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Abstract

Purpose To evaluate the choriocapillaris (CC) flow deficit (FD) in eyes with stable intermediate age-related macular
degeneration (AMD) eyes over 12 months of follow-up.

Methods Thirty four patients with intermediate AMD were prospectively enrolled and evaluated by swept-source optical
coherence tomography (SS-OCT) and OCT-angiography (OCTA) using the PLEX-Elite 9000. A 6 x 6 mm foveal-centered
scan was used for both modalities and the study eyes were scanned twice to allow subsequent averaging. En face OCTA CC
slabs (31—41 um below the RPE-band) were exported and compensated for signal attenuation. Two compensated CC en-face
images were registered and averaged prior to binarization and CC FD computation. The CC FD of the entire 6 x 6 macular
region was quantified at baseline and at 12-months. The presence of high-risk features, namely intraretinal hyper-reflective
foci (HRF), subretinal drusenoid deposits (SDD), and hyporeflective-core-drusen, were evaluated using SS-OCT
volume scans.

Results Among the 34 eyes, 25 eyes from 25 patients were noted on exam and OCT to remain stable as intermediate AMD
at 12-months without the development of late AMD. Eleven eyes had high-risk features at baseline compared to 14 eyes at
the end of the follow-up (p =0.094). The mean + SD FD% across the whole 6 x 6 macular region at baseline was 19.32 +
4.64% and significantly increased to 28.62 +4.71% at the end of the study (p = 0.001). The CC FD progressed significantly
both in non-HR and HR-eyes.

Conclusions Choriocapillaris flow impairment significantly deteriorated over one year in relatively stable intermediate
AMD. This might suggest that underlying progression of CC dysfunction occurs before structural changes appears on OCT
and lead to the progression to late-stage AMD.

Introduction

Age-related macular degeneration (AMD) is the leading
cause of vision loss among the elderly population in
developed countries [1]. It is estimated that 200 million
people worldwide having some degree of macular
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degeneration. Furthermore, up to half of the patients who
present with intermediate AMD in one eye and already have
advanced AMD in the fellow eye will progress to advanced
AMD (i.e., geographic atrophy (GA) and choroidal neo-
vascularization (CNV)) within 5 years [2]. Although intra-
vitreal injections of agents that target vascular endothelial
growth factor are now available for treatment of CNV,
currently, there is no effective therapy for GA. Several
agents under study are hopeful of demonstrating a slowing
of the progression of GA, but it may be preferable to
intervene in AMD patients at an earlier stage, before irre-
versible atrophic changes or exudative CNV lesions appear.
To enable such early intervention studies, identification of
individuals with the greatest risk for progression to
advanced AMD would appear to be of importance.

Over the last two decades, optical coherence tomography
(OCT) has evolved into an essential tool for evaluating and
managing patients with AMD. Various studies using OCT
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have identified several novel OCT-based features such as
high central drusen volume (>0.03 mm?®), intraretinal
hyperreflective foci (HRF), drusen with hyporeflective core,
and subretinal drusenoid deposits (SDD), which appear to
be associated with a higher risk for progression to advanced
AMD [3, 4].

Recently, optical coherence tomography angiography
(OCTA) has evolved into a useful noninvasive imaging
technology that allows the retinal and choriocapillaris circu-
lations to be evaluated and quantified in vivo. Swept source
(SS) OCTA has some particular advantages for the evaluation
of the CC in diseases such as AMD as it may have less
attenuation of signal due to pathologic features such as drusen
[5]. Several studies have utilized OCTA to study the chor-
iocapillaris (CC) in early and intermediate AMD [5-11]. For
example, Borrelli et al. demonstrated CC flow attenuation
immediately around drusen, and later Nassisi et al showed
even more severe impairment directly below drusen using
SS-OCTA. Nassisi et al. also demonstrated that the regional
severity of CC flow deficit could also predict the location of
incident drusen and the enlargement of the existing drusen
[12-14]. Recently we also identified a greater flow deficit
underneath and surrounding HRF drusen and drusen with
hyporeflective core [15, 16]. In addition, Nassisi et al. and
Alagorie el al. demonstrated even more severe impairment of
CC flow in areas surrounding GA lesions [3, 17].

Histopathologic studies have also suggested that CC loss
may be an important early finding in the evolution of AMD
[18, 19]. Bhutto and Lutty postulated that RPE dysfunction
may represent the trigger for atrophic AMD, whereas in
exudative AMD, a primary insult to the choroidal vasculature
might lead to the subsequent disruption of the RPE/Bruch’s
membrane/choroidal vascular complex [20]. At present, it is
unknown whether this CC impairment is primary or sec-
ondary to associated RPE dysfunction. Regardless, these
various studies highlight the relevance of the CC in the
pathophysiology of AMD, and they also show that the
severity of CC loss appears to mirror the overall severity or
stage of AMD. We hypothesized that CC dysfunction might
progress continuously during the progression of AMD and
that progressive loss of CC flow might be apparent before
progression of structural changes on OCT or clinical exam.

Thus, the aim of the present study was to longitudinally
evaluate CC flow deficit in eyes with otherwise clinically
stable intermediate AMD over a period of 12 months.

Methods

In this prospective study, we enrolled patients at the
Doheny-UCLA Eye Centers who had evidence of inter-
mediate AMD in at least one eye, and were willing to
undergo SS-OCTA imaging and be followed over time.
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The study was approved by the institutional review board of
the University of California—Los Angeles, and the research
adhered to the tenets set forth in the Declaration of Helsinki.
The study was performed in accordance with the Health
Insurance Portability and Accountability Act and all
patients provided written informed consent.

Intermediate AMD was defined on exam in accordance
with the Beckman classification and the presence of drusen
was also confirmed on structural OCT [21]. To be eligible
for the analysis for the present study, eyes were required to
remain at the stage of intermediate AMD for a 12 month
period, without the appearance of late AMD on clinical
exam or structural OCT. Late AMD was defined as the
presence of incomplete or complete RPE and photoreceptor
atrophy (iRORA or cRORA) or the development of CNV.
Only one eye of each patient included in the study even if
both eyes were eligible. By convention, for patients with
bilateral intermediate AMD, only the right eye was scanned
and enrolled in the study. Patients were also excluded if
they had other macular pathology aside from intermediate
AMD on exam or OCT, with the exception of non-visually
significant vitreoretinal interface disease, such as an epir-
etinal membrane only visible by OCT.

All patients underwent a comprehensive ophthalmic
examination including measurement of best corrected visual
acuity, tonometry, slit lamp biomicroscopy, dilated oph-
thalmoscopy, and imaging at baseline and at the 12 month
follow up visit.

Image acquisition

All patients underwent SS-OCTA imaging using the PLEX
Elite 9000 device (Carl Zeiss Meditec Inc, Dublin, Cali-
fornia, USA), which uses a swept laser source with a central
wavelength of 1050 nm (1000-1100 nm full bandwidth)
and operates at 100,000 A-scans per second. This instru-
ment employs a full-width at half-maximum [22] axial
resolution of approximately 5 pum in tissue, and a lateral
resolution at the retinal surface estimated to be approxi-
mately 14 um. OCTA imaging of the macula was obtained
after dilation using a 6 x 6-mm area centered on the fovea
(500 A-scans x 500 B-scans). Imaging was repeated until
two OCTA volume scans were obtained with sufficient
image quality (signal strength index >7) that fulfilled the
acceptance criteria (e.g., absence of motion artifact, sha-
dows) of the Doheny Image Reading Center [23, 24]. The
same volume was also used for structural OCT assessments.

The manufacturer’s complex optical microangiopathy
algorithm was utilized to generate the motion signal by
analysis of variation in intensity and phase between suc-
cessive B-scans at the same location [25]. The manu-
facturer’s fully automated retinal layer segmentation
algorithm was applied to the three-dimensional structural
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OCT data, in order to segment the CC slab as defined
previously (10 um thick starting 31 pm posterior to the
RPE-band centreline) [26]. The RPE band reference was
manually adjusted in all B-scans in which the fully auto-
mated algorithm failed to select the correct segmentation.
This segmentation was then applied to OCTA flow intensity
and structural data to obtain vascular and structural images
of the choriocapillaris, respectively. It should be noted that
the anatomic position of the slab is presumed to be located
below the anatomic location of the CC and is thought to
primarily capture the projection artifact of the CC [26]. This
slab has been used in several previous publications and has
been shown to be repeatable. It may be more appropriately
termed an inner choroidal slab, but we continue to refer to
this as the CC slab in this report in order to maintain con-
sistency with prior descriptions. En face slabs of the CC
were generated from both the flow and structural data in the
OCTA images, in order to allow for subsequent signal loss
compensation, image registration and averaging using FIJI
(an expanded version of ImageJ version 1.51a, available at
fiji.sc, National Institutes of Health, Bethesda,
Maryland, USA).

Signal compensation on OCTA en face CC images
To compensate for potential signal loss below drusen and

HRF, the inverse of the en face structural OCT image
derived from the slab at the same level as the CC en face

Fig. 1 Comparison of structural optical coherence tomography
(OCT) and OCT angiography (OCTA) images at baseline and 12-
month follow-up. Images (A-D) shows the baseline findings and
(E-H) at 12 months. The retinal thickness map superimposed on the
infrared reflectance image shows little apparent change between
baseline (A) and at 12 months (E). Horizontal B-scan through the

flow image was multiplied with the CC en face flow image
using the previously described method [27].

Image registration and averaging

Two compensated CC en face images generated from two
different OCTA cube scan sets were stacked to create a two-
frame video and were registered before multiple image
averaging. Registration was first performed on the two-
frame video based on the superficial capillary plexus en face
images, as previously shown. This same transformation was
then applied to the CC layer, as described in detail in a
previous publication [23]. After registration, the two frames
of the choriocapillaris were compounded into a single image
by projecting the average intensity. This averaged com-
pensated CC image was used for the subsequent analysis.

Computation of CC flow deficit percentage

The resultant en face compensated CC image (1024 x 1024
pixels) was binarized for quantitative analysis of CC FD%
using the Phansalkar method (90.82 um radius) [3, 27, 28].
This radius was chosen to maintain consistency with prior
reports. The image was than processed with the “Analyze
Particles” command in order to calculate the signal deficit as
a percentage of the entire 6 x 6 macular area. The CC
directly beneath major superficial retinal vessels was
excluded from analysis to eliminate potentially confounding

— SR,

. p—
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fovea shows drusen characteristic of age-related macular degeneration
(B, F). En face “choriocapillaris” OCTA slab after compensation for
signal loss and averaging of two OCTA scan (C, G), along with the
corresponding binarized compensated and averaged choriocapillaris
image used for computation of the flow deficit (D, H).
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shadow or projection artifacts, as previously described [24]. E o
We designed the plugin to measure the described above. s 8 8
Figure 1 summarizes this processing approach for the CC. = <
Structural biomarkers 8 _
=182
Several structural OCT biomarkers previously reported to il I
increase the risk for progression to late AMD were assessed.
Specifically, the presence of intra-retinal HRF, hypo- g
reflective core drusen, and SDD, both at baseline and at T
12 months were noted. s
The entire procedure was performed by two independent, % § 2
experienced Doheny Image Reading Center graders (LT & A o
and GC) in order to investigate the repeatability of all |8 N
measurements. All values were then averaged to perform Z= 8
the statistical analysis.
Statistical analysis - Z ﬁ o g
.| §5 |2[=|58|&
The CC FD% at baseline and 12 months were compared. % A E ) % X E ﬁ
Statistical analyses were performed using SPSS (version § § 2 7; v 3 * g
25.0; IBM Corp., Armonk, NY). Test for normality of data - —a [slxp=a %
were first performed using the Kolmogorov—Smirnov and ;;
Shapiro—Wilk analysis. Measurements of CC FD% were 2 %
summarized using means, standard deviation (SD), median, E § \g _‘g
and range. As the data were normally distributed, the N B -é
comparison between baseline and end of study CC FD% e g
was performed using a student’s # test. Intraclass correlation g 5 L
coefficients (ICC) between graders was calculated for the n E
CC flow deficits and the agreement for the presence of = é
structural OCT biomarkers was assessed by Kappa statis- " é § 0 %’
tics. P value <0.05 was considered as statistically & |l & ‘;‘l E
significant. i E g N
z AL
Results S _ ;
. . . o E . EE
Thirty four patients had iAMD at baseline. Nine eyes were S E 3 = § 8|2
excluded from the analysis: four because they progressed to 2|2 H 3 2lgl Y E
late AMD, three had OCTA only at baseline, and two had ; 2 § § Tg’ : = ¢ fg
inadequate image quality. 25 eyes of 25 patients (female/ 5| e == |=lZ|=a é
male: 13/12) completed the 12 +3 months follow-up and 2 R=
were included in the primary analysis. The mean + SD age § ~ ~ 2
was 78.84 +£8.95 years. The mean = SD visual acuity at u;z % § % § %
baseline was 0.14 £0.08 LogMAR and 0.16 +0.09 Log- '; g9 g% §
MAR at the 12 month follow up (p = 0.22), and the mean = iél g \% g ?D
+SD central subfield thickness was 269.04 + 16.53 um at = B iEJ/ B é g
baseline and 270.95 % 16.27 um at the 12 month follow-up & Z s Zx|é
(p =0.218). é’ .:éb % .gﬁ % g
At baseline, 11 (44%) eyes had evidence of structural g z s zZ2s|8
OCT high-risk features for progression. Nine (36%) eyes 8 ; E ; E 4
had one biomarker (either HRF or SDD) and two (8%) 2 = = E = ;::0
eyes had both HRF and SDD. The remaining 14 (56%) & z e z 2B
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eyes showed only large drusen on OCT. None of the eyes
in this cohort showed evidence of hyporeflective core
drusen at baseline or at the 12 month follow-up. During
the study period three (12%) eyes developed HRF, and at
the end of the follow-up 14 (56%) eyes demonstrated
high-risk features (p = 0.094, y* test, comparing to total
eyes with high-risk features at baseline).

Analysis of the choriocapillaris demonstrated a mean +
SD% flow deficit of 19.32 +4.64% across the entire 6 x 6
macular region at baseline, and 28.62 +4.71% by the end
of the study (p = 0.001) (Table 1, Fig. 2A). While one eye
showed an apparent decrease in the CC FD% of 2.45%,
the 24 (96%) remaining eyes showed an increase or
worsening of the flow deficit over the 12 months, among
which 13 (52%) eyes showed an increase in CC flow
deficit >40% (9% absolute value) compared to baseline
(Fig. 3).

Subgroup analysis of the CC FD for 11 eyes which had
high-risk OCT biomarkers at baseline showed a trend for a
greater CC FD at baseline compared to the 14 non-high-risk
eyes (21.43+5.65 vs. 17.91+2.85, respectively. p=
0.061). However, at the end of the follow-up, the CC FD
was similar (p =0.191, Table 1, Fig. 2B).

Fig. 2 Box and whisker A
plots for choriocapillaris

flow deficits distribution in 2
the study population.

(A) Distribution of 35
choriocapillaris flow deficits at
baseline versus 12-month
follow-up. (B) Baseline
distribution of choriocapillaris
flow deficits in 11 eyes with
high-risk (HR) features versus
14 eyes with no-HR features.
[No high-risk features at 10
baseline, High-risk features at
baseline, No high-risk features at
12 months, High-risk features at 0
12 months. *p < 0.05.] High-risk

features in this cohort included

45

30

25

20

Choriocapillaris Flow Deficit %

Finally, the CCFD of the 4 eyes that were excluded from
the primary analysis because they had progressed to late
AMD showed a significantly greater CCFD at 12 months
compared to the 25 iAMD study eyes (30.22 +4.68% vs.
28.62 +£4.71%, respectively. p = 0.02, Wilcoxon test).

The unweighted £ value for intergrader repeatability was
0.875 (7/8) for SDD presence and 0.8 (4/5) for HRF at
baseline, and 0.875 (7/8) for SDD and 1(8/8) for HRF at the
12 month follow-up. In the only case in which there was a
discrepancy between graders, consensus could be achieved
following open adjudication and discussion between the
two graders, without need for reading center medical
director review. Good agreement was also observed for
quantitative calculation of the FD in the entire 6 x 6 macular
area with ICC =0.951 (95%CI 0.931-0.983).

Discussion

In this prospective study, we longitudinally evaluated CC
flow deficits in intermediate AMD eyes which did not
progress to late AMD over a 12 month follow-up period.
Furthermore, the central subfield thickness and visual acuity

Choriocapillaris Flow Deficit, baseline vs. 12 month (n=25)

Baseline vs. 12 months

. . . . B Choriocapillaris Flow Deficit, baseline vs. 12 month. Non-HR features (n=14) vs. HR features (n=11)
intraretinal hyper-reflective foci 4
and subretinal drusenoid
deposits. 40
§ 35
=
'g: 30
8
= 25
K]
220
(=%
o
g1
S
F=
o

10

= Baseline, Non-HR Features

Baseline vs. 12 months

Baseline, HR Features 2 12 month, Non-HR Features 12 month, HR Features
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Fig. 3 Choriocapillaris flow
deficit changes at baseline ()
and at 12 months (®) for each
individual patient in this
study. Note that all but one

o
=]

N
o

IN
S

Choriocapillaris Flow Deficit Per Patient During the Entire Follow-up (n=25)

Baseline ® 12 month Linear (Baseline ) Linear (12 month )

patient show an increase in CC
FD at 12 months.

w
&

w
=]
®
o

Choriocapillaris Flow Deficit %
N N
S a

o

=)

remained similar during the entire study, and evidence of
new structural HRF appeared in only three (12%) eyes
during the follow-up. Despite this apparent stability, the
choriocapillaris flow impairment significantly increased
over the course of one year, both in eyes with and without
other high-risk biomarkers at baseline. Of note, consistent
with previous studies, there was a trend for a greater CC FD
in eyes which had these high-risk features at baseline,
though CC FD was similar in both groups by the end of the
follow-up.

Nassisi et al. and Zheng et al. quantitatively studied the
CC FD in healthy eyes using SS-OCTA [3, 29]. Both stu-
dies demonstrated an increase in CC FD with age. This was
especially prominent in the central 1 mm macular region.
Even though an age-dependent generalized reduction of the
vessel density of all the retinal vascular layers has been
already demonstrated, the physiologic mechanism remains
unknown. It also unknown why the CC FD appears to
worsen more severely centrally with age. Ramrattan et al.
histologically demonstrated that CC density decreases with
age together with a significant increase in Bruch’s mem-
brane thickness [30]. Whether these changes are uniform
within the macula, however, was not specified in this study.

To the best of our knowledge, this is the first study to
report progression of the underlying CC flow impairment
over a relatively short period of time without apparent
clinical progression of the AMD, at least with respect to our
commonly used AMD staging systems. Taken together with
other CC studies in AMD which show greater CC FDs with
high-risk OCT features and even greater impairment with
late AMD, our findings would suggest that the level of CC
flow impairment may serve as a more sensitive and quan-
titative biomarker to monitor subtle AMD progression
which may be inapparent clinically. This will of course need
to be validated by much longer-term longitudinal studies

SPRINGER NATURE

9 10 " 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Patient

which are underway. Our findings add to the evolving
hypothesized story of the CC in the setting of ageing and
AMD. As a result of normal aging, the CC shows a pro-
gressive attenuation, which is accentuated in the central
macula [3, 29]. When the impairment of the CC reaches a
certain “critical point” (which may vary among individuals),
drusen start to accumulate and further accentuation of the
CC flow impairment continues. Several studies using dif-
ferent approaches have demonstrated a strong association
between microvascular choroidal changes and the evolution
of AMD from early to advanced stages. Histopathological
studies have highlighted increasing CC alterations with age
and the presence of drusen. It has been suggested that the
location in which drusen appear may not be stochastic but
may be influenced by the anatomy of the underlying CC.
For example, Lengyel et al. demonstrated a spatial rela-
tionship between equatorial drusen and intercapillary pillars
of the CC, which may represent an initial site of drusen
deposition. Furthermore, an increased sub-RPE deposit
density has been correlated with CC loss and the develop-
ment of drusen over areas of the choroid with ghost vessels
[14, 18, 19, 30]. Whether the drusen accumulate as a result
of reduced clearance of debris secondary to CC insuffi-
ciency remains to be established. Regardless, the accumu-
lation of drusen may exacerbate the disease process, by
creating a further barrier for metabolic exchange between
the RPE and CC. Accentuation of the RPE impairment may
further worsen the CC and later yield other more severe
iAMD features such as intraretinal RPE migration visible as
HRF on OCT. As the CC impairment progresses, the eye
may respond by the initiation of the neovascular response.
Indeed, several recent studies have hypothesized that CNV
lesions may evolve as a last-ditch attempt to rescue the RPE
and photoreceptors and prevent atrophy [31]. This “CNV
response” attempt is unsuccessful in many cases or the
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CNV response never materializes, and CC impairment
progresses and regions of RPE and photoreceptor atrophy
develop and enlarge leading to the end-stage manifestations
of the disease. It is our hope that ongoing and future larger
and longer-term longitudinal studies will either confirm or
refute this pathophysiologic hypothesis.

If this hypothesis could be validated in future studies, it
is possible that the monitoring of CC flow as an individual
ages could prove to be useful tool to identify patients at risk
for reaching this “critical tipping point” and potentially
could be used as a biomarker to measure the effectiveness
of a therapeutic intervention.

In this study we used swept-source OCTA devices fea-
turing a longer light source wavelength, we also used
averaging of multiple en face OCTA images to improve
image quality and reduce noise that could be misinterpreted
as flow [23]. In addition, in all our current CC studies we
routinely adapted Zhang et al. suggestions for compensation
of signal loss [27]. Also, in order to eliminate potentially
confounding shadow or projection beneath major superficial
retinal vessels we designed a plugin to exclude those region
from the analysis as previously described [12, 32]. Finally,
we used the Phansalkar method for thresholding and
binarization of the en face CC OCTA image for quantifi-
cation of the CC FD with a local thresholding radius con-
sistent with prior publications. The optimal local
thresholding radius, however, is still a topic of controversy,
and could influence CC FD results [28]. In addition, as we
relied on a deeper slab (in concordance with previous
publications) with probable imaging of the projection arti-
fact related to the CC, our findings may not reflect a pure
assessment of the CC, and may better be termed an inner
choroidal slab. Regardless, our findings would support that
the selected slab is a potentially useful biomarker.

Our study is not without other limitations which should
also be considered when assessing our findings, including
the relatively small sample size. In addition, as we did not
have a companion of longitudinal healthy age-matched
control group, we cannot determine how much of the pro-
gressive CC impairment was simply normal ageing of CC.
However, the slope of CC worsening observed during the
short period (12 months) of our study was faster than
one might predict based on the previous studies evaluating
the impact of age. Indeed, age-dependent contribute to the
progression but probably too much lesser extent. The fact
that all eyes, both with and without structural high-risk
features markedly progressed over a very short period
support the hypothesis that on top of normal aging mod-
ification, a rapid acceleration of the CC dysfunction
occurred in diseased eyes.

Our study also has several strengths including its pro-
spective longitudinal design, the use of SS-OCTA, use of
processing methods to optimize image quality and

compensate for signal loss and projection artifact, and the
use of dual certified reading center graders for all
assessments, with confirmation of a high level of
reproducibility.

In summary, our finding of progressive CC flow
impairment in relatively clinically stable intermediate AMD
eyes over short period of time highlights the potentially
important role of CC dysfunction in the pathophysiology
and progression of AMD. The quantification of chor-
iocapillaris impairment may prove to be a useful biomarker
in future early intervention trials for AMD.

Summary
What was known before

e Advance stages of AMD are associated with worse
choriocapillaris flow deficit around CNV and GA.

What this study adds

e Progressive worsening of choriocapillaris flow deficits
observed in eyes with otherwise clinically stable
intermediate age-related macular degeneration eyes,
highlighting the importance of the choriocapillaris as a
biomarker for progression.
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