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Layer-Specific Functional and Anatomical MRI of the
Retina With Passband Balanced SSFP

Eric R. Muir'™ and Timothy Q. Duong'~3*°*

The retina consists of multiple cellular and synaptic layers and
is nourished by two distinct (retinal and choroidal) circulations
bounding the retina, separated by an avascular layer. High spa-
tiotemporal resolution, layer-specific MRI of the retina remains
challenging due to magnetic inhomogeneity-induced artifacts.
This study reports passband balanced steady-state free-pre-
cession (bSSFP) MRI at 45x45x500 pm and 1.6 s temporal re-
solution to image the mouse retina, overcoming geometric
distortion and signal dropout while maintaining rapid acquisi-
tion and high signal-to-noise ratio. bSSFP images revealed
multiple alternating dark-bright-dark-bright retinal layers.
Hypoxic (10% O,) inhalation decreased bSSFP signals in the
two layers bounding the retina, corresponding to the retinal
and choroidal vasculatures. The layer in between showed no
substantial response and was assigned the avascular photore-
ceptor layers. Choroidal responses (—25.9+6.4%, mean=SD,
n=6) were significantly (P<0.05) larger than retinal vascular
responses (—11.6+2.4%). bSSFP offers very high spatiotempo-
ral resolution and could have important applications in imaging
layer-specific changes in retinal diseases. Magn Reson Med
66:1416-1421, 2011. ©2011 Wiley Periodicals, Inc.
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INTRODUCTION

The retina consists of multiple structured layers. Starting
from the vitreous, anatomical layers of the neural retina are
the nerve fiber layer/ganglion cell layer, inner plexiform
layer, inner nuclear layer, outer plexiform layer, outer nu-
clear layer, and inner and outer segments. The retina is
nourished by two separate blood supplies: the retinal and
choroidal circulations (1). Retinal vessels are mainly local-
ized on the inner surface of the retina, with arterioles and
capillaries projected into the ganglion cell layer, inner
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plexiform layer, and inner nuclear layer. The choroidal ves-
sels are located external to the neural retina, separated from
the photoreceptor segments by the retinal pigment epithe-
lium. The outer nuclear layer and the inner and outer seg-
ments, located in between the retinal and choroidal vascu-
lar layers, are avascular. The neural retina and choroid
together are about 270 pm thick in rodents (2). Choroidal
blood flow is many times greater than retinal blood flow
(1,3,4), and the two vasculatures are regulated differently
(5). Some retinal diseases affect the two circulations differ-
ently (6). The ability to noninvasively image layer-specific
anatomy and “evoked” responses in the retina with depth
resolution could have the potential to provide important
clinically relevant information (7).

Layer-specific structural MRI has been reported in rats
(2), cats (8), and mice (9). Relaxation times and apparent
diffusion coefficient have been reported in rats (10), cats
(8), and mice (9). Three to four layers were detected.
MRI after intraperitoneal manganese-chloride injection
showed three layers in the rodent retina (11,12) and MRI
after intraocular manganese-chloride injection revealed
seven distinct bands of alternating hyper- and hypo-
intensities in rat retinas (13).

Blood-oxygenation-level-dependent (BOLD) fMRI of
the retina associated with physiologic stimulations (2)
and visual stimulation (14) has been reported using
echo-planar-imaging (EPI). Blood flow fMRI with EPI
readout has also detected changes due to physiologic
stimulations in the retina (15). BOLD fMRI (2) and
blood flow fMRI (16) responses to physiological chal-
lenges are perturbed in rodent models of retinal
degeneration.

Most BOLD fMRI studies utilize EPI readout for rapid
image acquisition, but EPI is prone to susceptibility arti-
facts such as geometric distortion and signal dropout.
The retina is susceptible to these artifacts because the
eye is located in a region with substantial magnetic inho-
mogeneity. Balanced steady state free precession (bSSFP)
sequences have been proposed to achieve fast acquisition
and high signal-to-noise ratio, while avoiding geometric
distortion and signal dropout artifacts. bSSFP is, how-
ever, sensitive to off-resonance frequency shifts which
result in passbands with high signal intensity and transi-
tion bands with low signal intensity on the images
(17,18). Passband bSSFP fMRI which uses the wider and
more stable passband region (17) was recently demon-
strated in the human brain (19). Although its signal sour-
ces is not fully understood (17-20), passband bSSFP
fMRI has similar oxygen-dependent signal changes as T,
or Ty BOLD fMRI, depending on TR/TE and field
strength (20).
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The purpose of this study was to explore the feasibility
of passband bSSFP fMRI to resolve layer-specific
changes in the mouse retina at 45x45x500 pm and 7 T.
As a demonstration, hypoxic challenge was used to mod-
ulate the bSSFP signals. Passband bSSFP fMRI provided
images of the retina with high spatiotemporal resolution,
sensitive to blood oxygenation changes, and free of geo-
metric distortion and dropout artifacts, overcoming some
limitations of EPI-based fMRI previously reported in the
rodent retina (2).

MATERIALS AND METHODS
Animal Preparation

Normal male C57BL/6 mice (8-16 weeks old, ~25 g,
n=6) were studied with institutional approval and in ac-
cordance with the Statement for the Use of Animals in
Ophthalmic and Vision Research. Animals were first
anesthetized with 5% isoflurane, put into a head holder
with ear and tooth bars, and placed in an animal cradle
with a circulating warm water pad and nose cone for an-
esthesia and gas delivery. Imaging was performed under
1.1% isoflurane and spontaneous breathing conditions.
Mice were provided 30% O, in N, as the baseline condi-
tion. The hypoxic challenge involved 4.7 min of baseline
and 4.7 min of hypoxia (10% O,) and was repeated twice
with 10 min rests between trials. Respiration rate, heart
rate, oxygen saturation, and rectal temperature were
monitored, and temperature was maintained at 37 =
0.5°C.

MRI Methods

MRI was performed on a 7-T/30-cm magnet with a 150
G/cm BGAGS gradient insert (Bruker, Billerica, MA). A
small circular surface eye coil (ID = 0.6 cm) was placed
over the left eye. A coronal slice bisecting the optic
nerve head was obtained with bSSFP. Parameters were
FOV = 5x5 mm, matrix = 112x112 (45x45 pm), band-
width = 30 kHz, one 0.5 mm thick slice, and TE/TR =
3.67/7.34 ms. Data were oversampled by a factor of 2 in
the frequency and phase encode directions, effectively
doubling the FOV and matrix, to improve signal-to-noise
ratio and avoid aliasing (the acquisition time was
doubled compared to nonoversampled acquisition). Two
averages were acquired in k-space per time point giving
3.3 s temporal resolution per image. FASTMAP (fast
automatic shimming technique by mapping along projec-
tions) shimming (21) was used to minimize banding, and
the RF phase cycling was adjusted to move bands away
from the retina. Alternatively, bSSFP images were
acquired with four alternating RF phase cycling angles
(0, 90, 180, and 270°) and combined to remove banding
(n = 1). For comparison, EPI was acquired with FOV =
6x6 mm, matrix = 134x134 (45x45 pm), two segments,
bandwidth = 333 kHz, one 0.5 mm thick slice, TE =
12.0 ms, TR = 2000 ms per segment, and with a 3/4 par-
tial Fourier acquisition in the phase encode direction.

Data Analysis

bSSFP images were zero-padded to 128x128 and EPI
images to 153x153 (nominal resolution of 39x39 um for
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both). bSSFP images acquired with four phase cycling
angles were combined using the nonlinear averaging
method (22), in which the three-highest intensities from
the four magnitude images are averaged, before co-regis-
tration. The nonlinear averaging method has been shown
to provide good signal-to-noise ratio and suppression of
transition bands, is simple to implement, and requires
only the magnitude data (22,23). Time-series images
were first aligned using the spatial realignment function
in the Statistical Parametric Mapping software, and fur-
ther aligned and analyzed using custom-written codes
written in Matlab (Math-Works, Natick, MA) as detailed
below.

First, the retina was linearized by taking image inten-
sity profiles across the retinal thickness by projecting
lines perpendicular to the vitreous-retina boundary,
found using edge-detection (2). Profiles were obtained at
4x spatial interpolation in the direction perpendicular to
the retina. Further time-series co-registration was per-
formed on the linearized profiles in Matlab. This was
done by correcting for one dimensional translation in the
direction perpendicular to the retina. This time-series
realignment was first done on the entire linearized retina
to correct global motion of retina. Then, to correct for
motion locally, the linearized retina was spatially di-
vided into small equally-sized segments in the direction
parallel to the retina (Fig. 2). The time-series realignment
was then applied individually to each small segment of
the retina. The time-averaged %-change between base-
line and hypoxia was calculated for the linearized retina,
and this %-change map was then spatially averaged
along the length of the retina. Peak %-change values
were then determined from the final averaged %-change
profile for each animal.

The co-registered profiles were reconstructed back
onto images for display and calculation of %-change
maps. Percent changes maps were calculated using
STIMULATE (University of Minnesota) software with a
95 or 99% confidence interval, a %-change threshold
from —5 or —7% to —100% and a cluster size of at least
20 contiguous pixels. The %-change map was masked
around the transition bands in the anterior portion of the
eye. Group-average data were tabulated and expressed as
mean * standard deviation (SD). Statistical analysis
used two-sided t-tests with P < 0.05 indicating statistical
significance.

RESULTS

Under 30% O, (baseline), the respiration rate was 91 =
11 breaths/min, heart rate was 371 £ 29 beats/min, and
oxygen saturation was 97 = 1%. Under 10% O, the res-
piration rate was 106 * 11 breaths/min, heart rate was
453 * 65 beats/min, and oxygen saturation was 68 *
6%, all statistically different from baseline (P < 0.01).
Representative EPI and bSSFP images of the same eye are
shown in Fig. 1. EPI shows obvious distortion in the retina
as well as the rest of the eye. One to three distinguishable
retinal layers were usually detected in EPI. In contrast,
bSSFP produced images free of image distortion and signal
dropout. bSSFP images showed four distinguishable dark-
bright-dark-bright retinal layers along the entire retina.
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Figure 2 illustrates the alignment analysis protocol.
The results of whole-image co-registration using Statisti-
cal Parametric Mapping and the corresponding linear-
ized retina are shown in Fig. 2a,b. The results of addi-
tional profile co-registration on the linearized retina and
on the reconstructed image are shown in Fig. 2¢,d. There
was a marked improvement in image quality with the
additional profile co-registration in animals in which
apparent motion occurred.

Figure 3a shows a representative %-change map asso-
ciated with hypoxic challenge using bSSFP, demonstrat-
ing bSSFP signal decreases. Anatomy profiles during
baseline and hypoxia depicted four alternating dark-
bright-dark-bright layers (Fig. 3b). The %-change profiles
and maps associated with hypoxic challenge had two
well-resolved layers with functional response (Fig. 3c).
These layers were assigned to be the retinal and
choroidal vascular layers. A middle layer between these
two vascular layers showed little change and was
assigned as the avascular outer nuclear layer and inner
and outer segments (photoreceptors). The group-averaged

FIG. 2. a: Averaged image after
rigid body motion correction.
(Inset) bSSFP image showing
profiles perpendicular to the vitre-
ous-retinal edge. The white
arrows indicate the region
selected for profile analysis. b:
The corresponding linearized ret-
ina. The white box indicates a
segment of the retina consisting
of 10 profiles. c: The recon-
structed image with the realigned
profiles. d: The linearized retina
after the profile realignment. All
images are the averaged time-se-
ries. [Color figure can be viewed
in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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FIG. 1. a: EPI image
(45x45%x500 pnm) demonstrating
artifacts in the eye. Phase
encoding orientation is left-right.
b: bSSFP image (45x45x500
pm) from the same animal
acquired during baseline condi-
tions has clear retinal layers
without distortion.

%-changes were —11.6 = 2.4% in the inner (retinal)
layer (n = 6, P < 1 E —4 one-sample t-test comparing the
sample mean with zero), —1.6%*1.4% in the middle
(avascular) layer (P < 0.05), and —25.9 * 6.4% in the
outer (choroid) layer (p < 5E-4). The inner and outer
layer %-changes were statistically different (P < 5E-3).
The middle layer %-change was statistically different
from the inner (P < 5E-4) and outer layer (P < 5E-4). Fig-
ure 4 demonstrates that acquisition of four RF phase cy-
cling angles can be used to remove all dark bands from
the bSSFP image of the eye. The %-changes were —8.6%
in the inner layer and —16.4% in the outer layer (n = 1).

The outermost hyperintense bSSFP anatomical layer
lined up with the %-change peak of the choroid. The
inner hypointense and hyperintense anatomical layers
lined up with the %-change peak of the retinal layer and
were assigned as the ganglion cell, inner plexiform and
inner nuclear layers. The hypointense anatomical layer
in the middle with the weak hypoxic response was
assigned the avascular outer nuclear layer and inner and
outer segments.
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FIG. 3. a: Percent-change map in response to hypoxia from a sin-
gle mouse at 45x45x500 wm overlaid on the bSSFP image. A
99% confidence interval was used with a %-change threshold of
—7 to —100%. b: The corresponding anatomical intensity profiles
(arbitrary units) of the retina during baseline and hypoxia. c: Per-
cent-change profiles due to hypoxia from all animals (n=6). The
thick black line is the group-averaged profile. The vertical red and
green dashed lines indicate the peak choroidal and retinal vessel
changes, respectively.

DISCUSSION

This study demonstrates high spatiotemporal resolution
passband bSSFP fMRI of the retina free of magnetic sus-
ceptibility-induced signal drop out and geometric distor-
tion. bSFFP detects multiple well-defined anatomical
layers, is sensitive to blood-oxygenation changes, and
detects layer-specific responses to hypoxic challenge in
the retinal and choroidal vasculature, separated by the
avascular region. The advantages of bSSFP fMRI are:
high signal-to-noise ratio per unit time, similar temporal
resolution to EPI, high spatial resolution, and improved
image clarity compared with EPI. A potential problem

1419

with bSSFP fMRI is banding artifacts, but the bands
could be moved away from the region of interest by
changing the RF phase cycling angle or could be
removed using multiple RF phase cycling angles.

In contrast to previous studies of the rat retina which
needed paralytics in addition to isoflurane (2,24), eye
movement in isoflurane-anesthetized mice was found to
be considerably less, so paralytics were not as necessary.
This is fortunate because intubation, mechanical ventila-
tion and paralysis, and recovery from paralysis are not
trivial in mice. The difference in eye movement between
mice and rats could be due to species difference or sim-
ply animal size. Nonuniform movements of the eye and
retina rendered global rigid-body motion correction less
effective. Profile realignment of the linearized retina
effectively corrected the small subtle motions of the ret-
ina. With the improved spatial resolution of bSSFP and
the detection of well resolved layers, this additional
alignment step was important.

Because fMRI signal changes are generally small,
image alignment of time-series fMRI data could poten-
tially have unintended results, such as false activations
or masking true activations. This is unlikely to be case
here because the percent changes are large. It is nonethe-
less important to first minimize motion by improving
animal setup and by using paralytics or other anesthetics
(24), rather than to rely on postprocessing co-registration.
Unfortunately, recovering mice from paralysis and me-
chanical ventilation are challenging. Additionally, para-
lytics and anesthesia are not practical in human studies,
so effective co-registration is also important for human
applications.

ANATOMICAL FEATURES

Four dark-bright-dark-bright anatomical layers in the ret-
ina and choroid were detected by bSSFP MRI at
45x45x500 wm. Similar anatomical MRI has been
reported in mice using conventional T,- and T,-weighted
spin-echo MRI at 47x47x400 pm at 11.7 T (9). Based on
the directionality of water diffusion, the outermost of the
three retinal layers was assigned as the photoreceptor
cells (outer nuclear layer and inner and outer segments),
the same as our assignment based on the absence of a
hypoxia-induced response. The two inner layers of the
retina were assigned to be the nerve fiber/ganglion cell
layer, inner plexiform layer, inner nuclear layer, and
outer plexiform layer (9), the same as our assignment
based on the presence of a hypoxia-induced response.

In rats, three anatomical layers (bright-dark-bright)
corresponding to two retinal layers and the choroid were
present using T;-weighted conventional gradient-echo
MRI at 60x60x500 pm at 7 T (2). Three similar layers
were also observed in the cat retina using T,- and T,-
weighted fast-spin-echo MRI at 50x100x1500 pm at 4.7 T
(8). In both the rat and cat studies, the inner and outer
bright layers were enhanced by intravascular injection of
Gadolinium-DTPA (Gd-DTPA), indicating the retinal and
choroidal vasculatures. The inner bright layer was
assigned as the nerve fiber/ganglion cell layer, inner
plexiform layer, and inner nuclear layer. The middle layer
unenhanced by Gd-DTPA was assigned as the avascular
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region (outer nuclear layer and inner and outer segments)
(2,8). The discrepancy in the number of layers among these
studies could be due to differences in spatial resolution,
MRI sequence, and field strength, giving rise to different
contrasts. Further studies at higher spatial resolution are
needed to unambiguously address these discrepancies.

fMRI OF HYPOXIA IN THE RETINA

The bSSFP signal decrease due to hypoxia was signifi-
cantly larger in the choroid (—25.9 = 6.4%) than in the
retinal vascular layer (—11.6 = 2.4%). Given the choroi-
dal vessels have a low oxygen extraction fraction com-
pared with the retinal vessels (3,25), the choroid may be
less affected by hypoxia, but the opposite was observed.
Possible explanations are that the retinal vessels respond
to oxygen but choroidal vessels do not (3,5) or the
choroid has higher vascular density compared with the
inner retina (3,26). Partial volume effect from the
vitreous, which has large signal intensity, could also
contribute to the smaller response of the retinal vascula-
ture. Previous BOLD fMRI studies of the retina have
used diffusion sensitizing gradients (2) or inversion

[Color figure can be viewed in the online issue, which is available at

recovery preparation (14,27) to effectively suppress the
strong vitreous signals. Diffusion weighting (2) or inver-
sion recovery (14) could be combined with the SSFP
acquisition to avoid possible partial volume effects of
the vitreous. The small response of the outer retina in
the middle (—1.57 * 1.42%, P = 0.04) was likely due to
partial volume effect with the inner retina and choroid.

The differential retinal and choroidal hypoxia-induced
responses are consistent with layer-specific BOLD fMRI
of hyperoxia in the rat retina at 90x90x1000 pm using
diffusion-weighted EPI (2). Layer-specific changes were
detected although EPI lacked lamina-specific anatomical
layers. Hyperoxia evoked a stronger BOLD response in
the choroid compared with the retinal vessels, despite
the small arteriovenous oxygen saturation difference in
the choroid compared with retinal vessels. Since the
diffusion-weighting suppressed potential partial volume
effects from the vitreous, the larger choroidal response to
hyperoxia was likely due to different responses of retinal
and choroidal vessels to oxygen challenge or the larger
vascular density of the choroid (3). Retinal vessels
strongly vasoconstrict under hyperoxia whereas choroidal
vessels do not (3).
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CONCLUSIONS

bSSFP of the retina provides anatomical and functional
images at high spatiotemporal resolution free of geomet-
ric distortion and signal dropout. Passband bSSFP fMRI
compares favorably against EPI and conventional imag-
ing. Future studies will include high-resolution fMRI of
visual stimulation, other physiological provocations, and
applications to mouse retinal diseases, as well as incor-
poration of bSSFP acquisition to measure layer-specific
blood flow in the retina.
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