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Abstract
The Royal College of Surgeons (RCS) rat is an established animal model of retinitis pigmentosa, a
family of inherited retinal diseases which starts with loss of peripheral vision and progresses to
eventual blindness. Blood flow (BF), an important physiological parameter, is intricately coupled
to metabolic function under normal physiological conditions and is perturbed in many
neurological and retinal diseases. This study reports non-invasive high-resolution MRI (44 × 44 ×
600 μm) to image quantitative retinal and choroidal BF and layer-specific retinal thicknesses in
RCS rat retinas at different stages of retinal degeneration compared with age-matched controls.
The unique ability to separate retinal and choroidal BF was made possible by the depth-resolved
MRI technique. RBF decreased with progressive retinal degeneration, but ChBF did not change in
RCS rats up to post-natal day 90. We concluded that choroidal and retinal circulations have
different susceptibility to progressive retinal degeneration in RCS rats. Layer-specific retinal
thickness became progressively thinner and was corroborated by histological analysis in the same
animals. MRI can detect progressive anatomical and BF changes during retinal degeneration with
laminar resolution.
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1. Introduction
Retinitis pigmentosa (RP) is a family of inherited retinal diseases which starts with loss of
peripheral vision and progresses to eventual blindness (Phelan and Bok, 2000). The whole
process may take decades in human patients, offering opportunities for intervention. RP has

☆Grant support: This work was supported in part by the NIH/NEI (R01 EY014211 and EY018855), and a MERIT Award from the
Department of Veterans Affairs, and a Clinical Translational Science Award Supplement (parent grant UL1RR025767).

© 2012 Elsevier Ltd. All rights reserved
* Corresponding author. Research Imaging Center, UTHSCSA, 8403 Floyd Curl Dr., San Antonio, TX 78229, USA. Tel.: +1 210 567
8120; fax: +1 210 567 8152. duongt@uthscsa.edu (T.Q. Duong)..
1Present address: Department of Neurology, University of North Carolina at Chapel Hill, USA.

NIH Public Access
Author Manuscript
Exp Eye Res. Author manuscript; available in PMC 2013 August 01.

Published in final edited form as:
Exp Eye Res. 2012 August ; 101: 90–96. doi:10.1016/j.exer.2012.06.006.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



a prevalence of about 1 in 4000 (Boughman et al., 1980) and affects about 1.5 million
people worldwide. The Royal College of Surgeons (RCS) rat is an established animal model
of RP with a mutation in the MERTK gene (Gal et al., 2000), which also occurs in many RP
patients. This mutation leads to impaired phagocytosis of the photoreceptor segments,
resulting in spontaneous photoreceptor degeneration. In rats, retinal degeneration begins
around postnatal day 20 (P20) and completes by P90 (Dowling and Sidman, 1962). There is
also evidence of vessel loss in RCS rat retinas during progression of the disease (Pennesi et
al., 2008).

Under normal physiological conditions, basal blood flow (BF) is intricately coupled to
metabolic function. BF reduction and dysregulation have been implicated in many
neurological and retinal diseases. Blood flow to the retina is supplied by two separate
circulations, the retinal and choroidal vasculatures. The retinal vasculature exists in the inner
retina, and the choroid exists external to the retina. The retinal and choroidal vascular layers
are separated by an avascular layer, the outer retina, which consists of the outer nuclear layer
and inner and outer segments. The choroid has much higher vessel density and higher
choroidal BF (ChBF) compared to the retinal BF (RBF). RBF and ChBF are also different in
their regulation mechanisms (Bill and Sperber, 1990; Kiel, 1994). RBF is regulated by
metabolic local control to meet metabolic demands while ChBF is not. RBF and ChBF may
also have different susceptibility to RP and retinal degeneration (Akyol et al., 1995;
Grunwald et al., 1995; Langham and Kramer, 1990; Nilsson et al., 2001). Thus, the ability to
image laminar specific BF associated with retinal degeneration could improve our
understanding of the pathophysiology and allow us to objectively stage retinal diseases and
monitor novel therapeutic strategies.

Optical imaging techniques have been used to image BF in the retina in vivo and they
include angiography in humans (Preussner et al., 1983), laser speckle imaging in animals
(Cheng and Duong, 2007), laser Doppler flowmetry, and scanning laser ophthalmoscopy
(Harris et al., 1998). RBF is typically reported in large retinal vessels or the optic nerve head
where retinal vessels dominate. ChBF is typically reported in the foveal region in humans
where retinal vessels are absent (Riva et al., 1994). Optically based BF measurement
techniques are generally depth ambiguous, except optical coherence tomography. Moreover,
many techniques measure BF in large or superficial vessels which may not accurately reflect
local tissue perfusion. Optically based imaging techniques also require an unobstructed light
pathway and the constrained illumination angle limits the field of view.

In contrast to optical imaging techniques, BF measurements by MRI offer depth-resolved
and quantitative data with a large field of view in vivo, and can be used in the case of
obstructed light path to the retina (such as cataract). A disadvantage of BF MRI technique is
that it takes longer to acquire data compared to optical imaging techniques, and thus more
susceptible to motion. Quantitative BF measurements can be measured using continuous
arterial spin labeling (cASL) technique (Detre et al., 1994). The cASL sequence
magnetically labels blood flow through carotid arteries. The difference between the two
images, one with labeling and the other without, is related to tissue perfusion (Detre et al.,
1994). An inversion recovery pulse can be used to suppress static signals to improve BF
sensitivity (Shen and Duong, 2011).

In this study, we applied high-field (11.7T) MRI with cASL with inversion recovery
suppression of static signal to obtain layer-specific quantitative BF and neural retinal
thicknesses in RCS rat retinas at different stages of retinal degeneration and compared to
age-match controls at high spatial resolution (44 × 44 × 600 μm3). Comparison was made
with histology.
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2. Methods
2.1. Animal preparation

Animal experiments were performed with IACUC approval and in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. RCS rats on
Long-Evans (LE) background were studied on P40, P60, and P90 (n = 6, 5, and 5,
respectively). Age-matched LE rats were use as normal controls (n = 5, 5, and 6,
respectively). Since the retinal degeneration happened mostly before P90, the animals
scanned after P90 were combined as one group noted as P90. The animals were anesthetized
with 5% isoflurane initially and maintained at ~1.2% during MRI. Animals were
mechanically ventilated and paralyzed using pancuronium bromide (4 mg/kg/h, i.p.
infusion). The animal body temperature was maintained using a circulating warm-water pad.
The rat heads were immobilized by ear bars and a tooth bar built on the holder. Physiology
parameters including end-tidal CO2, O2 saturation, heart rate and rectal temperature were
continuously recorded and maintained within normal ranges.

2.2. MRI methods
MRI was performed on an 11.7 T/16 cm Bruker scanner with a 74 G/cm gradient. Small
surface eye coils with active decoupling for imaging (inner diameter (ID) = 1 cm was used
for P60 and P90, and ID = 0.7 cm for P40) were used for transmitting and receiving signals.
A separate butterfly neck coil was placed under the neck for cASL (Silva et al., 1995). BF
MRI of a single axial slice bisecting the eye through the optic nerve head was acquired using
cASL and 6-segment gradient-echo inversion-recovery EPI with 10 × 10 mm2 field of view,
2.1 s labeling pulse, 4.0 s TR per segment, 2.1 s TI (which occurred during labeling
duration), 234 × 234 matrix zero-padded to 256 × 256, single 0.6 mm slice, and 15.4 ms TE.
The inversion pulse was used to suppress the signal from the vitreous for high MR
sensitivity of the retina. M0 signals were acquired with 6-segment EPI (TR = 10 s, TE = 15.4
ms, 228 × 228 matrix zero-padded to 256 × 256, single 0.6 mm slice). Typically, 20 pairs
(labeled and non-labeled) of BF images and 8–10 M0 images were acquired for averaging.

2.3. Data analysis
Images were analyzed using Statistical Parametric Mapping 5 (SPM5) software and Matlab
codes (Mathworks Inc.). Images were acquired in time series and initially coregistered using
SPM5 software. The curved retinal and choroidal layers were then linearized using Matlab
code (Cheng et al., 2006). As shown in Fig. 1A, the green curve was automatically drawn
along the retina using edge tracing algorithms. Then intensity profiles were obtained in the
direction perpendicular to the green curve with 2× cubic spatial interpolation and along the
length of the green curve (Fig. 1B). The profiles, shown as many blue lines, were assembled
together to form the linearized image of the retina (Fig. 1C). Then, the linearized labeled and
non-labeled retina images were aligned in the direction perpendicular to the retina using
minimum square error method. This process was repeated until the minimum square error
reached minima. M0 images were processed through the same procedure and then the mean
linearized retina M0 image was aligned to the above aligned images acquired for BF. BF
images in units of (ml blood)/(g tissue)/min were then obtained from the linearized retinal
images (Fig. 1D) using SBF = (λ/T1) [(SNL − SL)/(2αM0(1 − e−LD/T1))], (Shen et al., 2005)
where SNL and SL are signal intensities of the non-labeled and labeled images, respectively.
λ, the water tissue-blood partition coefficient, was taken to be 0.9, the same as the brain
(Herscovitch and Raichle, 1985). λ has not been reported for the retina or choroid. The
retina and choroid T1 at 11.7 T was taken to be 2.1 s (Chen et al., 2008). The labeling
efficiency α was previously measured to be 0.7 in the distal internal carotid arteries at the
base of the frontal lobe (Muir et al., 2008). The average BF along the direction of the mean
linearized retina (red dashed lines in Fig. 1D) forms the average BF profile of this retina
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(Fig. 1E). The group BF profile is the mean of BF profiles of all subjects in this group
whose ChBF peaks were aligned manually.

The retina forms a well-defined layer in M0 images. The neural retinal thickness excluding
the choroid can be easily measured in the linearized retina M0 images by counting pixels as
shown in Fig. 1C. Two measurements were taken on each side of the optic nerve head, and
then averaged as mean retinal thickness. Choroidal thickness was however not measured
because EPI image was not optimized to measure choroidal thickness in contrast to
conventional imaging technique reported previously (Cheng et al., 2006).

2.4. Histology
Rat eyes were enucleated immediately after MRI. 20 μl of 10% formalin in phosphate
buffered saline solution was injected into the vitreous two times using a 10-μl Hamilton
syringe and a 30-gauge needle. The eyes were then preserved in the 10% formalin solution
at least overnight. Eyes were embedded in paraffin and sliced at the thickness of 10 μm.
Two central slices bisecting the eyes through optic nerve head were obtained and stained
using hematoxylin and eosin (H&E stain). The neural retinal thicknesses were measured
under a microscope with 100 magnification factor. The reported neural retina thicknesses are
the mean value of the two measurements on each side of the optic nerve head. The
measurement sites were chosen as consistent as possible.

2.5. Statistical analysis
All statistics were performed using STATA® 11. The Student t-test was used to compare the
means of two groups in BF measurements and histological retinal thicknesses. ANOVA was
used to compare RBF or ChBF peaks and histological thicknesses among groups. Kruskale–
Wallis test was used for analysis of ranks and the median test for MRI retinal thicknesses
among groups and Wilcoxon rank-sum test was used to test between MRI retinal thicknesses
of two groups. These two nonparametric tests were used to analyze MRI retinal thicknesses
since the MRI retinal thicknesses are discrete values. Values are reported as mean ± standard
deviations. The p-value used to determine the significance was 0.05.

3. Results
Histological comparison between normal and RCS retinas at P90 (Fig. 2) shows that the
outer and inner segment layers (OS and IS), outer nuclear layer (ONL) and outer plexiform
layer (OPL) in the RCS rat retina is essentially completely degenerated by this time. The
group-averaged retinal thicknesses at three time points measured by MRI and histology are
summarized in Fig. 3 and Table 1. In normal rats, MRI measurements of retinal thicknesses
indicated that there was a weak trend toward slightly thicker retina (p = 0.015, Kruskale–
Wallis) with age. The MRI retinal thickness increases significantly from P40 to P60 and P90
by ~25 μm (p < 0.01 and p = 0.025, respectively, Wilcoxon). However, the retina thickness
does not increase significantly from P60 to P90 (p = 0.27, Wilcoxon), suggesting the retina
was still growing at P40.

Compared with age-match controls, the MRI retinal thickness of the RCS rats at P40, was
not significantly different (p = 0.45, Wilcoxon) but were significant at P60 and P90 (p <
0.01, Wilcoxon). In RCS, from P40 to P60, the retinal thickness significantly decreased by
31 μm (p = 0.0097, Wilcoxon), and from P60 to P90, it decreased significantly by another
23 μm (p = 0.03, Wilcoxon). For RCS rats, the MRI retinal thicknesses decreased with age
(p < 0.01, Kruskale–Wallis, p < 0.03 Wilcoxon for hypothesis tests between two groups).

The retinal thicknesses measured by histology had similar trends in retinal thinning.
Compared with age-match controls, the histological retinal thickness of the RCS rats at P40,
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was not significantly different (p = 0.1, t-test) but was significant at P60 and P90 (p < 0.005
and p < 0.001, t-test). The histological retinal thickness of the RCS groups also showed the
decreasing trend with age (p = 0.017, 0.002, and 0.0001, t-test, significance level with
Bonferroni correction: 0.017). Table 1 shows individual layer thicknesses by histology. The
measurements of IS, OS, ONL and OPL by histology at P90 were not statistically different
from zero, confirming the complete retinal degeneration at this time point. The total retinal
thickness of the P90 RCS group was about half of that of the normal group.

Fig. 4 shows a representative BF image of a normal LE rat eye (44 × 44 × 600 μm), and
group-averaged BF profiles of RCS and age-matched controls at P40, P60 and P90. The
RBF and ChBF layers and the avascular region in between were well resolved on the image
of the normal retina. In the normal group, RBF peaks were resolvable at all three time
points. In the RCS group, RBF was resolvable only at P40 but not at P60 and P90.

The group-averaged RBF and ChBF peak values in the normal and RCS groups at three time
points are summarized in Fig. 5. The RBF peaks of the normal and RCS groups were not
significantly different from each other at P40 (p = 0.42, t-test). ChBF values were unaltered
during the progression of the disease in RCS rats compared to age-matched normal rats (p >
0.5 at P40, P60 and P90, t-test). RBF was not significantly different in the normal groups (p
= 0.83, ANOVA) and ChBF remained unchanged from P40 to P90 in all groups (p = 0.63,
ANOVA).

4. Discussion
This study demonstrated depth-resolved, layer-specific quantitative BF and anatomical
changes associated with retinal degeneration in rats with ultrahigh field (11.7T) MRI. There
was no significant difference in ChBF between RCS and normal rats with the progression of
retinal degeneration up to P90. However, RBF became unresolvable in the RCS groups by
P60 while there was no significant difference in RBF between RCS and normal rats at P40
when RBF was still resolvable. This was likely due to anatomical thinning and/or RBF was
reduced below noise level. RBF and ChBF appeared to have different susceptibility to the
retinal degeneration. MRI detected thinning of the retina, consistent with the histological
thinning of the ONL and the photoreceptor segments at P60 and P90. These results indicate
that MRI can effectively detect progressive anatomical and BF changes during retinal
degeneration with laminar resolution.

4.1. Retinal thickness
The neural retinal thickness of normal rat at P60 in this study was 270 ± 28 μm (pre-made
10% formalin). In a previous study using 2% paraformaldehyde (Cheng et al., 2006), the
neural retina was 205 ± 11 μm. Our neural retinal thickness is in reasonable agreement with
the total thickness of the rat neural retina reported using histology (Baris Toprak et al., 2002;
Joly et al., 2006), ultrasound (Jolly et al., 2005) and optical coherence tomography (Sho et
al., 2005; Thomas et al., 2006).

Progressive retinal thinning in P40–P90 RCS rats was detected using both MRI and
histological techniques, consistent with previous findings (Cheng et al., 2006). However,
MRI thickness was slightly thinner than the corresponding histological measurement (Table
1). Possible causes included: 1) histological processing procedures, such as fixatives (Chen
et al., 2008) and variation of the cutting plane orientations for histology. 2) EPI distortion
and partial-volume-effect (PVE) causing bias in the MRI measurements.
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4.2. Blood flow
Our normal ChBF (including all three normal groups) was 7.70 ± 2.04 ml/g/min and RBF
was 0.97 ± 0.47 ml/g/min, consistent with ChBF in normal mice which has been reported to
be 7.7 ± 2.1 ml/g/min and RBF 1.3 ± 0.44 ml/g/min by MRI (Muir and Duong, 2011b).
ChBF is markedly higher than RBF as expected. RBF is similar to cerebral BF of ~1 ml/g/
min (Shen et al., 2005; Sicard and Duong, 2005). In normal animals, ChBF ranged from
1.42 to 18.98 ml/g/min and RBF ranged from 0.4 to 0.92 ml/g/min using various techniques
(Cioffi et al., 2003; Pouliot et al., 2009; Roth, 1992; Tilton et al., 1988, 1999). By contrast, a
previous MRI study failed to detect layer specific BF in rats (Li et al., 2009).

ChBF was not affected by retinal degeneration in RCS rats up to P90. This finding is
unexpected since ChBF supplies the photoreceptors that have been lost during the
degeneration. However, similar findings have been reported in a cat (Nilsson et al., 2001)
and the rd10 mouse (Muir et al., in press) retinal degeneration model although different
species show different time courses of degeneration. An exception is that decreased ChBF
was reported in human retinitis pigmentosa (Langham and Kramer, 1990). Possible
explanations for the discrepancy are: 1) ChBF does not change in response to lower
metabolic demand caused by photoreceptor loss since the choroidal vasculature is not
regulated by metabolic local control (Kiel, 2010), and 2) ChBF reduction may occur at much
later stage since vascular damage is secondary to the neuron loss. The supporting evidence
for the latter explanation is that choriocapillaris atrophy, detected by scanning electron
microscopy, did not occur before week 10 in a mouse retinal degeneration model, even
though photoreceptor loss starts only few days after birth (Neuhardt et al., 1999).

RBF in the RCS rat retina became not resolvable by P60. Since retinal vasculature is
regulated by local metabolic controls (Kiel, 2010), RBF might decrease in response to the
low metabolic demand due to less neural activities following the loss of photoreceptors.
Retinal vessel loss in RCS rat retinas has been reported using destructive techniques
(Pennesi et al., 2008). Reduced RBF has been reported in human retinitis pigmentosa (Akyol
et al., 1995; Grunwald et al., 1996), and cat (Nilsson et al., 2001) and mouse (Muir and
Duong, 2011a) hereditary retinal degeneration. Retinal vasculature atrophy also occurs in
RCS rats (Wang et al., 2003) and mouse models (Blanks and Johnson, 1986; Matthes and
Bok, 1984; Penn et al., 2000). Our result is consistent with these findings. Another possible
explanation is that the distance between retinal and choroidal BF peaks decreased with
progressive degeneration. ChBF and RBF differed by a factor of ~7, thus the retinal peak is
susceptible to PVE by the strong choroid peak in the thinned RCS retina.

Reduced RBF is consistent with oxygen electrode measurements in rat and cat retinal
degeneration models (Padnick-Silver et al., 2006; Yu et al., 2000; Yu and Cringle, 2005).
The loss of photoreceptors could reduce output to the inner retina and thereby reduce
activity in the inner retina. The loss of photoreceptor metabolism allows choroidal oxygen to
reach the inner retina, thereby attenuating retinal circulation via oxygen vasoconstriction.

Nair et al. employed blood volume (BV) MRI with an exogenous contrast agent to study
RCS rat retinas (Nair et al., 2011b). They found that RCS rats showed thinning of the
avascular layer, increases in relative baseline retinal and choroidal BVs, and increased
hypercapnia-induced BV changes compared to controls (p < 0.05). Our finding of RBF
decrease is inconsistent with BV increases in RCS rat retinas if BF and BV were coupled to
each other under normal physiological conditions. Possible explanations include: BV and
BF are not coupled in diseases and/or the exogenous contrast agent leaked out of the
vasculature in RCS rat retinas, overestimating BV. There are evidences that vascular
permeability has been shown to increase with age in RCS retina using fluorescein
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angiography (Satoh and Yamaguchi, 2000). Advantages of ASL MRI over this BV MRI
technique is that ASL MRI is quantitative and does not require an exogenous contrast.

Muir et al. (in press) demonstrated layer specific BF in rd10 mice at 42 × 42 μm using a
high-performance gradient insert. The rd10 mouse has a mutation in the gene for rod
phosphodiesterase, resulting in rod death and secondary cone death (Chang et al., 2007). The
RBF could only clearly be distinguished at the youngest age in the rd10 mice, before the
retina had mostly degenerated. In rd10 mice, RBF decreased progressively over time while
ChBF was unchanged. Muir et al. also noted that in older age rd10 mice, RBF was below
noise level to be detectable or spatial resolution was inadequate due to the thinned retina.
They also discussed possible issues of the high choroid BF signal contaminating the RBF
signal in the thinned retina due to relatively low spatial resolution of MRI. Our results are in
general agreement with Muir et al. These two studies demonstrated layer specific BF
changes in animal models with two different genetic mutations that cause retinal
degeneration through different mechanisms, providing support for BF changes as a potential
imaging biomarker for heterogeneous retinal degenerations. Future studies will investigate
potential subtle differences in layer specific BF changes and treatment responses between
the two models, especially at earlier time points before retinal thinning occurs.

In BF MRI application, rat models offer some advantages over mouse models. They include
larger eyes, longer time course of degeneration, and ease of mechanical ventilation with
paralysis to achieve stable physiology for fMRI studies. In addition, the rat experiments can
be done on more readily available gradient units whereas the mouse study was performed on
a smaller (not suitable for rats) and more powerful MRI gradient unit that is less widely
available. BF MRI offers several advantages, including measurement of tissue perfusion in
classical unit of ml/g/min without the needs to visualize individual vessels and an exogenous
contrast agent. BF MRI offers a large field of view and its quantitative nature allows across
subject comparison in vivo.

4.3. Other imaging studies on rodent models
Retinal degeneration in rodents has been studied using various imaging techniques including
OCT, diffusion MRI and manganese-enhance MRI (MEMRI). OCT found outer retina
thinning and retina remodeling during retinal degeneration in rodents (Sarunic et al., 2010)
and human (Aleman et al., 2008). Chen et al. (2010) reported disorganized cell alignment in
rd1 mice through diffusion tensor MRI. Wang et al. showed that diffusion-weighted MRI
and GD-DTPA-enhanced MRI can detect vasogenic edema and blood–retinal barrier
leakage in retinal degeneration in the rd1 mouse (Wang et al., 2011). Berkowitz et al.
observed intraretinal ionic dysregulation and retinal thinning during the progression of
retinal degeneration in RCS rats (Berkowitz et al., 2006, 2008) by measuring uptake of
manganese ion (a calcium analog and a MRI contrast agent). Nair et al. identified six neural
layers in the retina using intraocular MEMRI, which may be used to determine layer-
specific anatomic changes for retinal degeneration (Nair et al., 2011a) in a RCS rat model.
These studies are consistent with our findings of retinal thinning and retinal vascular
dysfunction in RCS rats.

5. Conclusion
This study demonstrated depth-resolved, layer-specific quantitative BF and anatomical
changes associated with retinal degeneration in rats. Choroidal and retinal circulations have
different susceptibility to progressive retinal degeneration in RCS rats. RBF decreased with
progressive retinal degeneration and thinning, but ChBF did not change in RCS rats up to
P90. MRI also has potential to provide layer-specific multimodality anatomical,
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physiological and functional information in the same setting. This approach could open up
new avenues for retinal disease research.

Abbreviations

RCS Royal College of Surgeons

BF blood flow

RBF retinal blood flow

ChBF choroidal blood flow

cASL continuous arterial spin labeling

IR inversion recovery

EPI echo planar imaging

LD label duration

SD standard deviation

RP retinitis pigmentosa

PVE partial volume effect
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Fig. 1.
Flow chart of retinal image analysis: (A) Green curve drawn along retina; (B) profiles
perpendicular to the green curve; (C) linearized retina; (D) average along linearized retinal
BF image forming average BF profile; (E) average BF profile of the retina.
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Fig. 2.
Histology of a normal retina and a Royal College of Surgeons (RCS) retina at postnatal day
90 (P90). At P90, the IS + OS, ONL and OPL are almost completely degenerated. Note:
GCL: Ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer
plexiform layer, ONL: outer nuclear layer, and IS + OS: inner and outer segments.
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Fig. 3.
Average retinal thickness measured in anatomical MR and histology samples (mean ± SD).
At P40, the retinal thickness of the normal is not significantly different from the diseased in
both MRI (p = 0.45) and histological (1 = 0.10, t-test) methods, but the diseased retinal
thicknesses are significantly smaller at P60 (MRI: p < 0.01; histology: p < 0.005) and P90
(MRI: p < 0.01; histology: p < 0.001). Moreover, the normal thickness of P40 is slightly but
significantly smaller than that of the P60 (MRI: p < 0.01).
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Fig. 4.
A blood flow MR image of a normal eye at postnatal day 90 (P90) and average blood flow
profiles of the normal control groups and Royal College of Surgeons (RCS) groups at P40,
P60 and P90, respectively. Retinal blood flow (RBF) peaks were detectable in all normal
group and the RCS groups at P40.
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Fig. 5.
Retinal blood flow (RBF) peak values (A) and choroidal blood flow (ChBF) peak values (B)
at P40, P60 and P90 of normal and RCS rats (mean ± SD). RBFs became unresolvable at
P60 and P90 in the RCS rats. At P40, RBFs were not significantly different between the
normal and RCS group (t-test: p = 0.42). RBFs of all three normal groups were not
significantly different (ANOVA: p = 0.83). ChBFs were not significantly different at all
three time points (t-test: p = 0.53, 0.56 and 0.90, respectively), and ChBFs of all groups
were not significantly different (ANOVA: p = 0.63).
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Table 1

Neural retinal thicknesses (excluding the choroid) by histology and by MRI (mean ± SD).

Histology MRI

GCL IPL INL OPL ONL IS OS Total Total

LE P40 17 ± 2 64 ± 9 52 ± 4 12 ± 2 66 ± 5 19 ± 3 34 ± 4 264 ± 25
191 ± 5

‡

LE P60 15 ± 0 63 ± 3 57 ± 11 12 ± 1 65 ± 10 23 ± 5 35 ± 5
270 ± 28

§
212 ± 5*,‡

LE P90 15 ± 1 56 ± 3 39 ± 2 13 ± 1 55 ± 6 17 ± 1 25 ± 2
219 ± 10

§§ 217 ± 19**

RCS P40 15 ± 4 62 ± 17 49 ± 7 7 ± 2 38 ± 12 8 ± 4 42 ± 8 222 ± 47 196 ± 14

RCS P60 13 ± 1 59 ± 9 50 ± 2 4 ± 2 12 ± 1 2 ± 3 22 ± 6
160 ± 4

§ 165 ± 13*

RCS P90 11 ± 0 48 ± 10 37 ± 4 6 ± 4 1 ± 1 0 ± 0 2 ± 4
106 ± 18

§§ 142 ± 16**

Statistical significances:

*, ‡, §, **, §§
, with p < 0.05.
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