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Magnetic Resonance Imaging of Tissue and
Vascular Layers in the Cat Retina
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Purpose: To report the visual resolution of multiple cell
and vascular “layers” in the cat retina using MRI.

Materials and Methods: T,- and diffusion-weighted MRI at
4.7 Tesla was performed. Layer-specific thickness, Ty, spin
density, apparent diffusion coefficient perpendicular
(ADC,) and parallel (ADC)) to the retinal surface were tab-
ulated. T,-weighted MRI was acquired before and after in-
travenous administration of Gd-DTPA and subtraction im-
ages were obtained. Histology was performed for validation.

Results: Three distinct “layers” were observed. The inner
strip nearest to the vitreous (exhibiting large T, ADC, spin
density with Gd-DTPA enhancement) overlapped the ganglion
cell layer, bipolar cell layer, and the embedded retinal vascu-
lar layer. The middle strip (exhibiting small Ty, ADC, spin
density without Gd-DTPA enhancement) overlapped the pho-
toreceptor cell layer and the inner and outer segments. The
outer strip (exhibiting large Tz, ADC, spin density with Gd-
DTPA enhancement) overlapped the tapetum and choroidal
vascular layer. Ty, spin density, ADC, and ADC; of different
“layers” were tabulated. The inner strip was slightly thicker
than the other two strips. The total thickness, including neu-
ral and nonneural retina, was 358 * 13pum (IV = 6) by MRI and
319 = 77 pm (N = 5) by histology.

Conclusion: MRI provides a noninvasive tool to study the
retina with laminar specificity without depth limitation.
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THE RETINA IS HIGHLY STRUCTURED and is com-
posed of three major cell layers: photoreceptors layer,
bipolar cell layer, and ganglion cell layer (see Fig. 1) (1).
The plexiform layers are synaptic links between adja-
cent nuclear cell layers. Histological studies suggest
that the cell density is highest in the photoreceptor
layer of the retina (2). In cat, there is a tapetum (3), a
tissue layer that is located beneath the retinal pigment
epithelium and serves to reflect light back to the retina
to improve vision in low light conditions.

The retina is nourished by two separate blood sup-
plies: the retinal and choroidal vasculatures (4) on ei-
ther side of the retina. The retinal vasculature exists
primarily within the ganglion cell layer, but does project
a deep planar capillary bed into the bipolar cell layer.
The choroidal vasculature does not exist within any
retinal layer, but rather is located directly beneath the
photoreceptor layer, sandwiched between the tapetum
and the sclera in cat. Thus, the outer nuclear (photore-
ceptor) layer is completely avascular (4) and relies on
both vasculatures for the delivery of oxygen and nutri-
ents. The tapetum is vascularized by the choroidal vas-
culature. While the mammalian retina requires both
the retinal and choroid vasculatures for proper func-
tion, there are marked differences between them. Cho-
roid blood flow is many times higher than retinal blood
flow and is generally much less responsive to blood flow
modulating factors (2,5). Some diseases of the eye, in-
cluding diabetic retinopathy (6,7), glaucoma (8) and
macular degeneration (9,10), have differential effects on
different vascular and/or tissue layers. Thus, the abil-
ity to non-invasively resolve retinal tissue layers, in-
cluding the two distinct vascular layers, could have
many important applications.

The retina has been studied using many different
techniques. Electroretinography (11,12) is widely used
to study retinal electrical activity and function. Oxygen-
ation and oxygenation changes in the retina have been
studied using oxygen electrodes (13,14), phosphores-
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cence (15), and, more recently, intrinsic optical imaging
technique (16-18). Several methods also exist for mea-
suring blood flow in the retina, including fluorescein
angiography (19,20) which can measure retinal circu-
lation and indocyanine-green angiography (21,22)
which can measure choroidal circulation in the fovea.
Confocal imaging (23) and optical coherence tomogra-
phy (24,25) are widely used to measure retinal thick-
ness. While most of these optical techniques offer high
temporal and spatial resolution, strong tissue absorp-
tion of visible light could be problematic in the deeper
layers, particularly the retinal pigment epithelial, tape-
tum, and choroid vascular layer. Furthermore, disease-
induced opacity of the vitreous humor, cornea and/or
lens (such as cataract) could render the use of these
and other optical techniques less effective.

MRI is a powerful tool for diagnostic imaging because
it provides noninvasive, three-dimensional high-resolu-
tion anatomical images with excellent soft-tissue con-
trast without depth limitation. Typical anatomical MRI
contrasts arise from differences in water spin density,
relaxation times, and/or apparent diffusion coefficient
(ADC). Water relaxation times (such as T, and Ty) are
dependent on the local biophysical and biochemical
environments. Water displacement in biological tissues
is restrictive and anisotropic due to the presence of
semipermeable cell membranes, macromolecules and
organelles. Thus, different tissue types have different
water spin density, T;, Ty, and ADC, giving rise to MRI
contrasts. In addition, MRI contrasts can be enhanced
using an exogenous MRI contrast agent. Gadolinium-
diethylene-tri-amine-pentaacetic acid (Gd-DTPA or
Magnevist®) is a biologically stable, nontoxic, compart-
ment-specific MRI contrast agent which shortens water
T, and it has been widely used in animals and humans.
Blood vessels in the brain and the retina are imperme-
able to Gd-DTPA due to the presence of the blood-brain
and blood-retina barriers, respectively. Thus, enhance-
ment is localized to the intravascular space. One
unique advantage of MRI is that anatomy, physiology
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Figure 1. Histological section
of the retina. Different cell lay-
ers, tapetum, retinal and cho-
roidal vessels are depicted. The
retinal vasculature exists pri-
marily within the inner gan-
glion cell layer, but does
project a deep planar capillary

bed into the bipolar cell layer.
The choroid vasculature does

tapetum
not exist within any retinal
layer, but rather is located di-
rectly beneath the photorecep-
tor layer, sandwiched between
choroid the tapetal cell layer and the

Choroidal vessels sclera. The photoreceptor layer

is avascular.

(such as tissue blood flow and oxygenation), metabo-
lism, and function can be studied in the same setting
non-invasively and in a longitudinal fashion.

Oxygenation changes (APO, technique) in the vitre-
ous humor near the retina had been reported by mea-
suring T, changes of '°F perfluorocarbon droplets in-
jected into the vitreous (26) and endogenous water in
the vitreous (27) based on the paramagnetic property of
dissolved O,. More recently, blood-oxygenation-level-
dependent (BOLD) functional fMRI (28), which is widely
used to study brain functions and physiology, has also
been extended to study the retina in association with
visual stimuli and physiological challenges (29,30).
However, MRI studies of the retina to date have rela-
tively low spatial resolution and/or contrast-to-noise
ratio and lamina-specific MRI of the retina has not been
reported.

The goal of this study was to explore Ty, diffusion, and
Gd-DTPA contrast-enhanced T, imaging to resolve tis-
sue and vascular layers in the retina. Laminar-specific
thickness, Ty, spin density, ADC parallel and perpen-
dicular (ADC; and ADC ) to the retinal surface of differ-
ent retinal “layers” were tabulated. Histology was per-
formed for validation.

MATERIALS AND METHODS

Experimental Designs

Multiple MRI survival experiments were performed on
five female adolescent cats (0.7-1.4 kg) with institu-
tional approval and in accordance with the guidelines
for the Use of Animals in Ophthalmic and Vision Re-
search. The cat model and setup for MRI studies has
been detailed elsewhere (29,31). Briefly, cats were anes-
thetized intramuscularly with a ketamine (10-25 mg/
kg) and xylazine (2.5 mg/kg) mixture. The animal was
intubated and mechanically ventilated using a Harvard
ventilator under isoflurane anesthesia (1.25-1.50%) in
humidified air throughout the experiment. With this
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optic nerve

Figure 2. Ty-weighted (TE =
40 msec) images at 100 X 100
wm? resolution at three differ-
ent radial slice orientations.
Image at 0° is the sagittal slice
(center of the eye) and images
at 10° and 20° extend toward
the optic nerve (right eye). The
right panels show expanded
views.

anesthetic level, we did not observe significant saccade
drift. End-tidal CO, was continuously monitored using
a capnometer (Surgivet, Waukesha, WI, USA) and kept
within normal physiological ranges (~4%, via an ~8-ft
line). Subcutaneous fluid supplement, topical anes-
thetic and ophthalmic gel were administered. The ani-
mal was then placed in a cradle and restrained in a
normal postural position using a head holder consist-
ing of ear, eye, and mouth bars. The animal’s rectal
temperature was maintained at 38.0 = 0.5°C through-
out the experiments. For contrast-enhanced imaging,
Gd-DTPA (Berlex Lab, Montville, NJ, USA) was admin-
istered intravenously (0.4 mL/kg from a standard 0.5 M
bottle) via the catheterized vein of the forearm.

Six Ty and diffusion studies were performed at low
(100 X 100 pm) resolution and four at high (50 X 100
pm) resolution. Six contrast-enhanced T, imaging stud-
ies were performed. On a given day, multiples of these
protocols (Ty and diffusion imaging at high or low res-
olution, and/or T, imaging) were performed on each
animal lasting 6-8 hours, including animal prepara-
tion.

MRI Experiments

MRI experiments were carried out on a 4.7-Tesla,
40-cm horizontal MRI scanner, equipped with a 20-
Gauss/cm gradient (12 cm inner diameter, 120 psec
rise time; Bruker, Billerica, MA, USA), and a Bruker
console (Billerica, MA, USA). A custom-built, small el-
liptical surface coil (2.5 X 2.0 cm?) was placed lateral to
the right eye.

Ty-weighted images were acquired using the fast
spin-echo (RARE) pulse sequence. First, scout T,-
weighted images with a single TE of 40 msec were ac-
quired at different angles rotating = 30° about the mid-

467

sagittal slice in steps of 10° (Fig. 2). Subsequent Ts-
weighted images were acquired using multiple TE. The
MR parameters were: repetition time (TR) = 4000 msec
(90° flip angle), effective echo time (TE) = 40, 52, 72,
and 100 msec, spectral width = 50 kHz, 32 segments
(eight echoes per segment), three 1.5-mm midsagittal
slices roughly bisecting the area centralis, eight aver-
ages, field of view (FOV) = 2.56 cm X 2.56 cm, data
matrix = 256 X 256, and 100 X 100 pwm? in-plane
resolution.

Diffusion-weighted images (DWI) were acquired
with diffusion-sensitive gradients applied along the x,
y, or z direction separately. The imaging parameters
were TR = 2500 msec (90° flip angle), TE = 43 msec,
three 1.5-mm slices, duration between applications
of two diffusion gradient pulses (A) = 20 msec, diffu-
sion gradient pulse duration (3) = 3.5 msec,
b-value = 6, 504 seconds/mm?, two averages, FOV =
2.56 X 2.56 cm?, matrix size = 256 X 256, and 100 X
100 um? in-plane resolution. The 504 seconds/mm?
b-value, which is smaller than that typically used in
brain imaging, was chosen to approximate the e-fold
signal attenuation for the retina and optimal visual
contrast.

T,-weighted images were acquired using RARE acqui-
sition with the same parameters as the T, imaging
above except a shorter TR = 1500 msec (90° flip angle),
and eight averages, effective TE = 40 msec (albeit some
Ty-weighting which was useful for comparison; its Ty
contribution could be removed by pre- and post-con-
trast subtraction).

In some T,, diffusion and T; imaging studies, 50 X
100 pm? in-plane resolution was also acquired in which
the readout FOV was reduced by half.
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Data Analysis

T, maps were calculated pixel-by-pixel using, S(TE) =
S, - exp(-TE/T2), where TE is the effective echo time at
the center of the echo-train length, and S, is the signal
intensity at TE = 0. Ty and S, were derived using non-
linear least squared regression with Matlab codes.

ADC maps with intensity in unit of mm?/second were
calculated pixel-by-pixel by using two b-values (6 and
504 seconds/mm?) and the equation, S(b) = S,  exp|-
b, - ADC], where b; = y2G?8%(A - §/3), S, is the signal
intensity obtained with b = 0. The b-value is propor-
tional to the gradient strength (G), magnetogyric ratio
(y), duration of each gradient pulse (3), and the time (A)
between applications of the two gradient pulses. The S,
maps at b = 0 were also calculated. ADC maps were
calculated with correction for cross-term interaction
between diffusion and imaging gradients.

DWI along three principal axes (DWI,, DWI,, and
DWI,), Ty-weighted images, ADC maps along different
axes, T, maps, and effective spin-density maps extrap-
olated from the ADC and T, measurements were ana-
lyzed for their ability to delineate retinal tissue layers.
DWI, corresponded to the diffusion gradient perpendic-
ular to the retinal surface (DWI,) at the back of the eye;
DWI, and DWI,, corresponded to the diffusion gradient
parallel to the retinal surface at the back of the eye
(DWI)). Note that TR used herein did not allow full T,
recovery (particularly for the vitreous) and thus the S,
derived in this study was referred to as “effective” spin-
density S, maps.

Pixel-by-pixel subtraction was made between T;-
weighted images acquired before and after Gd-DTPA
injection.

Group-averaged Ty, S,, ADC,, and ADC of different
“layers” of the retina, the vitreous humor and the mus-
cles around the eye as well as retinal thickness for each
“layer” were tabulated.

Histology

Histology was obtained on a separate group of animals
(N = 5). Following anesthetic overdose (Pentobarbital,
207 mg/kg), eyes were enucleated and immersion fixed
overnight in 2% paraformaldehyde/2.5% glutaralde-
hyde. Eyes were rinsed in 0.1 M phosphate buffer, dis-
sected to isolate the posterior eyecup, divided into 3
mm X 2 mm pieces, and embedded in epoxy-resin (Em-
bed 812, Electron Microscopy Services, Fort Washing-
ton, PA, USA). The embedded retinal pieces were sec-
tioned at 0.5 pm, using a histodiamond knife (Diatome,
Electron Microscopy Services, Fort Washington, PA,
USA) on an ultramicrotome, and stained with toluidine
blue. Each histological section was digitally photo-
graphed using a Leica Digital camera. Thickness of dif-
ferent layers of the neural retina, tapetum, and choroid
vasculature were automatically derived using an image
analysis program (Image Pro, Cybernetics). A shrinkage
correction factor of 25% was applied as done by Buttery
et al (32).

All data are presented in mean = SD. A Pvalue <0.05
was considered to be statistically significant.

Shen et al.

RESULTS
Histology

A representative histological section is shown in Fig. 1.
Different cell layers, retinal and choroidal vessels are
depicted. The average thickness of the neural retina as
determined by histology was 184 = 32 pm. The tapetum
thickness was 86 + 35 pm, and choroid vascular thick-
ness was 82 = 14 pm (N = 5, mean * SD). The total
thickness, including the neural retina, tapetum, and
choroid was 319 = 77 pm.

T, Imaging

Figure 2 shows the Ty-weighted images at 100 X 100
wm? resolution for three different radial slice orienta-
tions with respect to the center of the eye. Multiple
“layers” were observed in the retina, as indicated by the
alternating bright, dark and bright strips on the Ts-
weighted images. These laminar structures disap-
peared in and around the optic nerve head. The retinal
surface surrounding the optic nerve head protruded
slightly and showed slightly different contrast, consis-
tent with its known structure. There was no indentation
around the area centralis on the Ty-weighted images
because the cat does not have a fovea (2), in contrast to
the human’s fovea where the retina becomes thinner
relative to surrounding regions.

The T,-weighted image, T, map, and S, map of the
retina at 100 X 100 pm? in-plane resolution are dis-
played in Fig. 3 (midsagittal view). Multiple tissue “lay-
ers” in the retina were consistently observed in every
animal. The zoomed-in region of the retina showed ap-
proximately four 100-um pixels or approximately three
diagonal 100-uwm pixels spanning across the retinal
thickness. The “inner” strip closest to the vitreous ap-
peared slightly thicker than the other two strips. Simi-
larly, T, map showed the bright, dark and bright strips
corresponding to tissue layers with long, short and long
T,, respectively. The effective S, maps showed the cor-
responding high, low and high water spin density.

Diffusion Imaging

To further investigate the resolution of the retinal lay-
ers, diffusion imaging with diffusion-sensitizing gradi-
ents along three principal directions was performed
(Fig. 4; 100 X 100 wm?). With diffusion gradient per-
pendicular to the retina surface at the back of the eye
(DWI,, z-axis), alternating bright, dark and bright
strips were observed. ADC maps showed the corre-
sponding strips with high, low, and high ADC values,
respectively. The effective S, maps also showed the cor-
responding high, low and high spin density. Note that
bright DWI should yield low ADC but high ADC was
observed. This is because the DWI signals were domi-
nated by water spin density.

When the diffusion-sensitive gradient was switched
to parallel to the retina surface at the back of the eye
(DWI];, x or y axis), different contrast was observed.
Specifically, the signal in the outer strip was lower in
DWI relative to DWI,, indicative of anisotropic diffu-
sion. Three strips on the DWI, essentially overlapped
the three strips on the Ty-weighted images pixel-by-
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T,-W (TE = 40 ms)

cornea

lens

Figure 3. Ty-weighted (TE = 40 msec)
images, effective spin-density (S,) and Ts
maps at 100 X 100 pm resolution. Image
slice was obtained at the middle of the
eye, roughly bisecting the area centralis.
The small and large white arrows indi-
cate the “inner” and “outer” strips,
respectively.

pixel. Diffusion imaging also showed approximately
four 100-pm pixels or approximately three diagonal
100-pm pixels spanning across the retinal thickness.

Higher Resolution T, and Diffusion Imaging

In some studies, higher spatial resolution (50 X 100
wm?) T, and diffusion imaging were also performed.
Representative images are shown in Fig. 5. Across the
thickness of the retina, there were approximately eight
50-pm pixels and three strips were observed, in good
agreement with the low-resolution data. In some ani-
mals, higher spatial resolution data showed additional
anatomical parcellation beyond the three strips. Ty and
ADC of different “layers”, however, were not quantified.

Contrast-Enhanced Imaging

To further corroborate the laminar classification, con-
trast-enhanced imaging was performed with the admin-
istration of a blood-pool Gd-DTPA contrast agent (Fig.
6). Precontrast spin-echo T;-weighted images (with
some T, weighting) also showed three distinct strips.
Spin-echo T;-weighted images of the retina after Gd-
DTPA administration showed marked enhancement of
the anterior segment of the eye due to the high Gd-
DTPA permeability of the ciliary body. Extraocular en-
hancement was also observed. Subtraction of post- and
precontrast images of two cats showed marked signal

I (Z and 1)

Figure 4. Diffusion-weighted
images, ADC and spin-density
maps at 100 X 100 pm? reso-
lution.  Diffusion-sensitizing
gradients were placed along
the x, y, or z axis separately.
The vertical and horizontal
double arrows and concentric
circle-and-dot indicate the dif-
ferent directions of the diffu-
sion gradients.
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enhancement on either side of the retina, with the outer
band being more enhanced and appeared thicker than
the inner band. In contrast, subtraction images showed
no enhancement for the middle of the retina and the
vitreous. Enhancement of the “inner” band on the sub-
traction images essentially overlapped with the “inner”
strip of the precontrast images, and the enhancement
of the “outer” band on the subtraction images essen-
tially overlapped with the “outer” strip of the precon-
trast images.

The group-averaged Ty, ADC| and ADC, of the differ-
ent strips of the retina and the vitreous humor are
summarized in Table 1. T, and ADC values of the inner
and middle strips of the retina were similar to those of
the cortical gray matter. In contrast, the T, and ADC
values of the outer strip were slightly higher than other
strips (P < 0.05) and the ADC; was larger than ADC, in
the outer strip (P < 0.05). ADC, across all layers were
higher than ADC |, indicative of anisotropic diffusion.
T, and ADC of the vitreous were markedly larger than
those of the retinal strips, and the ADC| and ADC, of
the vitreous were not statistically different, as expected.
Taken together, the MRI-estimated thickness of the ret-
ina was 356 = 13 um (N = 6) based on low resolution
data and ~360 pm (N = 4) based on high resolution
data. The inner strip appear slightly thicker than the
middle strip and the outer strip.

< (Y and /) O (Xand /)

4 %103 mm?/s

05 1 15 2 25 3 35
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DISCUSSION

This study demonstrates the visual resolution of mul-
tiple distinct tissue and vascular “layers” in the cat
retina using multiple MRI contrast mechanisms. Three
major strips were observed. The inner strip nearest to
the vitreous, exhibiting long T, value, high water spin
density, and Gd-DTPA enhancement, likely overlaps
the ganglion and bipolar cell layer and the embedded
retinal vessels. The middle strip, exhibiting short T,
value, low water spin density and no significant Gd-
DTPA enhancement, likely overlaps the photoreceptor
layer, inner and outer segments of the photoreceptors.
The outer strip, exhibiting long T, values, high water
spin density and Gd-DTPA enhancement, likely corre-

pre-contrast post-contrast

subtraction

Shen et al.

Figure 5. Higher-resolution Tsy-weighted
(TE = 40 msec) and diffusion-weighted (b =
504 seconds/mm?) images at 50 X 100 pm
resolution. Diffusion-sensitizing gradients
were placed along the x, y, or z axis separately.
The small and large white arrows indicate the
“inner” and “outer” strips, respectively.

sponds to the tapetum and the choroid vascular layer
(Fig. 1).

One major disadvantage of MRI for resolving laminar
structures in the retina is its limited spatial resolution
compared to optical and histological techniques. This
led to partial-volume effect which could affect the tab-
ulated data on laminar thickness, Ty, S,, ADC;, and
ADC, of different layers. MRI also has relatively poor
temporal resolution compared to many other optical
techniques. The unique advantage of MRI, however, is
its ability to measure structural, physiological (such as
blood flow and oxygenation), metabolic and functional
data in a single setting and in a longitudinal fashion,
which are generally not feasible with existing tech-

Figure 6. Contrast-enhanced spin-echo
T,-weighted images at 100 X 100 pm.
The smaller and larger white arrows in-
dicate the “inner” and “outer” bands, re-
spectively. Two black arrows indicate
the ciliary bodies. Extraocular enhance-
ment was also observed (dashed arrow).
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Table 1

Group-Average T,, ADC| and ADC, Values of the “Inner,”
“Middle,” and “Outer” Strips of the Retina, Vitreous Humor, and
Brain Tissues at 4.7 Tesla (N = 6, mean = SD)

ADC; ADC
T, (msec) (X 1073 mm? (X 1073 mm?
second) second)

Vitreous humor 218 = 12 2.73 £ 0.22 2.66 = 0.22
Retina

“Inner” 67 +5 1.1 +0.2 0.74 = 0.1

“Middle” 48 + 5 1.2 +0.3 0.67 = 0.1

“Outer” 95 +6 33=x07 1.2+0.2
Muscle around eye? 73+8 0.78 £ 0.2 0.75 0.2
Rat brain gray matter 54 + 2° 0.74 + 0.02°

T,, ADC;, and ADC, of the vitreous were statistically different (P <
0.005) from those of the inner, middle, and outer strips, except
between the vitreous and outer strip ADC;.

®Muscle at the posterior-dorsal area of the eye was obtained to
check for internal consistency.

PUnpublished rat data (N = 7) obtained using essentially identical
sequence parameters as herein.

°Average ADC measured along x, y, and z direction separately from
rat brain (37).

niques. MRI also has no depth limitation. Therefore,
MRI has the potential to complement existing tech-
niques to study the retina.

In the middle strip (part of the neural retina), T, and
ADC values were smallest among the three strips and
were similar to those of the cortical gray matter (see
Table 1) but were markedly smaller than those of the
vitreous. ADC; of the middle strip was higher than
ADC,, indicative of anisotropic diffusion, whereas there
was no statistical different between ADC| and ADC, in
the vitreous. This middle strip is most consistent with
being the photoreceptor layer because it has the highest
macromolecular and cell density and, thus, yield a rel-
ative small Ty, ADC, and spin density, relative to the
other strips and the vitreous. Furthermore, this middle
strip also showed no Gd-DTPA enhancement and is
thus avascular, as expected based on known retinal
anatomy (4).

In the inner strip (also part of the neural retina), ADC
was similar to the middle strip but T, was slightly
higher relative to the middle strip. The most likely ex-
planation for the Ty, difference is that there is a partial-
volume effect with the very large vitreous T, (5 times
that of the cortical gray matter and the middle strip)
and thus a small partial volume effect could readily
account for the slightly elevated T, of the inner strip,
although different tissue MRI properties per se could be
a factor. On the contrary, the ADC difference between
the inner strip and the vitreous was smaller, leading to
less partial-volume effect on the ADC values of the inner
strip. ADC; of the inner strip was also higher than
ADC,, indicative of anisotropic diffusion. This inner
strip is most consistent with being the ganglion cell
layer and bipolar cell layer and it is vascularized, as
demonstrated by the Gd-DTPA experiments.

In the outer strip, T, and ADC values were higher
than the middle strip. This strip showed Gd-DTPA en-
hancement and is vascularized. The outer strip is most
consistent with being the choroidal vascular layer and
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the tapetum. The large T, value in this strip is consis-
tent with the choroid vascular layer and the tapetum
being more fluid-like and/or having lower cell and mac-
romolecular density (2). In regard to ADC, ADC, of the
outer strip was also higher than ADC, and both are
relatively high compared to those of the middle strip. A
likely explanation is that blood flow in the tortuous
arteriole and capillary network (33) leads to loss of
phase coherence that is indistinguishable from the dif-
fusion process and thus effectively yields a relatively
high ADC. The observed anisotropic diffusion charac-
teristics in this strip (e.g., ADC; >> ADC,) is likely due to
water displacement being less restrictive tangential to
the outer retinal surface than perpendicular to it (2,5).

Subtraction of post- and precontrast images from the
Gd-DTPA experiments showed marked signal enhance-
ment on either side of the retina, with the outer band
being more enhanced and appeared thicker than the
inner band. This was in contrast to the inner strip
which was slightly thicker than the outer strip on pre-
Gd-DTPA T,-weighted images. The contrast-enhanced
imaging results indicated that: 1) There are two vascu-
lar layers located at either end of the retina with the
middle of the retina being avascular, as expected (4). 2)
The choroidal vasculature has markedly higher blood
flow and blood volume than the retinal vasculature,
consistent with established differences in blood flow
between the two vasculatures (2,5). 3) The Gd-DTPA
enhanced strip associated with the choroidal vascular
layer and the vascularized tapetum is apparently
thicker than the Gd-DTPA enhanced strip associated
with the retinal vascular layer closest to the vitreous.
These results suggest that the projection of capillary
bed from the retinal vasculature into the bipolar cell
layer may be sparse. In short, the Gd-DTPA experi-
ments further corroborated the T, and diffusion imag-
ing findings and set the upper limits on retinal thick-
ness.

The MRI-estimated total thickness of the retina, in-
cluding the tapetum and choroid vascular layer, was
358 = 13 pm. These total thicknesses were slightly
thicker than the total retinal thickness by histology
(819 = 77 pm). Cognizant of the partial-volume effect,
we estimated the MRI-derived neural retinal thickness
to be ~239 pm, in reasonable agreement with pub-
lished histological data (neural retina: 150-250 pm)
(13,32,34,35) but slightly larger than our histology
(neural retina: 184 = 33 pm). There are many factors
that could account for the difference between MRI and
histology data. They include, but not limited to, differ-
ent slice being compared, laminar thickness in the ret-
ina being highly variable, shrinkage associated with
fixation, and limited MRI spatial resolution. Shrinkage
associated with the fixative processes is likely to yield a
lower limit on thickness, underscoring the importance
of in vivo measurements.

We did not find any published literature on the thick-
ness of cat tapetum and the literature on the thickness
of the choroidal vascular layer in cats is sparse. This is
not surprising because the thin choroidal vascular
layer detach easily which could lead to overestimation
of thickness. We reported a tapetum thickness of 87 *
35 pm and choroidal vascular layer thickness of 82 =+
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14 pm by histology. Choroidal vascular layer thickness
had been reported to range from 75 to 100 pm (36). The
retinal vascular layer is embedded within the ganglion
cell layer with projected capillary bed into the bipolar
cell layer (1), and it does not constitute a separate layer.
In short, the retinal thickness, cell layer assignments,
and retinal and choroid vasculature assignments are in
reasonable agreement with histology herein and the
published histological data.

In conclusion, laminar structures and vascular layer
of the retina were resolved using multiple MRI con-
trasts. To the best of our knowledge, this is the first MRI
study demonstrating unequivocal laminar structures
in the retina. Further improvements are expected. MRI
has the potential to provide lamina-specific anatomical,
physiological (such as tissue blood flow and oxygen-
ation) and functional information on the retina in a
single setting without depth limitation and, thus, it
could complement existing techniques to study the ret-
ina and the entire visual pathway.
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