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PURPOSE. This study explored the feasibility of mapping the
retina’s responses to visual stimuli noninvasively, by using
functional magnetic resonance imaging (fMRI).

METHODS. fMRI was performed on a 9.4-Tesla scanner to map
activity-evoked signal changes of the retina–choroid complex
associated with visual stimulation in anesthetized cats (n � 6).
Three to 12 1-mm slices were acquired in a single shot using
inversion-recovery, echo-planar imaging with a nominal in-
plane resolution of 468 � 468 �m2. Visual stimuli were pre-
sented to the full visual field and to the upper and lower visual
fields. The stimuli were drifting or stationary gratings, which
were compared with the dark condition. Activation maps were
computed using cross-correlation analysis and overlaid on an-
atomic images. Multislice activation maps were reconstructed
and flattened onto a two-dimensional surface.

RESULTS. fMRI activation maps showed robust increased activity
in the retina–choroid complex after visual stimulation. The
average stimulus-evoked fMRI signal increase associated with
drifting-grating stimulus was 1.7% � 0.5% (P � 10�4, n � 6)
compared with dark. Multislice functional images of the retina
flattened onto a two-dimensional surface showed relatively
uniform activation. No statistically significant activation was
observed in and around the optic nerve head. Hemifield stim-
ulation studies demonstrated that stimuli presented to the
upper half of the visual field activated the lower part of the
retina, and stimuli presented to the lower half of the visual field
activated the upper part of the retina, as expected. Signal
changes evoked by the stationary gratings compared with the
dark basal condition were positive but were approximately half
that evoked by the drifting gratings (1.0% � 0.1% versus 2.1%
� 0.3%, P � 10�4).

CONCLUSIONS. To the best of our knowledge, this is the first
fMRI study of the retina, demonstrating its feasibility in imaging
retinal function dynamically in a noninvasive manner and at
relatively high spatial resolution. (Invest Ophthalmol Vis Sci.
2002;43:1176–1181)

The retina is more than an array of light sensors. It is a part
of the central nervous system, and it generally performs

complex signal processing before sending its signals to the
lateral geniculate nucleus and the visual cortex.1 Metabolism
and blood flow of the retina are complex and in many aspects

unique.2 For example, being only approximately 250 �m thick,
the retina is one of the most vascularized tissues in the body,
has one of the highest oxidative metabolic rates per tissue
weight,3 and yet still manages to produce an inordinate amount
of lactate under basal conditions. The retina is nourished by the
retinal and choroidal blood supplies,4 which feed the inner and
the outer retina, respectively. Oxygen transport into the highly
structured layers of cells in the retina relies heavily on diffu-
sion, with oxygen tension midway between the inner and
outer retina approaching close to hypoxic levels under normal
physiological conditions.5 Hence, the retina is particularly sus-
ceptible to ischemic injuries, as in the case of diabetic retinop-
athy.6,7 The choroidal blood flow, which feeds the outer retina
including the photoreceptors, is many times higher than the
cortical blood flow.8–10 It has been suggested that such high
blood flow is necessary for maintaining retinal oxygenation11

and for dissipating heat produced by the incident light on the
retina,12,13 although these issues remain controversial.

Retinal physiology and function have been studied by using
a number of methods, including, but not limited to, standard
psychophysical evaluation, standard14 and multifocal15 electro-
retinography, oxygen microelectrodes,5 laser Doppler flow-
metry,16,17 blue-field entoptic technique,18 and fluorescein an-
giography.19 These techniques can provide valuable functional
and physiological information on the retina in research and/or
clinical settings. Most of these techniques require an unob-
structed pathway of light from the cornea through the lens and
to the retina. Disease states with media opacity, such as cata-
ract and some diseases of the vitreous body, preclude the use
of many of these techniques. Vitreous humor oxygen tension
has been assessed by measuring water relaxation time.20 This
technique, however, has poor sensitivity and is only useful for
measuring large and steady-state oxygenation changes in the
vitreous humor. Therefore, noninvasive and dynamic imaging
of the retina and its functional response to visual stimuli at the
tissue level, without depth limitation and in three dimensions
by using functional magnetic resonance imaging (fMRI), could
have numerous important applications. This method is also
expected to complement other techniques mentioned.

fMRI is a powerful, noninvasive imaging method capable of
high spatial resolution. It has been widely used in imaging
brain processes, ranging from sensory perceptions to cognitive
functions. The most commonly used fMRI technique is based
on blood oxygenation level–dependent (BOLD) contrast, first
described by Ogawa et al.21 in rat brains and subsequently used
for mapping brain functions in humans.22–24 BOLD contrast
originates from the intravoxel magnetic field’s inhomogenetic-
ity, which is induced by paramagnetic deoxyhemoglobin in the
erythrocytes in blood. Magnetic susceptibility differences be-
tween the compartmentalized paramagnetic deoxyhemoglobin
in blood and the surrounding tissues generate magnetic field
gradients across and near the vascular–tissue boundary.
Changes in regional deoxyhemoglobin content can be visual-
ized in susceptibility-sensitized (T2*- or T2-weighted) BOLD
images. When a specific task (e.g., finger tapping) is per-
formed, regional cerebral blood flow increases disproportion-
ally, overcompensating the stimulus-induced oxygen-consump-
tion rate increase needed to fuel the increased neural activity
and thus resulting in a regional reduction in deoxyhemoglobin
concentration. Therefore, BOLD signals after elevated neural
activity increase compared with basal conditions, making it

From the 1Center for Comparative NeuroImaging, Department of
Psychiatry, University of Massachusetts Medical School, Worcester,
Massachusetts; the 2Department of Microbiology, University of Wash-
ington, Seattle, Washington; and the 3Center for Magnetic Resonance
Research, Department of Radiology, University of Minnesota Medical
School, Minneapolis, Minnesota.

Supported by National Institutes of Health Division of Research
Resources Grant RR08079, National Institute of Neurological Disorders
and Stroke Grants NS38295 and NS10930, and the Keck Foundation.

Submitted for publication July 17, 2001; revised December 13,
2001; accepted December 18, 2001.

Commercial relationships policy: N.
The publication costs of this article were defrayed in part by page

charge payment. This article must therefore be marked “advertise-
ment” in accordance with 18 U.S.C. §1734 solely to indicate this fact.

Corresponding author: Timothy Q. Duong, Department of Psychi-
atry, University of Massachusetts Medical School, Worcester, MA
01655; timothy.duong@umassmed.edu.

Investigative Ophthalmology & Visual Science, April 2002, Vol. 43, No. 4
1176 Copyright © Association for Research in Vision and Ophthalmology



possible to dynamically and noninvasively map changes in
neural activities.

There is considerable evidence that visual stimuli evoke
changes in tissue blood flow and tissue oxygen tension in the
retina. Riva et al.25 and Longo et al.26 demonstrated with laser
Doppler that blood flow in the retina increases after visual
stimulation, and Scheiner et al.27 reported stimulus-evoked
changes in blood flow using a blue-field simulation technique.
Linsenmeier et al.,5 using oxygen electrode recording, showed
that oxygenation in different retinal cell layers also increases
after visual stimulation. Therefore, it is not unreasonable to
postulate that a BOLD fMRI signal response could be detected,
because the BOLD signal derives from changes in tissue oxy-
genation as a result of blood flow modulation. In this study, we
explored the feasibility of extending functional MRI to image
the retina’s response to various visual stimuli. The difficulties
and challenges of retinal fMRI are discussed, and the solutions
to these problems are detailed. The results presented herein
demonstrate that fMRI of the retina is a promising method that
has the potential to provide valuable information in a nonin-
vasive manner.

METHODS

Animal Preparations

All animal experiments were performed with institutional approval and
in accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. The cat model for MR studies has
been detailed elsewhere.28,29 Briefly, six female adolescent cats (0.5–
1.1 kg, 6–10 weeks old) were treated with atropine sulfate (0.05
mg/kg, intramuscularly) and anesthetized intramuscularly with a keta-
mine (10–25 mg/kg) and xylazine (2.5 mg/kg) cocktail. The forepaw
vein was catheterized for fluid supplement. The animal was intubated
and mechanically ventilated using a Harvard ventilator (35–45 stroke/
min, 15–30 mL/stroke) under isoflurane anesthesia (�1.5% vol/vol) in
a 50:50 N2O-O2 mixture, throughout the experiment. The isoflurane
level used in this study was approximately 30% higher than that
typically used in our fMRI studies of the cat visual cortex,28,29 to reduce
saccade-related motion artifacts. End-tidal PCO2 was continuously mon-
itored using a capnometer (Datex-Ohmeda, Louisville, CO) and kept
within a normal physiological range (3%–4%). Atropine sulfate (1%),
phenylephrine (2.5%), and proparacaine (0.5%, a topical anesthetic)
eye drops were applied. The animal’s eyes were refracted with cor-
rective contact lenses (Danker Laboratory, Sarasota, FL). Polyethylene
(PE)-10 tubing, filled with an atropine and proparacaine mixture (1:1),
was secured at the corner of the eye for remote administration every 1
to 3 hours. The animal was then placed in a cradle and restrained in a
normal postural position, using a head holder consisting of ear and
mouth bars. The animal’s rectal temperature was maintained at 38°C
throughout the experiments. A typical fMRI study, including animal
preparation, took 4 to 8 hours.

Stimulation Paradigm

The visual stimuli consisted of either stationary or drifting square-wave
gratings (0.15 cyc/deg, 2 cyc/sec) of different orientations.28–30 The
stimulus contrast was approximately 100%. The control basal condi-
tion was a dark screen. The visual stimuli were projected onto a screen
from the back of the magnet by a video projector (Resonance Tech-
nology Co., Northridge, CA). The screen was positioned at approxi-
mately 15 cm from the animal’s eyes, covering approximately 37° of
the visual field. Visual stimulation and image acquisition were synchro-
nized using a homebuilt transistor–transistor logic input-output (TTL-
I/O) device. In most studies the drifting-grating stimulus was used,
with dark as the basal condition. In some experiments, a sequence of
dark, drifting-, and stationary gratings were presented. Visual stimuli
were presented to the full visual field, as well as to the upper and lower
visual fields.

MR Experiments

fMRI experiments were performed on a 9.4-Tesla, 31-cm horizontal
MRI scanner (Magnex Scientific, Abingdon, UK), equipped with a
30-Gauss/cm gradient (11.0 cm inner diameter, 300-�s rise time; Mag-
nex Scientific), and a workstation console (UnityINOVA; Varian, Palo
Alto CA). A custom-built, small-surface coil was placed lateral to the
right eye. Anatomic images were acquired using a data acquisition
scheme (Turbo-FLASH) with an inversion–recovery contrast to sup-
press the strong signals from the vitreous humor for clear identification
of the retinal–vitreous border. Sagittal anatomic images were acquired
using the following parameters: interimage delay (TR), 3.5 seconds; flip
angle, 10°; echo time (TE), 3.5 ms; inversion delay (TI), 1.4 seconds;
data matrix, 128 � 128; and field of view (FOV), 3 � 3 cm2. Typically,
9 to 12 sequential 1-mm anatomic images were acquired.

BOLD fMRI sagittal images were acquired using a gradient-echo,
echo-planar imaging (EPI) data acquisition scheme,31 with fat suppres-
sion and inversion-recovery contrast. EPI is widely used in fMRI stud-
ies, because it is more sensitive to stimulus-evoked T2* and T2 changes,
and is less sensitive to physiological motion than other pulse sequences.32

The single-shot, EPI sequence parameters were: TR, 3.5 seconds; TI,
1.4 seconds; TE, 12 ms; slice thickness, 1 or 2 mm; data matrix, 64 �
64; and FOV, 3 � 3 cm2 (nominal in-plane resolution of 468 � 468
�m2). Shifted-echo acquisition with the center echo at the 20th k-
space line was used to achieve an echo time of 12 ms, approximating
tissue T2* for optimal BOLD contrast.33 Fat suppression was achieved
using three chemical-shift–selective (CHESS, 10-ms sinc) pulses and
crusher gradients.34 The strong signals from the vitreous humor were
suppressed using a nonspatially selective inversion (10-ms hyperbolic
secant) pulse with an inversion delay of 1.4 seconds. Typically, 3 to 12
multislice fMRI images were acquired in an interleaved fashion after a
single-inversion pulse (total time for one multislice set was 3.5 sec-
onds). Although there is a spread of TI values (1.4–1.7 seconds) across
different slices, the vitreous signal was reasonably suppressed across
multiple slices, because of its long T1 at high field.

For the drifting gratings versus dark stimulus, a single fMRI mea-
surement consisted of a three-epoch paradigm consisting of 20-20-20-
20-20-20-20 images (underscore indicates drifting-grating stimulus is
on). For the sequence of dark, drifting-, and stationary-grating stimuli,
a single fMRI measurement consisted of two repeats of the following
scheme: 20 images during dark, 20 images during drifting-grating, and
20 images during stationary-grating stimuli. Typically, approximately
15 repeated fMRI measurements were made on each animal.

Given these spatial resolutions, the term “retina” is used herein to
refer to the retina–choroid complex. Although the inversion contrast
used for suppression of the vitreous humor could yield a small contri-
bution of blood flow to the fMRI signal, we refer to the fMRI signal as
the BOLD signal, because our preliminary data suggested that the
BOLD contribution was likely to be dominant (see the Discussion
section).

Data Analysis

The EPI images were zero padded from a data matrix of 64 � 64 to
128 � 128. For data analysis programs written in commercial software
were used (PV-Wave; Visual Numerics Inc., Boulder, CO) and Stimulate
software.35 Activation maps were computed by cross-correlation (CC)
analysis in which pixel-by-pixel CC coefficients were calculated by
matching the fMRI signal time course to the stimulus paradigm.36 A CC
threshold of 0.2, corresponding to P � 0.018, was used. A minimal
cluster size for an active region of 8 pixels was further imposed,37

yielding an effective P� 0.0017. All CC activation maps were overlaid
on anatomic images. All time courses were generated from active
pixels from the retina–choroid complex.

Multislice fMRI maps were reconstructed and flattened onto a
two-dimensional plane. Regions of interests (ROIs) outlining the retina
on the multislice anatomic images were manually drawn to guide the
construction of a spherical surface representing the retina. For display-
ing the flattened retina, CC coefficients of each multislice activation
map were rescaled from 0 to 1 to eliminate the gradual drop off in CC
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coefficients from lateral to medial, because of the surface–coil sensi-
tivity profile. The rescaled activation map was projected onto the
spherical surface and flattened by using a cartographic technique
known as sinusoidal equal area projection.38 The areas on the flattened
map are conserved—that is, the areas of any subregions on the flat-
tened maps are proportional to the corresponding areas on the spher-
ical surface.

RESULTS

Representative anatomic and the corresponding EPI images of
the retina-choroid (sagittal view) are shown in Figures 1a and
1b, respectively. The inversion contrast incorporated in our
sequence suppressed the otherwise overwhelming strong sig-
nal from the vitreous body, allowing clear visualization of many
detailed structures, such as the cornea, lens, vitreous body, and
retina. Good-quality EPI images were obtained, with minimal
geometric distortion or artifacts. Our first fMRI attempt of the
retina in vivo, using drifting-grating stimulus without propara-
caine and pancuronium, is shown in Figures 1c and 1d. Stim-
ulus-evoked responses outlining the retina were detected with
a single fMRI measurement. However, signal averaging of a few
repeated measures was needed to generate robust activation
maps. Typical percentages of change of the fMRI signals from
the retina–choroid complex was 1.7% � 0.1% (P � 10�4, n �
6 cats). In addition to activation in the retina, nonspecific signal
changes outside the retina were evident in the functional
maps. These signal changes were probably associated with lens
movement and saccadic motion, which occur even in animals
under anesthesia.

In subsequent experiments, intravenous pancuronium and
a topical proparacaine-atropine mixture were administered ev-
ery 1 to 3 hours (in addition to isoflurane) to further minimize

motion artifacts. Nine to 12 multislice fMRI studies were per-
formed on three cats. Figure 2 (top) shows the functional maps
from 8 of 12 consecutive, 1-mm slices of the retina after
full-field stimulation of the drifting-grating stimulus in one rep-
resentative animal. Note that the signal from the vitreous hu-
mor across multiple slices was reasonably suppressed with a
single inversion. The visual stimuli activated a large area on the
retina. The motion artifacts were markedly reduced with the
addition of systemic paralytics and topical anesthetics. The
multislice activation maps were reconstructed and flattened
onto a two-dimensional surface (Fig. 2, bottom left). The flat-
tened activation map was relatively uniform, and activity was
not focally localized to the area centralis (analogous to the
human fovea), probably because the stimulus was passively
presented, and the anesthetized cat could not actively focus on
the stimulus. Based on the anatomic images, the optic nerve
head in the retina could be identified (data not shown). The
optic nerve head was estimated to be approximately 2 mm in
diameter. No statistically significant activation was observed in
the anatomically identified optic nerve head (Fig. 2, bottom
right, arrow). Note that there were a few single-pixel dark
spots on the flattened activation map. However, they were
scattered and significantly smaller than the optic nerve head,
probably caused by noise fluctuation.

To further demonstrate that the fMRI maps of the retina
were not artifacts, the upper and lower visual fields of the
retina were separately stimulated with the drifting-grating stim-
ulus (n � 2 cats). Figure 3 shows the results of the hemifield
experiments. As expected, a stimulus presented in the upper
half of the visual field predominantly stimulated the lower part
of the retina, and stimulus presented in the lower half of the
visual field predominantly stimulated the upper part of the
retina. The separation between the upper and lower visual

FIGURE 1. Anatomic (a) and corre-
sponding echo-planar (b) images, at
234 � 234 � 1000 �m3 and 468 �
468 � 1000 �m3, respectively. The
cornea, lens, vitreous humor, and ret-
ina are clearly depicted in the ana-
tomic image. (c) First attempt to ob-
tain an fMRI of the retina under
drifting versus dark stimulation with-
out systemic paralytics and topical
anesthetics. The cross-correlation ac-
tivation map (468 � 468 � 2000
�m3) of the retina is overlaid on an
anatomic image. The color pixels re-
flect cross-correlation coefficients, as
indicated by the color bar. Func-
tional responses from the retina are
clearly depicted, with increased ac-
tivity along the retinal tissue. Arti-
facts associated with lens movement
and saccadic motion outside the ret-
ina are also evident. (d) fMRI time
course associated with a three-epoch
stimulation (indicated by the black
boxes) paradigm obtained from ac-
tive pixels in the retina. The percent-
age change ranges from 1.5% to
2.0%. Inset: grating stimulus of one
orientation (0°). The stimulus was ac-
tually drifting. P, posterior; A, ante-
rior; D, dorsal; V, ventral. Scale bar,
2 mm.
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fields on the retina was distinct, but there was some overlap in
the central visual field of the retina. Such an overlap could be
a result of imperfect focus or fixation, saccadic motion artifact,
and/or poor localization of the BOLD fMRI signals, to some
extent. These questions remain to be investigated.

fMRI signal modulations due to drifting and stationary grat-
ings were compared with the dark condition as a control.
Figure 4 shows a time course after drifting- and stationary-
grating stimuli compared with the dark condition. Positive
signal changes were observed under both stationary and drift-
ing gratings compared with the dark. The stimulus-evoked
fMRI signal increase associated with the constant illumination,
however, was significantly weaker (1.0% � 0.1% versus 2.0% �
0.3%, P � 10�4, n � 2 cats, four epochs) than that associated
with the drifting gratings. Correlation analysis of the functional
maps showed only a few scattered pixels with negative signal
changes along the retina. No consistent negative fMRI signal
changes were observed in the retina (data not shown).

DISCUSSION

fMRI of the retina is challenging. Major technical difficulties
encountered in fMRI studies of the retina include imaging a
thin curve tissue, imaging in regions of high-susceptibility dis-
tortion, signal contamination from fat and vitreous humor, and
saccade-related motion artifacts. The retina is only approxi-
mately 250 �m thick; thus, high-resolution imaging must be
used, resulting in relatively low signal-to-noise ratio. The use of
a high field is helpful, because high fields increase the signal-
to-noise and contrast-to-noise ratios. With a spatial resolution of
468 � 468 � 1000 �m3, there are partial-volume effects that
reduce functional contrast. Nevertheless, these data indicate
that the fMRI signal is sufficiently strong to be readily detect-
able. The retina is physically located close to the nasal cavity
and the frontal sinus, which are regions with large susceptibil-
ity differences, increasing the likelihood of image distortion. It
is therefore critical to optimize the magnetic field homogene-
ity. A spin-echo acquisition scheme (instead of the gradient-
echo scheme used herein) can be used to reduce signal loss

FIGURE 3. fMRI maps (468 � 468 �
1000 �m3) of the upper and lower
visual fields using drifting versus dark
stimulation (top), with percentage
changes in signals between the two
conditions (bottom). The stimulus
presented to the upper visual field
activated the bottom half of the ret-
ina, and that presented to the lower
visual field activated the upper part
of the retina. The color pixels reflect
cross-correlation coefficients as indi-
cated by the color bar. P, posterior;
A, anterior; V, ventral.

FIGURE 2. Top: Multislice fMRI maps of the retina with systemic paralyt-
ics and topical anesthetics. Functional maps from 8 of 12 consecutive,
1-mm slices of the retina were obtained associated with full-field stimula-
tion of drifting gratings (versus dark). Cross-correlation activation maps
(468 � 468 � 1000 �m3) of the retina are overlaid on anatomic images.
The drop off in signal-to-noise ratio, and thus statistical certainty, from
slice 1 to slice 8 (lateral to medial) is associated with the asymmetric
sensitivity profile of the surface coil. Bottom: Reconstructed and flattened
activation map of the retina (left). Relatively uniform activation was ob-
served across the retina. The optic nerve head (black arrow) was identi-
fied based on anatomy. No statistically significant activation was observed
in and around the anatomically identified optic nerve head. M, medial; L,
lateral; S, superior; I, inferior. The schematic representation (right) is for
the reader’s convenience.
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due to intravoxel dephasing, although it is, in general, ex-
pected to yield a relatively poorer functional contrast. Major fat
signals outlining the back of the eye can be reasonably sup-
pressed using CHESS pulses and crusher gradients. Fat suppres-
sion eliminates chemical-shift ghost artifacts due to the reso-
nance offset between the water and the fat signals. The strong
signals from the vitreous humor can be efficiently suppressed
with an inversion contrast, allowing a clear visualization of the
retinal border and minimizing the partial volume effect by the
otherwise overwhelming signal from the vitreous humor.

With regard to motion artifacts, saccadic motion is of pri-
mary concern. With an EPI acquisition scheme, which acquires
the entire k-space data of one image within approximately 20
ms, motion within a single image is expected to be minimal.
Saccadic and other potential motion artifacts between images
can be significant, even under anesthetics, and can falsely
correlate with the stimulus paradigm, as demonstrated in Fig-
ure 1. This observation is consistent with previous findings that
systemic anesthetics are not completely effective in paralyzing
the rectus muscles responsible for saccadic motion. However,
with the addition of systemic paralytics and topical eye drop
anesthetics, saccadic and lens motion were substantially and
sufficiently reduced.

Although the BOLD response is likely to be dominant, there
could be a small contribution from changes in blood-flow
signal. Blood-flow weighting could arise from the use of a small
surface coil for magnetization inversion, which could yield
partial spatial selectivity, even for a nonspatially selective
pulse. Such a blood flow–weighted signal would add construc-
tively to the positive BOLD signal (if blood flow increased, as in
activation of neurons in the cerebral cortex), resulting in in-
creased functional contrast. Our preliminary data, however,
suggest that blood flow’s contribution under these experimen-
tal MR parameters is small (data not shown). Although this
blood flow weighting does not compromise the potential of
this method to image retinal function, separate measurements
of BOLD and blood flow fMRI signals nevertheless should yield
valuable information regarding the unique retinal metabolism
and hemodynamics under basal and elevated activity condi-
tions.

In an attempt to further understand the fMRI signal re-
sponse under drifting and stationary stimuli, we measured the
fMRI signal responses under drifting and stationary gratings
compared with the dark. Both drifting and stationary gratings

evoked an increase in the BOLD (oxygenation) response com-
pared with the dark condition. Our observation is consistent
with that of Bill and Sperber39 who used deoxyglucose tech-
nique and found that flickering light evokes a higher metabolic
rate in the inner retina than steady light. Our observation is also
in accordance with that of Stefansson,40 who used an oxygen
electrode to measure preretinal oxygenation changes as a func-
tion of the room light intensity and found that oxygen tension
increases with increasing room light intensity compared with
darkness. It should be noted that a simple illumination com-
pared with dark is generally known to result in hyperpolariza-
tion of the photoreceptors and, thus, a decrease in metabolism.
Consequently, a decrease in fMRI signal is expected compared
with dark. Our data showed, on the contrary, that the fMRI
signal change is positive under constant illumination compared
with dark, suggesting there is an overall regional metabolic and
blood flow increase. One possible explanation for this discrep-
ancy is that hyperpolarization, per se, evokes a net metabolic
increase (and commensurately larger blood flow increase) in
the photoreceptors and/or in other cell types (such as bipolar
and horizontal cells) along signal transduction pathway. An-
other possibility is that the electrophysiogical and fMRI mea-
surements might not be measuring the same parameters, in
that hyperpolarization is recorded from the photoreceptors,
whereas the fMRI signal samples the entire retinal tissue. The
difference in stimuli used in the electrode recording and our
fMRI measurements could be a factor. Further studies are
needed to fully understand the fMRI signal changes. Compari-
son across different modalities under identical or similar ex-
perimental conditions is necessary to determine whether there
are indeed discrepancies between these measurements.

The retina is nourished by the retinal and choroidal blood
supplies.4 The choroidal blood flow, which nourishes the pho-
toreceptors, is many times higher than the retinal blood
flow8–10 (4–10 times, depending on species and regions on the
retina). The fMRI signal changes could originate from the
choroidal and/or the retinal vessels. At current spatial resolu-
tion, it is not yet possible to separate the choroidal and retinal
contributions to the fMRI signal. We are working on increasing
spatial resolution in an attempt to resolve these contributions.
Understanding the sources and mechanisms underpinning the
fMRI signal changes in the retina is important for designing
better experiments and for making full use of this method for
imaging retinal “function.”

CONCLUSIONS

We developed a noninvasive fMRI method for dynamically
imaging retinal function and physiology serially in three dimen-
sions. Although much work remains to further understand the
fMRI signal sources, the methodology demonstrated herein has
the potential to provide a novel and noninvasive mean to
investigate retinal function and physiology under normal and
disease states, such as diabetic retinopathy, glaucoma, and
macular degeneration. With improved spatial resolution, it
could also be used to visualize noninvasively the detailed func-
tional organization of the retina, such as layer-specific activity
and horizontal interactions. This methodology also has the
potential to complement current existing modalities.
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