respectively. Reproduced from Fig. 5 of Shen et al., 
J Magn Reson Imaging.48



358 Jpn J Ophthalmol
 Vol 53: 352–367, 2009

Table 1. Group-averaged T2, ADC||, and ADC⊥ values of the inner, middle and 
outer bands of the retina, vitreous humor, and brain tissues at 4.7 T (n = 6, mean 
± SD)

T2 (ms) ADC|| (×10−3 mm2/s) ADC⊥ (×10−3 mm2/s)

Vitreous humor 218 ± 12 2.73 ± 0.22 2.66 ± 0.22
Retina—inner 67 ± 5 1.1 ± 0.2 0.74 ± 0.1
Retina—middle 48 ± 5 1.2 ± 0.3 0.67 ± 0.1
Retina—outer 95 ± 6 3.3 ± 0.7 1.2 ± 0.2
Muscle around eyea 73 ± 8 0.78 ± 0.2 0.75 ± 0.2
Rat brain gray matter 54 ± 2b 0.74 ± 0.02c

Adapted from Table 1 of Shen et al., J Magn Reson Imaging.48

T2, ADC|| and ADC⊥ of the vitreous were statistically different (P < 0.005) from those of inner, 
middle, and outer strips, except between the vitreous and outer strip ADC||

ADC, apparent diffusion coeffi cient.
aMuscle at the posterior–dorsal area of the eye was obtained to check for internal 

consistency.
bUnpublished rat data (n = 7) obtained using essentially identical sequence parameters as 

herein.
cAverage ADC measured along the x, y, and z directions separately from rat brain.82

Figure 7A, B. Gadolinium diethylenetriamine pentaacetic acid (GdDTPA)-enhanced MRI of the rat and cat retina. A Contrast-enhanced images 
from a normal Sprague-Dawley adult rat retina at 60 × 60 × 500 μm before and after GdDTPA administration and of the subtracted image. The 
two arrows in the expanded view indicate the inner and outer bands of the retina corresponding to the two vascular layers bounding the retina. 
Signal enhancement of extraocular tissues supplied by GdDTPA permeable vessels is also present. Adapted from Fig. 2 of Cheng et al., Proc 
Natl Acad Sci U S A.6 B Contrast-enhanced images from a normal adult cat retina at 100 × 100 × 1500 μm before and after GdDTPA adminis-
tration and of the subtracted image. The two arrows in the expanded view indicate the inner and outer bands of the retina. Extraocular enhance-
ment was also observed. Adapted from Fig. 6 of Shen et al., J Magn Reson Imaging.48

fenestrated capillaries, which are impervious to many 
tracers, including Gd-DTPA, and tight-junctions between 
retinal epithelial cells in the choroidal circulation prevent 
passage of large molecules into the neural retina, including 
Gd-DTPA.58 Therefore, Gd-DTPA enhances the signal in 
retinal and choroidal vessels, but the avascular photorecep-
tor layers in the retina do not show any enhancement. Gd-

DTPA is commonly used to visualize disruption of the 
blood–brain barrier in disease, and could also be used to 
study blood–retina barrier integrity in disease.

Gd-DTPA can be used to locate both the retinal vessels 
and the choroidal vessels and can aid in the assignment of 
histological layers of the retina to MRI layers. Intravenous 
Gd-DTPA has been given to rats6 and cats.48 In rats, Gd-



T. Q. DUONG AND E. R. MUIR 359
MRI OF THE RETINA

DTPA enhances the signals in the inner and outer bright 
bands of the retina (Fig. 7A). This suggests that these two 
bands correspond to the layers of the retina that contain the 
retinal and choroidal vessels. The outer band shows more 
enhancement and is thicker than the inner band, consistent 
with the larger choroidal blood fl ow and blood volume com-
pared to the retinal vasculature.1,4,5 The dark middle band 
of the retina is not enhanced by Gd-DTPA, suggesting it 
corresponds to the avascular photoreceptor layers of the 
retina. Enhancement is also visible in the extraocular 
muscles because their blood vessels are permeable to Gd-
DTPA, and in the anterior segment of the eye because the 
ciliary body is permeable to Gd-DTPA. The lens and vitre-
ous do not show any enhancement, consistent with their 
avascular structures. Gd-DTPA administration in cats gives 
comparable results (Fig. 7B), confi rming the layer-specifi c 
anatomical fi ndings in rats.

The assignment of specifi c histological layers of the 
retina to MRI layers has been made by careful comparison 
of the two methods. Figure 8 shows histological sections 
from rat and cat retinas, with the assigned MRI layers. 
The GCL, IPL, and INL are assigned to the inner MRI 
band because these layers contain retinal vessels, consistent 
with Gd-DTPA enhancement in this band. The ONL, IS, 
and OS are assigned to the middle MRI band because 
these layers are avascular, consistent with no Gd-DTPA 
enhancement in this band. The outer MRI band is enhanced 
by Gd-DTPA and thus has been determined to be the 
choroid.6

Layer Thicknesses

To measure thicknesses of specifi c MRI retinal layers, 
intensity profi les have been taken perpendicular to the 
vitreal–retinal boundary, and the profi les from along most 
of the length of the retina averaged. The thickness of each 
layer is determined using the half-height of the alternating 
bands.6 Table 2 compares layer-specifi c thickness measure-
ments from MRI (n = 24) and histology (n = 9, measure-
ments made near the optic nerve) in the rat retina. 
Thicknesses of the inner band and the middle band were 
similar between MRI and histology measurements (P > 
0.05, t-test), but the outer band was signifi cantly thicker 
when measured by MRI compared with the thickness of the 

Figure 8. Histology of the rat and 
cat retinas. Histological section of 
a normal adult Sprague-Dawley 
rat and cat retina stained with 
toluidine blue. Three vertical bars 
on the left show the assignments 
of the three MRI-derived layers. 
CH, choroidal vascular layer. In 
the cat, there is an additional, 
vascularized layer known as the 
tapetum. The rat and cat histo-
logical slides are drawn approxi-
mately to scale. Adapted from 
Fig. 5 of Cheng et al, Proc Natl 
Acad Sci U S A,6 and Fig. 1 of 
Shen et al., J Magn Reson 
Imaging.48

Table 2. Layer thicknesses (μm, mean ± SD) of rat retinas 
measured from MRI and histology

Layer assignment Layer thickness (μm)

MRI Histology MRI Histology

Inner GCL, IPL, INL 101 ± 17 92 ± 9
Middle OPL, ONL, OS, IS 79 ± 17 77 ± 9
Outer Choroid 86 ± 10 37 ± 8

Total Total 267 ± 31 205 ± 11

MRI, magnetic resonance imaging; GCL, ganglion cell layer; IPL, 
inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform 
layer; ONL, outer nuclear layer; OS, outer segment; IS, inner 
segment.
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choroid measured from histology (P < 0.05). This discrep-
ancy could arise from the PVE as a result of limited MRI 
spatial resolution, collapse of choroidal vessels after removal 
of the eyes from the systemic circulation, or histological 
shrinkage.

Thicknesses in the cat retina have also been measured 
using MRI and histology. The total retinal thickness of the 
cat retina including the choroid was measured to be 356 
± 13 μm (mean ± SD) from MRI and 319 ± 77 μm from 
histology.48 This is thicker than the rat retina (MRI, 267 ± 
31 μm; histology, 205 ± 11 μm).6 The cat retina is thicker 
because of its tapetum, an additional light-refl ecting layer 
that facilitates night vision. The tapetum is located in the 
choroid and is vascularized, so its MRI contrast is enhanced 
by Gd-DTPA. The neural cat retina was 184 ± 32 μm, the 
tapetum was 86 ± 35 μm, and the choroid was 82 ± 14 μm 
measured by histology.48 MRI studies of the mouse56 and 
rat59 retinas with layer specifi city have also been reported 
with similar total retinal thickness in rodents.

BOLD fMRI

Cheng et al.6 investigated layer-specifi c neurovascular cou-
pling in the retina using BOLD fMRI in rats in response to 
physiological stimuli. High-resolution BOLD fMRI was 
obtained during hyperoxic (100% O2) and hypercapnic (5% 
CO2 with 21% O2) challenges with air as the baseline.6 Data 
were acquired with spin-echo echo-planar imaging at 90 × 
90 × 1000 μm with diffusion weighting to suppress the over-
whelmingly strong but fast-diffusing vitreous signal. Layer-
specifi c BOLD fMRI responses were detected in two bands 
on the inner and outer edges of the retina (Fig. 9). The two 
bands, corresponding to the retinal and choroidal vascula-
ture, responded differently to the stimuli, indicative of dif-
ferences in blood-fl ow regulation.

As expected, hyperoxia induced a positive BOLD 
response in both bands, since hyperoxia increases oxygen 
saturation of the blood when compared to air. The response 
in the outer/choroidal band was larger (12 ± 2%, mean ± 
SD, n = 8) than in the inner/retinal band (7 ± 2%, P < 0.01). 
Interestingly, the arteriovenous oxygen difference in the 
choroid is small when compared to that in the brain,1,4,5 so 
a smaller hyperoxia-induced increase in the BOLD signal 
in the choroid might be expected. However, the increase in 
the outer/choroidal band was larger than that in the inner/
retinal band, likely because of vasoconstriction of the retinal 
vessels. Hyperoxia is known to constrict retinal vessels and 
reduce retinal blood fl ow by as much as 60%,13,60 compared 
to a ∼13% decrease in the brain.61 This counteracts the 
increased arterial oxygen saturation with decreased blood 
fl ow, which decreases oxygen delivery, but not enough to 
elicit a negative BOLD response. On the other hand, cho-
roidal vessels constrict by a much smaller extent during 
hyperoxia, which does not signifi cantly affect choroidal 
blood fl ow, leading to a larger BOLD increase in the outer 
band.13,60

Hypercapnia also induces positive BOLD changes in the 
retina, although the layer-specifi c responses are quite dif-
ferent than those associated with hyperoxia. In hypercap-
nia, the BOLD increase in the inner/retinal band (10 ± 2%, 
n = 8) is markedly larger than that in the outer/choroidal 
band (1.6 ± 1%, P < 0.01). This is likely because hypercapnia 
potently induces vasodilation in retinal vessels but has much 
less effect in choroidal vessels.5,60 Increased blood fl ow in 
retinal vasculature results in decreased fractional oxygen 
extraction and increased capillary and venous oxygen satu-
ration, which increases the BOLD signal relative to air.32 
Since the choroid undergoes minimal vasodilation, there is 
little change in blood fl ow or blood oxygenation, so the 
BOLD response is very small. The minimal choroidal vaso-
dilation is likely due to unique choroidal physiology or the 
high basal choroidal blood fl ow, causing a ceiling effect.39

In summary, BOLD fMRI of the retina can detect sepa-
rate responses in the two vascular layers, enabling inves-
tigation of layer-specifi c retinal physiology, which is diffi cult 
to do with optical techniques. The hyperoxic and hyper-
capnic fMRI results have demonstrated different regula-
tion of the two vascular supplies of the retina, consistent 
with previous research using oxygen-electrode62 and laser 
Doppler velocimetry.63 Since BOLD fMRI is affected by 
multiple physiological parameters, more direct techniques 
such as blood-fl ow fMRI could provide further information 
to complement the results of BOLD fMRI and provide 
a better understanding of neurovascular coupling in the 
retina.

Blood-Flow MRI

Li et al.49 investigated blood fl ow of the rat retina using 
MRI. ASL was implemented to measure quantitative basal 
blood fl ow and blood-fl ow fMRI changes during physiologi-
cal stimulation. Blood-fl ow MRI in the rat retina was per-
formed using gradient-echo echo-planar imaging at 90 × 90 
× 1000 μm. A butterfl y neck coil was positioned at the 
common carotid arteries for magnetic labeling of infl owing 
blood. The neck and the eye coils were actively decoupled 
to avoid artifacts, which can otherwise occur.64 High-
resolution blood-fl ow fMRI was obtained during hyperoxic 
(100% O2) and hypercapnic (5% CO2 with 21% O2) chal-
lenges with air as the baseline.49

Quantitative blood fl ow was measured by MRI with the 
rat breathing air to obtain basal blood fl ow. Blood-fl ow 
images (SBF) in milliliters of blood per gram of tissue per 
minute were calculated pixel-by-pixel using SBF = λ/T1 [(SNL 
− SL)/(SL + (2α − 1)SNL)],64 where SNL is the signal intensity of 
the nonlabeled images and SL is the signal intensity of the 
labeled images. λ, the water tissue-blood partition coeffi -
cient, was 0.9,65 T1 was 1.7 s at 7 Tesla, and α, the arterial 
spin-labeling effi ciency, was 0.8.64 Quantitative basal blood-
fl ow images showed the highest blood fl ow in the retina and 
ciliary body. No blood fl ow was detected in the lens, cornea, 
or vitreous, consistent with them being avascular (Fig. 
10A).49 Blood fl ow averaged over the entire retina was 6.3 ± 
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1.0 ml/g per minute (mean ± SD, n = 6) under 1.1% isofl u-
rane. To demonstrate that blood fl ow was the source of the 
signals, measurements were repeated after the rats were 
euthanized in the MRI scanner (Fig. 10B). There was no 
statistically signifi cant blood fl ow in the post mortem retina 
(average, 0.03 ± 0.01 ml/g per minute, n = 3), demonstrating 
that blood fl ow was the source of the signal, and not artifacts 
such as coupling or saturation effects from the labeling coil. 
Blood fl ow along the length of the retina was analyzed and 
found to be relatively constant, except for dipping slightly at 
the optic nerve head and dropping considerably at the distal 
edges where the retina terminates. The measured blood fl ow 
of the retina was much higher than cerebral blood fl ow, 
∼1 ml/g per minute,39,66 under essentially identical experi-
mental conditions. Blood-fl ow measurements in the retina 
and brain obtained in the same animals using microsphere 
techniques67,68 have given similar results. Note that the reso-
lution used in this study prevented reliable analysis of blood 
fl ow in the two vascular layers within the retina.

The ASL MRI technique was also used to perform 
blood-fl ow fMRI of the rat retina in response to physiologi-
cal challenges.49 Hyperoxia decreased total retinal blood 
fl ow by 25 ± 6% (n = 6), from 6.3 ± 1.0 to 4.8 ± 0.6 ml/g per 
minute (Fig. 10C). This change is a weighted average of the 
changes in the retinal and choroidal vasculatures. Hyper-
oxia is reported to decrease retinal blood fl ow by 30%–60% 
through other techniques, while having little or no effect on 

Figure 10A–D. Blood-fl ow MRI 
of the retina. Quantitative basal 
blood-fl ow images were obtained 
at 90 × 90 × 1000 μm from a rep-
resentative rat alive (A) and 
dead (B) . Blood-fl ow values in 
the retina and the ciliary body 
are high, whereas blood fl ow in 
the lens and vitreous are within 
noise levels. The large arrow 
indicates the location of the optic 
nerve head (ONH). Blood-fl ow 
data were obtained from one 
distal edge (a) to the other (b). 
Blood-fl ow percent-change maps 
responding to physiologic stimuli, 
(C) 100% O2 or (D) 5% CO2, 
obtained from a representative 
animal. Percent changes are 
overlaid on blood-fl ow maps. 
Color bars indicate blood-fl ow 
percent changes. Blood-fl ow 
changes due to hyperoxia and 
hypercapnia were statistically 
signifi cantly different from base-
line (air) (P < 0.05). Adapted 
from Figs. 2 and 4 of Li et al., 
Neuroimage.49

Figure 9A, B. Blood oxygenation level-dependent (BOLD) functional 
MRI (fMRI) response of the retina. Lamina-specifi c BOLD fMRI 
responses to (A) hyperoxia (100% O2) and (B) hypercapnia (5% CO2 
in air) from a normal rat at 90 × 90 × 1000 μm in-plane resolution. 
BOLD percent-change maps are overlaid on echo-planar images. The 
color bar indicates BOLD percent changes. Adapted from Fig. 6 of 
Cheng et al., Proc Natl Acad Sci U S A.6
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choroidal blood fl ow.13,60 Taken together, the measured 
blood-fl ow changes by MRI are sensitive enough to detect 
large decreases in retinal blood fl ow, although basal blood 
fl ow is weighted heavily by the high blood fl ow in the 
choroid.

Hypercapnia increased total retinal blood fl ow by 16 ± 
6% (n = 6), from 6.3 ± 1.0 to 7.3 ± 1.1 ml/g per minute rela-
tive to air (Fig. 10D). Hypercapnia has been reported to 
potently induce vasodilation in retinal vessels while induc-
ing little dilation of choroidal vessels, measured with other 
techniques.5,60 Similar to the hyperoxic results, blood fl ow 
measured by MRI is sensitive enough to detect blood-fl ow 
increases during hypercapnia, despite the combined retinal 
and choroidal blood fl ows. Both the hyperoxic and hyper-
capnic results in the retina are similar to cerebral blood-fl ow 
responses.

Isofl urane is known to cause dose-dependent vasodila-
tion, which has been well documented in the brain.69 The 
effect of isofl urane on circulation of the retina has been 
investigated with blood-fl ow MRI. Blood fl ow has been 
measured in rats at two different isofl urane concentrations 
in air,49 demonstrating profound effects on blood fl ow in the 
retina. Blood fl ow in the retina under 1.1% isofl urane was 
6.3 ± 1.0 ml/g per minute and increased to 9.3 ± 2.7 ml/g per 
minute under 1.5% isofl urane (48% increase, P < 0.05).49 
For comparison, cerebral blood fl ow under 1% isofl urane 
(1.27 ± 0.29 ml/g per minute) was higher than under awake 
restrained conditions (0.86 ± 0.25 ml/g per minute) in the 
same animals.70 Also, cerebral blood fl ow under 1% isofl u-
rane was lower than under 2% isofl urane in the same 
animals.71 Isofl urane appears to have similar vasodilatory 
effects on vessels in the retina as in the brain, but differen-
tial effects on retinal and choroidal vessels may exist and 
remain to be investigated.

In summary, these studies demonstrate that high-resolu-
tion MRI can noninvasively image quantitative basal blood 
fl ow and blood-fl ow changes in the retina. MRI has the 
potential to provide unique information on how blood fl ow 
is regulated and how retinal diseases may affect blood fl ow 
and the neural tissues they supply. The quantitative mea-
surements of blood-fl ow MRI should also allow direct 
comparisons between experimental groups and longitudinal 
monitoring of disease progression. Unfortunately, the 
spatial resolution of blood-fl ow MRI used in rats is insuffi -
cient to resolve the two vascular layers, so the measured 
values are weighted by both.

Functional MRI of Visual Stimulation

Duong et al.47 reported the fi rst use of BOLD fMRI to 
image visual responses in the cat retina. BOLD fMRI 
was performed with a gradient-echo echo-planar imaging 
sequence with an inversion pulse to null the vitreous. Visual 
stimuli consisting of either drifting or stationary gratings, 
with identical contrast and luminance relative to dark as the 
basal condition, were presented to the upper or lower quad-
rant of the visual fi eld in cats.

As expected, the different locations of the stimuli in the 
visual fi eld result in spatially distinct changes in the BOLD 
fMRI signal of the retina. Stimuli presented to the upper 
half of the visual fi eld stimulate the lower part of the retina, 
and stimuli presented to the lower half of the visual fi eld 
stimulate the upper part of the retina (Fig. 11A). Addition-
ally, BOLD fMRI has been demonstrated to have enough 
sensitivity to detect the difference between drifting and 
stationary gratings (Fig. 11B).47 Positive fMRI signal changes 
are evoked by both gratings, but drifting gratings induce 
twice the signal change as stationary gratings. The signal 
increase due to drifting gratings was 2.0 ± 0.3% (mean ± 
SD, n = 2, with four measurements), while stationary grat-
ings gave a 1.0 ± 0.1% increase (P < 0.02).

As previously discussed, layer-specifi c BOLD fMRI of 
the retina during physiological challenges has been demon-
strated, and the ability to detect functional changes due to 
visual stimulation could provide further important informa-
tion on retinal physiology. Future studies need improved 
spatial resolution to obtain layer-specifi c BOLD fMRI 
in response to visual stimuli, to develop blood-fl ow fMRI 
in response to visual stimuli, and to improve temporal 
resolution.

MRI of Retinal Degeneration

Retinitis pigmentosa (RP) is a family of retinal diseases 
associated with progressive photoreceptor degeneration 
that affects 1.5 million people worldwide.72 Other neural 
and synaptic layers in the retina and the two vascular layers 
supporting the retina also deteriorate slowly over time. The 
genetic aspects of the disease are well studied, and many 
mutations in a number of genes have been implicated.73 The 
Royal College of Surgeons (RCS) rat is an established 
model of RP with a mutation in the MERTK gene that 
results in impaired phagocytosis of photoreceptor segments 
by the retinal pigment epithelium.74–76 The genetics of the 
RCS rat have been well characterized and structural changes 
studied by histology.75,77,78 Retinal degeneration begins in 
the RCS rat at approximately 20 days postnatal (P20) and 
is complete by P90.79 The lack of noninvasive imaging tech-
niques has limited the investigation of structure, blood fl ow, 
oxygenation, functional hemodynamic responses, and tem-
poral progression of this disease in vivo.

Anatomical MRI

Anatomical changes in RCS rats were studied using MRI 
performed before and after retinal degeneration, at ages 
P16 and P120.6 Three layers were visible in the RCS rat 
retina at P16, the same as in normal retinas, but at P120 
only a single layer was visible (Fig. 12). Administration 
of intravenous Gd-DTPA enhanced the entire remaining 
single layer of the retina in the P120 RCS rat, consistent 
with the loss of the avascular outer nuclear layer and the 
inner and outer segments. Intensity profi les perpendicular 
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Figure 11A, B. fMRI of visual 
stimulation of the cat retina. A 
fMRI maps (468 × 468 × 1000 μm) 
of the upper and lower visual 
fi eld using drifting gratings versus 
dark. The gratings were a square 
wave with 0.15 cycles/deg and 2 
cycles/s. The color bar indicates 
the cross-correlation coeffi cient. 
B fMRI signal modulation under 
dark, drifting gratings and sta-
tionary gratings (same lumi-
nance). Positive signal changes 
are observed under both drifting-
grating and stationary-grating 
stimuli relative to the dark basal 
conditions. Signal changes due to 
the drifting gratings are approxi-
mately twice that of stationary 
gratings. Adapted from Figs. 3 
and 4 of Duong et al., Invest 
Ophthalmol Vis Sci.47

Figure 12A–D. Anatomical MRI of retinal degeneration in the RCS rat retina. Anatomical images at 60 × 60 × 500 μm of (A) P16 RCS retina 
before photoreceptor degeneration, and degenerated P120 RCS retina before (B) and after (C) intravenous administration of Gd-DTPA. Red 
arrows delineate the inner and outer edges of the retina. Black arrowheads indicate signal enhancement of extraocular tissues. D Intensity profi les 
show thinning of the P120 compared to the P16 RCS retina. The dashed arrows indicate the vitreous boundaries. Adapted from Fig. 7 of Cheng 
et al., Proc Natl Acad Sci USA.6
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Table 3. Layer thicknesses (μm, mean ± SD) of P16 and P120 RCS rat retinas

RCS P16 RCS P120

MRI (n = 6) Histology (n = 5) MRI (n = 4) Histology (n = 4)

Inner band 157 ± 6 167 ± 31* — 101 ± 21*
Middle band 99 ± 17 112 ± 20 — 29 ± 8
Outer band 95 ± 15** 34 ± 4** — 35 ± 1

Total 350 ± 13 307 ± 41 169 ± 13 169 ± 23

Adapted from Table 1 of Cheng et al., Proc Natl Acad Sci U S A.6

* and **P < 0.05 for corresponding comparisons.

to the retina also showed the absence of a dark middle band 
and thinning of the P120 RCS retina. Interestingly, the 
outer band appeared slightly thickened. Histology of the 
same retinas confi rmed the loss of the photoreceptor layers 
and thinning of the retina.6 In place of the photoreceptors 
and photoreceptor segments, only a thin debris layer was 
visible in the P120 RCS retina. Table 3 shows the thick-
nesses of layers measured by MRI and histology for both 
age groups.

BOLD fMRI

Disruption of neurovascular coupling in the RCS rat retina 
has been shown using BOLD fMRI. P120 RCS rats were 
imaged during hyperoxia and hypercapnia.6 BOLD fMRI 
responses to hyperoxia were detected in both retinal and 
choroidal vascular layers in P120 RCS rats (inner/retinal 
band, 4.2 ± 2.5%; outer/choroidal band. 8.7 ± 2.4%, mean 
± SD, n = 4). These changes were signifi cantly smaller than 
the control animals (inner/retinal band, 7 ± 2%; outer/cho-
roidal band, 12 ± 2%, n = 8). In response to hypercapnia, 
BOLD fMRI changes mostly disappeared in P120 RCS rats 
(inner/retinal band, −0.02 ± 6.5%; outer/choroidal band, 
0.003 ± 6%, n = 4), unlike in the control animals (inner/
retinal band, 10 ± 2%; outer/choroidal band, 1.6 ± 1%, n = 
8). This response to hypercapnia suggests that no vasocon-

striction occurred in either vascular layer in the P120 RCS 
rat. Since the choroidal vessels mainly supply the photore-
ceptor layers, which degenerate in the RCS rat, diminished 
reactivity in the choroid might be expected. The reduced 
BOLD response in the retinal vascular layer could be sec-
ondary to photoreceptor degeneration (i.e., thinning of the 
inner retina). Perturbed neurovascular coupling has also 
been demonstrated by an abnormal oxygen profi le in the 
RCS rat retina,62 and perturbed retinal circulation reported 
in human RP.80 The present fi ndings indicate perturbed 
hemodynamic coupling and basal blood fl ow, and if con-
fi rmed, could have important implications on the vascular 
health of the retina during RP, a topic of particular impor-
tance for treatments such as retinal prosthetics.81

Blood-Flow Measurements

Li et al.50 investigated blood fl ow of the retina in RCS rats 
at P90 and P220 using ASL MRI. Representative blood-
fl ow images of a P90 control rat and a P90 RCS rat are 
depicted in Fig. 13A. There were signifi cant quantitative 
blood-fl ow differences between normal and RCS retinas. 
Figure 13B shows blood-fl ow profi les drawn perpendicu-
larly across the retina of a control and RCS rat retina. Blood 
fl ow in the normal P90 retina was ∼5.5 ml/g per minute. 
Basal blood fl ow in the RCS rat retinas at P90 was ∼2.6 ml/g 

Figure 13A, B. Blood-fl ow MRI of retinal degeneration in the RCS rat retina. A Blood-fl ow images from a normal retina and a RCS rat retina 
at postnatal day 90 (P90). B Their blood-fl ow profi les across the retinal thickness (mean ± SD, n = 5). , normal rat; , RCS rat. The scale 
bar indicates blood-fl ow values in ml/g per minute. Note that the blood-fl ow profi le of the RCS P90 rat retina was thinner than the normal retina. 
Adapted from Fig. 2 of Li et al., Invest Ophthalmol Vis Sci.50
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per minute, markedly diminished compared to the 
age-matched controls. Under basal conditions, control P90 
blood fl ow was signifi cantly higher than P220 (P < 0.05), 
suggesting vascular changes occur due to age in the normal 
retina. Looking at group-averaged blood fl ow as a function 
of distance from the optic nerve head for control and RCS 
rat retinas at P90, blood fl ow in the RCS rat retina was 
largely diminished across the entire retinal length relative 
to controls.

Changes in blood fl ow in RCS rat retinas in response to 
hyperoxia and hypercapnia have also been studied with 
blood-fl ow fMRI.50 RCS rats and age-matched controls 
were imaged at P90 and P220. Hyperoxia signifi cantly 
decreased blood fl ow in both normal and RCS rat retinas 
(P < 0.05). Absolute hyperoxia-induced blood-fl ow changes 
were not statistically different between RCS and controls, 
but the percent change decreases were signifi cantly larger 
in RCS rats compared to controls at P90. Hypercapnia sig-
nifi cantly increased blood fl ow in both normal and RCS rat 
retinas (P < 0.05). Absolute hypercapnia-induced blood-
fl ow changes were not statistically different between RCS 
and controls, but the percent change increases were signifi -
cantly larger in RCS rats than in controls. Blood-fl ow abso-
lute changes in RCS retinas were not signifi cantly different 
than in control retinas for both hyperoxia and hypercapnia, 
but percent changes were larger in RCS retinas because of 
the lower basal blood fl ow in RCS retinas. These results 
suggest that vascular reactivity may not be perturbed in 
retinal degeneration. They also suggest caution in interpret-
ing differences in relative functional MRI signals in disease 
states in which basal blood fl ow is signifi cantly altered.

Summary and Future Perspectives

This review summarizes recent development and applica-
tion of high-resolution anatomical, physiological, and func-
tional MRI of the retina and disease-induced changes 
in MRI signals associated with retinal degeneration in 
animal models. MRI reveals the multiple anatomical layers 
within the retina, the retinal and choroid vascular layers, 
and the unique differential regulation of hemodynamics of 
the two vascular layers. With rapid advances in MRI tech-
nology, the expansion of MRI applications in the retina is 
likely.

Currently human retinal MRI may be confounded by eye 
movement in awake humans and limited spatial resolution 
of current human scanners. Improvements will be facili-
tated by trained fi xation that would reduce eye movement. 
As the eye is spherical and eye movement is trackable, 
postprocessing coregistration is likely to be straightforward. 
Correction algorithms, such as post k-space reconstruction 
to discard motion-contaminated k-space lines based on eye-
tracking already exist and can be applied. Moreover, with 
continuing rapid advances in gradient capability, low-noise 
preamplifi ers, more sensitive detectors, and faster acquisi-
tion methods (such as parallel imaging to accelerate k-space 

acquisition), the technical challenges for human retinal 
MRI can be met.

Nonetheless, at present MRI should readily serve as a 
valuable tool to study normal retinal physiology and retinal 
diseases (such as diabetic retinopathy, glaucoma, and 
macular degeneration) in animal models. Retinal MRI 
would enable improved longitudinal staging of a disease, 
testing of therapeutic interventions, and characterization of 
disease processes in vivo.
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