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Abstract

Purpose—To evaluate retinal and choroidal blood flow (BF) using high-resolution magnetic
resonance imaging (MRI) as well as visual function measured by the electroretinogram (ERG) in
patients with retinitis pigmentosa (RP).

Methods—MRI studies were performed in 6 RP patients (29-67 years) and 5 healthy volunteers
(29-64 years) on a 3-Tesla scanner with a custom-made surface coil. Quantitative BF was
measured using the pseudo-continuous arterial-spin-labeling technique at 0.5x0.8x6.0mm. Full-
field ERGs of all patients were recorded. Amplitudes and implicit times of standard ERGs were
analyzed.

Results—Basal BF in the posterior retinal-choroid was 142+16 ml/100ml/min (or 1.14+0.13 pl/
mm?2/min) in the control group and was 70+19 ml/100ml/min (or 0.56+0.15 wl/mm?2/min) in the
RP group. Retinal-choroidal BF was significantly reduced by 52+8% in RP patients compared to
controls (P<0.05). ERG a- and b-wave amplitudes of RP patients were reduced and b-wave
implicit times were delayed. There were statistically significant correlations between a-wave
amplitude and BF value (r=0.9, P<0.05) but not between b-wave amplitude and BF value (r =0.7,
P=0.2).

Conclusions—This study demonstrates a novel non-invasive MRI approach to measure
quantitative retinal and choroidal BF in RP patients. We found that retinal-choroidal BF was
markedly reduced and significantly correlated with reduced amplitudes of the a-wave of the
standard combined ERG.
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INTRODUCTION

Retinitis pigmentosa (RP) is a heterogeneous hereditary disease causing photoreceptor
degeneration characterized by intraretinal pigment deposits and attenuation of retinal
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vessels. RP is one of the leading causes of inherited blindness or visual handicap in the
developed world, with a worldwide prevalence of 1 in 4000 [1]. Most RP patients
experience night blindness and loss of mid-peripheral visual field in the early stage,
gradually lose peripheral visual field and develop tunnel vision, and eventually lose central
vision. This classic pattern of visual symptoms reflects the characteristic course of
anatomical changes in RP retinae: an initial loss of rod photoreceptors usually begins in the
mid-peripheral retina, spreads to peripheral retina, with eventual degeneration of cone
photoreceptors and some inner retinal neurons, as well as circulatory alteration and atrophy
of the optic nerve head. RP is genetically heterogeneous, with 43 genes identified so far
(https://sph.uth.tmc.edu/retnet/sum-dis.htm) accounting for half of all cases. The genetic
type is one of the most significant factors determining the onset of the visual symptoms and
the disease severity.

Clinical assessment of RP includes psychophysical exams (dark adaption threshold, visual
field, visual acuity, and color vision) and objective measurements such as electroretinogram
(ERG) and optical coherence tomography (OCT). OCT is a very powerful tool to examine
the laminar architecture of the retina, especially in the macular area [2], but provides little
physiological information. Among these tests, the ERG has been used frequently to provide
an accurate diagnosis of RP, objectively measure the retinal function [3], and longitudinally
monitor disease progression [4]. The ERG amplitude of the RP retina declines exponentially
with annual rates varying from 8.7% to 18.5% [5,3], depending on the mutation types and
environmental factors. A significant relationship between ERG parameters and
photoreceptor counts was found in the P23H rhodopsin transgenic rat model [6] as well as
the rho™~ mouse model [7] in which changes in the scotopic a- and/or b-wave amplitudes
were proportional to cell loss in the outer nuclear layer.

Although progressive loss of photoreceptors is the primary pathology, the RP retina also
undergoes extensive vascular and neural remodeling throughout the course of the disease
[8]. Retinal blood vessels are attenuated and the caliber of blood vessels are correlated with
visual field area [9]. Early studies with fluorescein angiography showed the retinal
vasculature to be consistently abnormal, including prolonged transit time, narrowed vessels
and lower concentration of dye [10]. Retinal circulation assessed by laser Doppler
velocimetry [11], color Doppler imaging [12] and retinal functional imaging [13] showed
significantly decreased blood velocity and narrowed blood vessels in RP patients. Changes
within the choroidal vasculature have been revealed both in the early [14] and late stages
[15] of RP. Subfoveal choroidal blood flow (BF) assessed by laser Doppler Flowmetry
(LDF) was found to be significantly reduced in RP, with a possible link between choroidal
BF alteration and the RP-associated central cone-mediated dysfunction [16]. The pulsatile
component of total retinal-choroidal BF, as measured indirectly by pneumotonometry, was
significantly reduced in relatively advanced stages of RP [17,18]. Taken together these
findings indicate that there are circulatory changes accompanying retinal degeneration.
However, the lack of quantitative depth-resolved imaging techniques has limited the
investigation of the physiological and vascular changes in RP and their temporal progression
in vivo. A better understanding of the role of the vascular system in RP is an important
consideration for therapies based on photoreceptor rescue or restoration.

Previous studies demonstrated the feasibility of MRI to measure quantitative BF in the
human retina under baseline [19,20], hypercapnia [20] and isometric exercise [21]. Though
the current spatiotemporal resolution of BF MRI is inferior compared to many optical-based
imaging techniques, BF MRI provides unique advantages in that it yields tissue perfusion in
the quantitative and classical units of ml of blood flow per min per ml of tissue without the
need for visualizing individual vessels, allowing direct comparison among different subjects,
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and longitudinal studies within individual subjects. BF MRI also provides a large field of
view and depth resolution.

The goal of this study was to explore a novel application of MRI to study retinal-choroidal
BF in patients with retinitis pigmentosa, and to determine whether BF change is associated
with visual dysfunction in the same RP patients. To improve the sensitivity and minimize
susceptibility artifacts of BF measurement, pseudo-continuous arterial spin-labeling
technique (pCASL) with static tissue suppression and single-shot turbo-spin-echo (TSE)
acquisition was implemented [20]. A custom-made receive-only eye coil was used on a 3-
Tesla clinical MRI scanner to improve signal-to-noise ratio. The full-field ERG provided an
objective measurement of retinal function. We tested the null hypothesis that retinal-
choroidal BF in patients with retinitis pigmentosa is not significantly different from that of
age-matched controls.

Six patients with a diagnosis of RP and five age- and gender-matched healthy volunteers
were recruited in this study with Institutional Review Board approval. The patients were
referred for evaluation of visual function by ophthalmologists with a specialty in retina from
our Department of Ophthalmology and from the community. One patient had the diagnosis
of unilateral RP who served as her own control [22]. This patient had been followed by an
ophthalmologist from the community for several years and vascular, traumatic,
inflammatory and infectious etiologies had been excluded. Informed consent was obtained
from each subject. All procedures followed the tenets of the Declaration of Helsinki.
Standard ophthalmologic examination findings were obtained from RP patients and healthy
volunteers. In summary, RP patients presented typical symptoms including decreased night
vision and peripheral visual field loss, and narrowed retinal vessels and pigmentary changes
or pigmentary migration on fundus examination. All patients had normal intra-ocular
pressure (I0OP) and were capable of maintaining stable central fixation. Age-matched healthy
volunteers had no ophthalmic diseases based on standard eye exams with dilation as
examined by an ophthalmologist (SC) (note that one subject had early diabetes but normal
ophthalmic exams)

Magnetic Resonance Imaging

MRI was performed on a 3 Tesla Philips whole body clinical scanner (Achieva, Philips
Healthcare, Best, Netherlands) using the commercial body coil for transmission and a
custom-built single-loop surface coil for reception (oval shape, 7x5 cm in diameter) [23]. A
single axial slice roughly bisecting the optic nerve head (ONH) of a single eye was imaged.
The right eye of most subjects was imaged except for a unilateral RP patient, in which both
eyes were imaged. To minimize eye motion during MRI scans, subjects were instructed to
blink, if needed, immediately after the data acquisition (which generated distinct sounds as
cue) but otherwise maintained fixation on a point with both eyes. This method had been
demonstrated to achieve eye fixation stability within 100 um at the posterior retina [24].

MRI BF measurements were made under ambient light without dark adaptation in a supine
position. BF was imaged using the pCASL technique with single-shot TSE sequence as
imaging acquisition [20]. pCASL utilized Hanning-shaped radiofrequency pulses with tip
angle = 18°, duration = 0.5 ms and a balanced gradient scheme with average labeling
gradient = 0.6 mT/m and ratio of peak-to-average gradient =10. pCASL labeling duration =
2000 ms, post-labeling delay = 1500 ms and a labeling plane 7 cm inferior to the imaging
plane. Background suppression was employed to minimize signal contamination from
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vitreous and sclera. TSE acquisition had TR=4600 ms, TE=30 ms, slice thickness = 6 mm,
FOV = 50x43 mm, and matrix = 100x53 (resolution of 0.5x0.8mm). The higher spatial
resolution was placed along the readout direction, perpendicular to the posterior retina. Mg
for quantitative BF calculation was acquired on a separate TSE scan with long TR =15
without labeling module and background suppression module. The safety monitor on the
scanner reported SAR (specific absorption rate) of 2.9 W/kg for pCASL, which was below
the FDA-recommended limit.

MRI Analysis

All MRI images from each scan were first co-registered using a custom algorithm written in
Matlab (MathWorks Inc, Natick, MA), as previously described in detail [20]. Quantitative
BF maps in units of mI/100ml/min were calculated using the following equation [25]:

BF= 6000 A1‘4ASL . TI/T] blood eTE/Tzhlmd
T la an lelwd M, , Where AMpg is the difference

of the control and label images. A is the water content of blood in milliliter water per
milliliter arterial blood (0.85). [26] Blood T4 pjgog and T2 pjoog are 1700 and 275 ms [27,28],
a was the arterial spin-labeling efficiency and was assumed to be 0.85 [29]. ajy Was 0.83
which corrected for the loss of perfusion signal due to the two background suppression
pulses [30]. TI is the post-labeling delay time and Mg is the equilibrium signal intensity of
the vitreous calculated from the reference scan corrected for scaling factors and
amplification differences with the ASL sequences. The equilibrium signal intensity of the
vitreous was used as an intensity reference for pure water, avoiding the use of unknown
retina-blood partition coefficient in the quantitative BF calculation.

To objectively quantify BF spatial distribution and minimize the partial-volume effect
(PVE), automated profile analysis was performed [31]. The retina-choroid on the TSE image
was first detected using an edge-detection technique. Radial projections perpendicular to the
vitreous-retina boundary were then obtained with 3 times the spatial interpolation on BF
maps. BF profiles were then plotted across the thickness of the retina-choroid complex and
along the length of the retina, where the values were taken at the peaks of the projection.
The location of the ONH was visualized in the Mg image, and the location of foveal region
was defined as 4.9 mm temporal to the ONH [32]. A region of interest (ROI) centered on the
fovea with the size of 0.8£0.1 mm (mean+SD) across the retinal and choroidal thickness and
9+1 mm (meanzSD) along the retina was used to obtain the averaged BF values. Area BF in
units of wl/mm?2/min is readily converted from volume BF ml/100ml/min by multiplying the
anterior-posterior thickness of the BF ROI, i.e. BF (wl/mm?2/min) = BF (ml/100ml/min)
%0.8mm/100.

Electrophysiological Measurements

Full-field ERG was recorded in accordance with the International Society for Clinical
Electrophysiology of Vision Standards [32] using the Espion E2 electrophysiology system
with ColorDome stimulator (Diagnosys LLC, Lowell, MA). ERGs were recorded with
Burian-Allen-Lawwill contact lens electrodes (Hansen Ophthalmic Development Lab,
Coralville, IA). The standard ERGs recorded included: single flash cone, 30-Hz flicker, and,
after 20 minutes of dark adaptation, rod and standard combined ERGs.

Statistical Analysis

A two-tailed Mann-Whitney test was used to compare BF values from RP patients and age
and gender-matched control subjects. Correlation between the individual BF value and each
ERG parameter (a-wave amplitude, b-wave amplitude and b-wave implicit time) were
evaluated by nonparametric Spearman’s rank correlation. P values < 0.05 were considered
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statistically significant. All reported values and error bars on graphs were in mean +
standard error of the mean (SEM).

The full-field ERGs from RP (thin trace) and non-RP eyes (thick trace) of the unilateral RP
patient are seen in Figure 1. ERGs of the RP eye were subnormal and the b-waves of the
ERGs were prolonged. There was no detectable rod ERG.

Cross-sectional quantitative BF images in ml/200ml/min under basal conditions from two
representative RP eyes (Figure 2A and C) and their matched control eyes (Figure 2B and D).
BF images showed minimal distortion. BF peaked at the posterior pole of the retina and
dropped significantly at the distal edges of the retina. In addition, BF values in the macular
region were lower in RP retinae than those in control retinae.

Group-averaged BF profiles were analyzed across the thickness of the retinal-choroidal
complex from the sclera to the vitreous (Figure 3). BF in the retinal-choroidal complex was
significantly lower in RP retinae compared to control retinae, albeit without differentiating
the retinal and choroidal vasculatures due to limited spatial resolution. BF profiles were also
analyzed along the length of the retina from the nasal to the temporal side of the fovea
(Figure 4). While BF peaked near the fovea in both RP and control groups, BFs in RP
retinae were lower than those in control retinae at all locations. Figure 5 shows the
scatterplot of each individual BF for RP patients and control subjects. Averaged BF was
7019 m1/200ml/min (or 0.5620.15 wl/mm2/min) in RP retinae and was 142+16 ml/100ml/
min (or 1.1440.13 pl/mm2/min) in control retinae, a reduction of 52+8% in RP (P<0.05).

All RP retinae had unrecordable rod ERGs. Cone-mediated single flash and 30-Hz flicker
responses from all RP retinae had significantly reduced a- and b-wave amplitude and
prolonged b-wave implicit time (larger than 2.5 standard deviations from the normal mean).
Figure 6 shows the Spearman’s rank correlation between standard combined ERG
parameters and BF of individual RP patients. The a-wave amplitude of the standard
combined ERG was positively correlated with corresponding BF values (r=0.9, P<0.05). A
weak, but non-significant, positive correlation was also observed between ERG b-wave
amplitude and BF values (r =0.7, P=0.2). ERG b-wave implicit time had a negative
correlation with BF values (r =—0.7, P=0.2) in RP retinae.

DISCUSSION

This study reports a novel MRI application to non-invasively examine basal BF changes in
unanesthetized human retina with RP. Synchronized eye fixation with cued blinks
minimized the potential eye movement and was comfortable for all subjects [24]. Basal BF
of the posterior retinal-choroidal complex was 142+16 ml/100 ml/min in normal subjects.
This basal BF value was similar to our previously reported value under rest condition from a
separate group of healthy volunteers [21]. Basal BF peaked near the fovea and dropped
significantly towards the distal edges of the retina. Since there is no retinal vasculature in the
fovea, our BF distribution suggests that the MRI BF signal at the current resolution is
dominated by choroidal BF as expected because choroidal BF is about an order of
magnitude higher than retinal BF [33].

Blood Flow Changes in Retinitis Pigmentosa

The present study shows that BF from a posterior retinal-choroidal complex was
significantly reduced in RP patients compared with age- and gender-matched control
subjects. Reduced BF is consistent with the fundus observation of attenuated retinal vessels
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in the same RP patients. Our result is also in agreement with previous studies indicating that
ocular blood circulation is altered in RP (see the Introduction). Percentage BF reduction in
RP retinae has been reported to range from 26% in subfoveal choroidal vasculature [16],
50% in total pulsatile BF [17] to 76% in retinal vasculature [11]. Our report of 52+8% BF
reduction in RP retinae was within the above range. The relatively wide range of BF
reduction in RP retinae could be due to different stages of disease being studied, different
regions of the retina being analyzed, as well as methodological differences.

Comparing BF measurements among different techniques is never trivial due to different
signal sources, different techniques and data analysis having different shortcomings.
Volumetric BF is derived on most optical imaging techniques with an arbitrary unit, while
MRI measures tissue perfusion in a quantitative manner without visualizing individual
vessels. MRI measures BF in the supine position whereas most other methods measure BF
in the sitting position. Posture could affect blood pressure gradients and thus blood flow.
Caution needs to be exercised when comparing quantitative BF among different techniques.
PVE in MRI has the potential to underestimate BF in the retina [34,35]. There could be
differences in retinal thicknesses (and thus PVE) between the RP and control groups. The
averaged RP retinal thickness in our study was reduced but did not reach statistical
significance and thus should not affect our overall conclusion on BF differences between the
two groups. There could also be a difference in PVE between central and peripheral retina.
Identical analysis was performed between RP patients and controls and thus we do not
expect PVE due to the small differences in thickness between central and peripheral retina
would affect our overall conclusions. Future studies will need to improve spatial resolution
to minimize PVE. With improvement in spatial resolution, BF MRI has the unique potential
to provide layer-specific, quantitative assessment of hemodynamic changes in RP retinae.

MRI has been previously applied to study BF changes in animal models of retinal
degeneration. Significantly reduced retinal-choroidal BF was reported in the RCS rat model
with spontaneous retinal degeneration [36]. Another study in rd10 mice showed significant
retinal BF reduction but no changes in choroidal BF up to 60 days [37]. The apparent
discrepancy between the current human study and the rd10 mice study is likely due to the
different pathology and pathophysiology of retinal degeneration in different species or
differences in duration after the onset of retinal degeneration. In humans, retinal pigment
epithelium (RPE) disturbances have been reported consistently in the early stages and
delayed choriocapillaris filling in a later stage of RP by fluorescein angiography [10]. RPE
and choriocapillaris in rd10 mice showed no morphological changes whereas the inner and
outer segments of the photoreceptors were almost completely degenerated in 3-week-old
animals [38]. Debris from photoreceptor degeneration builds up in RCS rats and rd10 mice
but not in most human forms of RP [39]. In a cat model of RP, retinal BF was compromised
while choroidal microcirculation was not significantly affected [40], which has been
suggested to be due to a protective role of tapetal cells for the choriocapillaris and RPE
during the degeneration process in this specific animal model [41].

Correlation between Blood Flow and ERG

The second aim in our study was to determine whether BF deficiency in RP was related to
their impaired retinal function as assessed by full-field ERG. In all RP patients, there was no
recordable rod ERG. The amplitude of the standard combined ERG a-wave was significantly
correlated with retinal-choroidal BF. ERG amplitudes have been shown to correlate with
remaining photoreceptor counts in P23H rhodopsin transgenic rats (the P23H mutation of
opsin is a common mutation causing RP in humans) and in Rho™~ mice (see the
introduction). Changes in the scotopic a- and b-wave amplitudes in these rats were
proportional to cell loss in the outer nuclear layer [6]. Because the a-wave of the standard
combined ERG arises mainly in the photoreceptors, while the b-wave of the standard
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combined ERG arises mainly in the on-bipolar cells [3], it is reasonable to suggest that the
correlations between BF and ERG amplitudes found in this present study reflect
pathological changes in vasculature systems associated with photoreceptor degeneration.

Indeed, several previous studies demonstrated similar correlations between circulatory
parameters and visual function. Subfoveal choroidal BF alteration was linked to RP-
associated central cone-mediated dysfunction as assessed by focal ERG [16]. Ocular pulse
amplitude, an indirect measure of choroidal perfusion, was significantly correlated with
visual-field area measured by Goldmann perimetry in RP patients [18]. Interestingly, both
ERG and Goldmann visual field tests were shown to be good measures of the remaining
functioning retina irrespective of inheritance models and dystrophic pattern ERG and visual
field area were also significantly correlated with each other [42,43].

RP has a complex pathophysiology and genetic type plays a critical role in determining the
disease severity and retinal dysfunction measured by ERG [7]. Similarly, gene-specific
disease mechanisms may also influence the role of ocular hemodynamics in the degenerative
progression. In addition, retinal and choroidal vasculatures may undergo different alterations
in light of their dramatic differences in healthy retina. Future studies are needed to improve
sensitivity and spatiotemporal resolution so that vascular-specific changes can be evaluated.
Incorporating three-dimensional BF measurement and multi-focal ERG may also provide a
better understanding of the relationship between BF and visual function because the
degeneration in RP is regionally heterogeneous [2,44].

The patient with unilateral RP

Unilateral RP is exceedingly rare. The ERG and BF data of the two eyes from the patient
with unilateral RP warrant further discussion as these data are outliers in both Figure 5 and
6. This patient had less reduction in standard combined ERG a-wave amplitude, b-wave
amplitude and retinal-choroidal BF, and the b-wave implicit time of the standard combined
ERG was within normal range, suggesting a less severe or less advanced form of RP than
other patients. Indeed, this unilateral RP patient (29 years old) was also much younger than
the other patients (42 to 68 years old). Differences between unilateral and bilateral RP and
ages might have contributed to differences in disease stage and severity which could account
the ERG and BF data being the outliners.

In addition to BF MRI, anatomical MRI has also been applied to study the retina using a
variety of contrasts, such as T1 [45,46], T2 [45-47], balanced steady state free precession
[48], diffusion [45,47], and manganese-enhanced [49-51], chromium-enhanced [52],
microangiographic [53] MRI. Functional MRI based on BOLD [54,55,46], blood-volume
[56,57], manganese-enhanced [58,50], balanced steady-state free precession [48], and
diffusion [59] contrasts have also been demonstrated. These approaches, although mostly
demonstrated on animal models to date, have the potential to be applied to study RP and
other retinal diseases in humans.

CONCLUSIONS

Retinal-choroidal BF was significantly reduced in RP patients compared with age-matched
controls and significantly correlated with a-wave amplitude, suggesting a link between
hemodynamic dysfunction and progressive photoreceptor degeneration. BF MRI offers the
advantages of quantitative tissue perfusion with a large field of view and unambiguous depth
resolution. In addition to BF, MRI could also provide anatomical, oxygen tension and
functional data in the same setting. Future studies will need to improve spatial resolution to
visualize retinal and choroidal BF, include three-dimensional BF MRI and functional MRI.
MRI has the potential to provide unique, clinically relevant, and depth-resolved information
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for early detection, disease staging and testing novel therapeutic strategies in RP and other
retinal diseases.
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Figure 1.

Full-field ERGs from RP (thin trace) and non-RP eyes (thick trace) of the unilateral RP
patient. ERG includes single flash cone (A), 30-Hz flicker (B), rod (C) and standard
combined (D).
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Figure 2.

Basal BF (in color) overlaid on scout images from two representative RP eyes (A,C) and
their matched control eyes (B,D). (A) and (B) were from the RP and non-RP eyes of the
same RP patient.
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Figure 3.

Blood flow profiles from RP patients (dashed line) and control subjects (solid line) across
the retinal-choroidal thickness from the sclera to the vitreous as shown in the inset. Error
bars are standard errors of the mean (SEM).
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Blood flow profile from RP patients (dash line) and control subjects (solid line) along the
length of the retina from the nasal to the temporal side of fovea as shown in the inset. Error
bars are SEM. Black arrow indicates the location of optic nerve head.
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Figureb5.

Scatterplot of individual BF values from RP patients (open square) and control subjects
(solid square). The bars indicate the mean and SEM.
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Figure®6.

Scatterplots of standard combined ERG amplitudes (A) and ERG implicit time (B) from
each RP patient as a function of retinal-choroidal BF for the same patient.
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