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Abstract

IMPORTANCE—The effects of position on retinal and choroidal structure are absent from the
literature yet may provide insights into disease states such as age-related macular degeneration
(AMD).

OBJECTIVE—To evaluate the effect of postural change on retinal and choroidal structures in
healthy volunteers and patients with non-neovascular AMD.

DESIGN, SETTING, AND PARTICIPANTS—Prospective observational case series at an
academic tertiary care retina service from September 2013 to April 2014 involving 4 unaffected
volunteers (8 eyes) and 7 patients (8 eyes) with intermediate AMD. Healthy volunteers selected
for the study had no evidence of ocular disease. Patients with AMD were required to have at least
10 intermediate-sized drusen.

EXPOSURES—Spectral-domain optical coherence tomography with enhanced depth imaging in
upright (sitting) and supine positions. Stable imaging was achieved using a rotating adjustable
mechanical arm that we constructed to allow the optical coherence tomography transducer to
rotate 90°. The lowa Reference Algorithms were used to quantify choroid and choriocapillaris
thicknesses.

MAIN OUTCOMES AND MEASURES—Changes in sitting and supine position central
macular thickness (in micrometers), total macular volume (in cubic millimeters), choroidal
thickness (in micrometers), and choriocapillaris-equivalent thickness (CCET, in micrometers).

RESULTS—Choriocapillaris-equivalent thickness was thinner in healthy participants (9.89 pm;
range, 7.15-12.5 um) compared with patients with intermediate AMD (16.73 um; range,
10.31-27.38 um) (P =.02); there was no difference in overall choroidal thickness between the 2
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groups (P=.38). There was a 15% CCET reduction among healthy participants when transitioning
from a sitting (9.89 um) to supine (8.4 um; range, 6.92-10.7 pym) position (P=.02) vs a CCET
reduction of 11.1% from sitting (16.73 um) to supine (14.88 um; range, 8.76-20.8 um) positioning
(P=.10) in patients with intermediate AMD.

CONCLUSIONS AND RELEVANCE—Intermediate AMD appears to be associated with an
increase in CCET and with a lack of positional responses that are observed in the CCET of normal
eyes. Our results suggest that although outer portions of the choroid do not appear to be responsive
to modest positional or hydrostatic pressure, the choriocapillaris capacity is, and this is measurable
in vivo. Whether this physiologic deviation that occurs in AMD is related to atrophy,
inflammation, or changes in autoregulatory factors or growth factors remains to be determined.

Age-related macular degeneration (AMD) is the leading cause of irreversible blindness in
industrialized nations. Etiologically, it is a multifactorial disease related to age, genetics, and
environmental factors (eg, smoking and light exposure), with reduced function of the retinal
pigment epithelium (RPE) and Bruch membrane (BM), resulting in retinal atrophy and/or
choroidal neovascularization.13 The choroid also plays an important role in AMD
pathogenesis, as significant changes in choroidal vascular dynamics and choriocapillaris
(CC) structure have been observed in eyes with AMD.#-6 Some investigators have
hypothesized that the choroid has a primary role in AMD and pathogenesis is related to
localized choroidal ischemia underlying atrophic and inflammatory changes in the RPE-BM
complex.”?

In the normal physiologic state, the integrity of the retina and choroid relies on adequate
blood perfusion from the central retinal artery and CC; the avascular region of the fovea
relies entirely on blood flow in the subfoveal choroidal vasculature and CC. Understanding
aspects of choroidal blood flow and CC structure, which may be central to understanding
diseases such as AMD, may be investigated by assessing changes in retinal and choroidal
structure in response to physiologic challenges such as increased intraocular pressure,
lowered systemic supply, or by more subtle clinical interventions such as body positioning.
Although the effects of position have been previously evaluated in vivo, we have been
unable to identify another study examining the effects of postural changes on the choroid in
AMD.10.11 | aser Doppler flowmetry had been used in studies assessing the effect of
postural change on choroidal blood flow0:11 but these lack the ability to localize
hemodynamic changes to specific choroidal strata. Postmortem anatomical histological
studies provide information regarding vascular turnover and ghost vessels in AMD but
cannot illuminate our understanding about perfusion. With advances in spectral-domain
optical coherence tomography (OCT) and enhanced depth imaging,12-12 it is possible to
image retinal and choroidal structures in vivo and in greater detail. Additionally, the
development of robust, fully 3-dimensional algorithms, such as the lowa Reference
Algorithms, provide an objective measure of layer segmentation.14-16

The purpose of this study was to determine whether differences in the choroid and CC can
be elicited by positional changes by evaluating a group of patients with intermediate AMD
and healthy control participants under these conditions.
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Patients with intermediate AMD were identified from our retina clinic, University of lowa
Retina Clinic (Clinic C). Inclusion criteria were AMD diagnosis after age 50 years, ability to
provide informed consent, media clarity, and intermediate AMD based on the Age-Related
Eye Disease Study grading system.1” Exclusion criteria included previous diagnosis of
exudative neovascular AMD, retinal vascular disease, uveitis, high myopia (=8.00 D), or
other acquired macular disease; previous vitreoretinal surgery; previous ocular or orbital
surgery other than uncomplicated cataract extraction; previous treatment with intravitreal
injections; significant cataract-limiting image acquisition; current or former smoker; and
inability to provide informed consent. \olunteer participants were screened for ocular or
systemic disease. Patients with AMD had detailed medical and ophthalmic history recorded
and complete examinations including best-corrected visual acuity, intraocular pressure,
slitlamp biomicroscopy, and dilated fundus examination. All individuals provided signed
informed consent. Prior to initiating the study, permission was obtained from the University
of lowa research ethics board. This study full adhered to the Declaration of Helsinki and all
federal and state laws. The study was conducted from September 2013 to April 2014.

OCT Imaging, Segmentation, and Positioning Protocols

Optical coherence tomographic imaging was performed with the Spectralis Heidelberg
spectral-domain OCT (Heidelberg Engineering). In the sitting position, OCT was acquired
in the traditional manner. For supine positioning, a rotating adjustable mechanical arm was
engineered and specifically constructed for this study to allow the Spectralis OCT to rotate
90° (perpendicular, rather than parallel, to the ground) and image individuals in the supine
position (Figure 1). All images were reviewed in real time to ensure they were of adequate
quality and all scans were performed by an experienced certified ophthalmic photographer
(D.B.C.). Enhanced depth imaging was used to capture 30 x 30 volume scans, with the
averaging set at 2 frames per scan line. These were 768 x 496 high-speed scans, with 61 A-
scans per volume cube; all scans were centered on the fovea.

The OCT volumes were automatically segmented using the lowa Reference Algorithms. The
first stage produces intraretinal surfaces including the BM (Figure 2).15:16 The choroid is
then identified immediately beneath the BM, and a sufficiently large subvolume containing
the choroid layer was selected as the target region to apply choroidal segmentation. A graph-
based method was used to segment the choroidal surfaces (Figure 3) and a vertical intensity
gradient was thus used to obtain the cost function, and smoothness constraints were adopted
between neighboring A-scans.1# The choroidal boundaries were then segmented by graph
optimization via solving the minimum s-¢cut problem in the geometric graph used.14

Next, the choroidal vascular segmentation was performed automatically, with a surface fitted
over the superior edge of the choroidal vasculature. The CC cannot be resolved by standard
clinical spectral-domain OCT; therefore, by using the BM as the top reference surface and
the top of the vasculature as the bottom reference surface, the CC-equivalent thickness
(CCET) was defined as the distance between these surfaces (Figure 4). We previously
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presented and validated this method with excellent reproducibility.}4 Repeat scans with this
method have previously shown an excellent coefficient of variation of 8.0% (calculated
using the root mean square approach),14 making it ideal for assays with multiple testing such
as our experimental design with both sitting and supine OCT imaging.

Individuals were seated in the traditional upright position with their head stabilized for
baseline enhanced depth imaging—OCT scans. Although blood pressure was not measured,
individuals were then positioned supine for 10 minutes to allow for equilibration to
hydrostatic pressure and any accommodation orthostatic regulatory mechanisms. The motion
from the sitting to the supine position took approximately 30 seconds or less. During these
10 minutes of rest, the OCT adjustable arm was set to allow for supine OCT scanning.
Supine OCT imaging was then performed in real time to ensure the capture of high-quality
scans. No measurements were performed from the supine to sitting positions. Central
macular thickness (CMT, in micrometers), total macular volume (TMV, in cubic
millimeters), choroidal thickness (CT, in micrometers), and CCET (in micrometers)
parameters were calculated as the average of the thickness for all A-scans in the macula.

Mean and percentage changes in CMT, TMV, choroidal thickness, and CCET were assessed
for significance using the ftest; £< .05 was considered significant. No correction was made
for multiple measures.

A total of 16 eyes in 11 individuals were studied: 8 eyes in 4 healthy volunteers and 8 eyes
in 7 patients with intermediate AMD. The mean (SD) age of volunteers was 54.0 (5.07)
years (range, 46-58 years) while the mean (SD) age of patients with AMD was 74.3 (3.96)
years (range, 69-81 years) (£ =.01). Baseline sitting retinal and choroidal OCT
characteristics for healthy participants and patients with AMD are summarized in the eTable
in the Supplement. Across all measurements, healthy participants had thicker CMT (321
pum) compared with patients with intermediate AMD (290 um) (P = .008) but there was no
difference in TMV (P = .40) between the 2 groups. With respect to CCET, healthy
participants had a thinner CCET measurement (9.89 um; range, 7.15-12.5 ym) compared
with patients with AMD (16.73 um; range, 10.31-27.38 pm) (£ =.02). There was no
difference in CT between the 2 groups (P=.38).

On completing baseline (sitting) OCT imaging, all study participants were positioned in a
supine manner as just described. Comparison between supine and sitting imaging is
summarized in the Table and the eFigure in the Supplement. Overall, for both healthy
participants and patients with AMD, there was no difference in CMT, TMV, and CT between
the upright and supine positions. However, with respect to CCET, there was a 15% reduction
in thickness from sitting (9.89 pm) to supine (8.4 um; range, 6.92-10.7 pm) positions in
healthy volunteers (P=.02). In patients with AMD, sitting (16.73 pm) to supine (14.88 pm;
range, 8.76-20.8 um) positioning produced a reduction in CCET of 11.1% (P =.10). No
study participants experienced any adverse events or complications during the study and
there were no mechanical or reliability issues with the adjustable arm during OCT imaging.
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Discussion

First, our results show that CCET is greater in patients with intermediate AMD compared
with healthy volunteers. Second, the CC displays a greater degree of thinning in healthy
participants when compared with patients with AMD in response to the positional change
from sitting to supine.

Our findings are consistent with previous histological evidence showing that submacular CC
thickness and the density of choroidal blood vessels are increased in eyes with early AMD
compared with eyes without AMD.® In addition, ex vivo capillary diameter in the macular
CC area is larger in the eyes of patients with AMD compared with eyes without AMD.® The
lowa Reference Algorithms do not distinguish sub-RPE deposits or BM thickening from the
vascular CC, although they do exclude deposits or thickening internal to the BM
hyperreflectivity, as the CCET is measured as the distance between BM to the upper surface
of the choroidal vasculature.14-16 Bruch membrane thickness increases with aging® and
patients with AMD have increased thickness of the RPE-BM complex due to drusen and
other sub-RPE deposits, which are key pathologic landmarks in AMD.? This distinction is
significant as incompressible deposits may reduce dynamic thickness changes resulting from
vascular compliance.

Two prior studies have shown that CC thickness in patients is reduced in AMD compared
with healthy individuals, which are in contradiction to our findings.>18 However, these
studies evaluated eyes with AMD much more severe than in our study, that is, eyes that
contained geographic atrophy and disciform scarring that are characterized by extensive
RPE loss.® Retinal pigment epithelium loss and CC atrophy are known to be tightly coupled.
19.20 5ohn and colleagues?! have shown that geographic atrophy is also associated with
histological choroidal thinning. Therefore, we believe that the decrease in CC thickness, as
observed in prior studies, is associated with more advanced AMD. Our entry criteria
included the presence of intermediate AMD; based on the Age-Related Eye Disease Study,
this category excludes geographic atrophy, choroidal neovascularization, or end-stage
disciform scarring.1’

We were particularly cautious when considering our results in comparison with ex vivo
histological studies of AMD CC thickness because of potential vascular size or processing
artifacts post mortem. However, one interpretation of our results is that lesser advanced
forms of AMD may be associated with an increase in CC thickness due to the formation of
new capillaries within the CC (ie, intrachoroidal neovascularization).® Intrachoroidal
neovascularization differs from the more clinically familiar (extra) choroidal
neovascularization found in exudative AMD in which membranous new choroidal vessels
extend beyond the choroid and into sub-RPE, subretinal, or intraretinal potential spaces.
Intrachoroidal neovascularization is thought to occur parallel to, but subjacent to, the BM
and occurs in response to anoxia.®

The dynamic response of the CCET to position is provocative and may be a potential clinical
test of CC capacity or compliance. The apparent reduction of this response in patients with
intermediate AMD compared with healthy participants supports our contention that this
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behavior may be related to vascular elasticity or compliance and is likely related to choroidal
blood flow adjustments associated with postural changes.

Previous physiologic studies have shown that perturbations in body position initiate a
passive response of the choroidal circulation.1? The aggregate choroidal vasculature
(represented herein as CT) has not been shown to have an intrinsic ability to regulate
thickness/blood flow during positional changes!!; however, there may be situations by
which a not-yet-identified mechanism increases choroidal blood flow when an eye is in a
lower or supine position.10:22.23 These findings would be consistent with our hypothesis for
the changes in CCET with positioning that we found in healthy individuals. In the presence
of such a responsive or autoregulatory mechanism, a drop in perfusion and choroidal blood
flow might be anticipated in the supine position; however, what is observed is an increase in
choroidal blood flow, which is consistent with hydrostatic intravascular changes.1° The
tilting of the body from standing to the supine position increases choroidal blood flow by an
average of 11%; of which, this increase is mainly due to an 8% change in measured velocity.
10 One way to increase blood flow would be to increase perfusion pressure, which may be
mediated by CC constriction; this in turn would structurally manifest as a decrease in CCET.

Another possibility for the differences observed between healthy participants and patients
with AMD is related to the presence of ghost vessels. We had previously shown that there
are more ghost vessels in early AMD?; consequently, this may contribute to the increased
thickness observed in our CCET segmentation measurements. These findings support the
concept that microvascular changes are related to the pathogenesis of AMD and suggest that
vascular endothelial cell loss occurs in association with sub-RPE deposit formation.® This
would cause an increase in CCET and a decrease in the intrinsic compliance of the CC, both
of which we observed in our study. The increased density in ghost vessels would limit the
ability of the CC to constrict and compress in the supine position and limit the overall
perfusion in the choroid. Whether this is a global effect in the choroid or there exists
regional differences related to areas of drusen accumulation or RPE atrophy remains to be
seen.

An inability or incapacity to regulate choroidal blood flow may be related to AMD ischemic
pathogenesis via loss of CC elasticity or compliance. Alternatively, the CC may already have
reached its maximum carrying capacity and be unresponsive to thickness changes in
intermediate AMD. Individuals who are homozygous for Y402H of complement factor H
have been shown to develop abnormal choroidal blood flow decades before developing
potential AMD; such changes have been hypothesized to be due to reduced vascular
elasticity.2425 Y402H (rs1061170) in complement factor H is a common polymorphism in
the complement factor H gene, which is associated with a high risk for AMD.26 Age-related
macular degeneration risk-associated complement factor H mutations are thought to be
mediated via innate immunity pathways associated with complement system dysfunction,
which may directly or indirectly affect choroidal vasculature. Indeed, donor eyes with the
high-risk genotype have statistically increased levels of activated complement in the CC.
Experimental in vivo human studies have shown that patients with AMD have a reduction in
fluid-to-tissue ratio when compared with normal eyes, which may indicate choroidal
ischemia early on in the disease pathogenesis.!
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We showed changes in CCET in response of sitting to supine positioning, which may be
related to reduced CC elasticity or compliance. Although this is a small difference, the value
of documenting this observed effect warrants further meaningful investigation into this novel
finding. In fact, several studies have identified blood flow as a predictor of visual loss, but
the precise pathophysiological link between blood flow remains unclear.2”-2° It has been
shown that patients with diabetic retinopathy have a thicker subfoveal choroid, although this
is not the case in diabetic macular edema.3%:31 Other studies have shown increased CT in
disease, such as central serous chorioretinopathy32:33 and polypoidal choroidal vasculopathy,
34 and we wonder if these conditions, with intrinsic choroidal abnormalities, may in some
way be related to CC elasticity or compliance. Our results showed a decrease in CMT in
early AMD with no change in CT, which corroborates earlier evidence.3® The reduction in
CMT in early AMD has been attributed to photoreceptor degeneration and outer retina loss,
which may be possibly related to collections of drusen or sub-RPE deposits.3¢ We did not
specifically target drusen in our study and did not observe any regional defects.

We are cognizant of the weaknesses and limitations of our pilot trial. First, there was a
difference in age between healthy participants and patients with AMD. What portion of the
CC or CCET changes may have been due to age and disease status cannot be fully
understood from this pilot study. Although volunteers were on average above the age of
earliest AMD diagnosis, they were also approximately 20 years younger than patients with
AMD (54.0 vs 74.3 years; P=.01). Further evaluation of larger and more elderly
populations (especially control volunteers) will be needed to confirm our findings. Second,
our study was limited by a small sample size, which restricted our statistical power and
increased the variability of outcome. We are currently undertaking larger studies to further
explore the concepts elucidated herein. Nonetheless, the robust statistical significance in our
pilot results is supportive of the notion that meaningful differences in response to posture
exist and is encouraging for establishing the reproducibility of our findings. Third, although
we are confident in our segmentation approach and its reproducibility,14 we acknowledge
that errors may occur in segmentation that overestimated or underestimated CCET and CT,
resulting in imprecise extrapolations. As previously mentioned, a larger validation study is
needed to confirm our current observations.

Conclusions

In summary, we demonstrated that an increase in CCET in patients with AMD may be
driven by the mechanism of increased vascular endothelial growth factor, intrachoroidal neo-
vascularization, and ghost vessel accumulation. Moreover, we presented a novel finding that,
in response to changes in CCET from the sitting to supine positions, there is compression of
the CC that is blunted in patients with intermediate AMD. The latter findings may illustrate
the concept of CC elasticity or compliance related to pathophysiological changes in
choroidal blood flow.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Custom-Built Optical Coherence Tomography for Sitting and Supine M easurements
A rotating adjustable mechanical arm (arrowheads) was engineered and constructed to allow

for the Spectralis optical coherence tomography to rotate 90° (perpendicular, rather than
parallel, to the ground) and image a patient in the supine position (arrow).
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Figure 2. lowa Reference Algorithms
A, Original B-scan. B, Original B-scan with 11 intraretinal surfaces segmented.
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Figure 3. Choroidal Layer Segmentation
A, Original B-scan. B, Original B-scan with choroidal boundaries segmented. The red line

indicates the Bruch membrane and yellow line, choroidal posterior boundary.
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Figure 4. Choroid and Choriocapillaris Segmentation in a Patient With Intermediate Age-
Related Macular Degeneration

A, B-scan. B, B-scan with boundaries. B-scan with choriocapillaris-equivalent thickness (C
and D). Enlarged views of parts C and D demonstrating choroidal vascular segmentation
using the Bruch membrane as the top reference surface and the top of the choroidal
vasculature as the bottom reference surface (E and F). F, The choriocapillaris-equivalent
thickness is defined as the distance between the surfaces (red arrowheads). The choroidal
thickness is defined as the distance between the Bruch membrane and choroidal posterior
boundary (blue arrowheads). The red line indicates the Bruch membrane; yellow line,
choroidal anterior boundary; and green line, choroidal posterior boundary.
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Table

Retinal and Choroidal Optical Coherence Tomography Characteristics for Healthy Volunteers and Patients
With Intermediate Dry AMD in Sitting and Supine Positions

Mean (SD) [Range]

Characterigtic Sitting Supine Difference, %@ P Value
Healthy (n = 8)
CMT, um 321 (9) 325 (14) +1.4 20
[309-334] [311-353]
TMV, mm3 8.64(0.4) 8.62 (0.3) -0.2 50
[7.98-9.02] [8.04-8.95]
CT, um 205.97 (28.74)  203.21 (30.52) -1.3 10
[161.75-251.38] [153.37-249.63]
CCET, ym 9.89 (1.69) 8.4 (1.3) -15.0 02
[7.15-12.5] [6.92-10.7]
AMD (n =8)
CMT, um 290 (27) 298 (27) +2.6 20
[229-311] [229-329]
TMV,mm?3 8.32 (0.77) 8.39 (0.79) +0.8 .50
[6.58-9.15] [6.59-9.07]
CT, pym 180.38 (58.76)  182.24 (60.0) +1.0 20
[124.28-306.78]  [126.56-314.51]
CCET, ym 16.73 (6.26) 14.88 (4.19) -11.1 10
[10.31-27.38] [8.76-20.8]

Abbreviations: AMD, age-related macular degeneration; CCET, choriocapillaris-equivalent thickness; CMT, central macular thickness; CT,
choroidal thickness; TMV, total macular volume.

a . . . . . L . .
Percentage difference between sitting and supine positions; positive and negative indicate an increase and decrease, respectively.
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