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Visualization of erythrocyte stasis in the living
human eye in health and disease

Joanne Li,1,6 Dongyi Wang,2,5,6 Jessica Pottenburgh,3 Andrew J. Bower,1 Samuel Asanad,3 Eric W. Lai,4

Caroline Simon,4 Lily Im,3 Laryssa A. Huryn,1 Yang Tao,2 Johnny Tam,1 and Osamah J. Saeedi3,7,*

SUMMARY

Blood cells trapped in stasis have been reported within the microcirculation, but
their relevance to health and disease has not been established. In this study, we
introduce an in vivo imaging approach that reveals the presence of a previously-
unknown pool of erythrocytes in stasis, located within capillary segments of the
CNS, and present in 100% of subjects imaged. These results provide a key insight
that blood cells pause as they travel through the choroidal microvasculature, a
vascular structure that boasts the highest blood flow of any tissue in the body.
Demonstration of clinical utility using deep learning reveals that erythrocyte sta-
sis is altered in glaucoma, indicating the possibility of more widespread changes
in choroidal microvascular than previously realized. The ability to monitor the
choroidal microvasculature at the single cell level may lead to novel strategies
for trackingmicrovascular health in glaucoma, age-relatedmacular degeneration,
and other neurodegenerative diseases.

INTRODUCTION

The choroid is a vascular structure that carries 85% of the blood to the eye and has the highest blood flow

per unit weight of any tissue in the body. The choroidal microvasculature, known as the choriocapillaris,

supplies blood and nourishment to the outermost layer of the retina, considered to be the most metabol-

ically active tissue in the body, consuming more oxygen per unit weight than the brain.1 Unlike the retinal

vasculature that consists of a network of branched, cylindrical vessels with a relatively colinear arrangement

from one branchpoint to the next, the choriocapillaris consists of a planar meshwork of unusually short

capillary segments that are fed and drained by orthogonally-connected arterioles and venules from the

outer choroid.2–6 Choroidal vascular dysfunction is implicated in three of the four major causes of blindness

worldwide: age related macular degeneration, glaucoma, and diabetic retinopathy.7–9 Despite its rele-

vance in ocular health and disease, much of our knowledge about the in vivo characteristics of blood

flow within the choriocapillaris in the living eye is incomplete because it is relatively difficult to image

due in part to its thinness and anatomical location behind a pigmented epithelium. The current in vivo im-

aging techniques can provide structural and functional information about the vessels,4,10,11 but do not

reveal how individual blood cells in the living human body travel through the atypical geometry of the cho-

riocapillaris network. Different from most other capillaries, the choriocapillaris lumens are wide (approxi-

mately 10 mm in diameter) relative to the size of erythrocytes (approximately 8 mm in diameter). These

characteristics distinguish the choriocapillaris from many other microvasculature networks in the body

and provide a potentially transformative view of how blood cells travel through distinct capillary networks.

Glaucoma is a neurodegenerative disease in which retinal ganglion cells (RGC) and their axons are injured,

leading to neuronal death and vision loss. All of the RGC axons within the eye pass through the optic nerve,

the primary site of axonal damage in glaucoma. While elevated intraocular pressure is a primary risk factor

for glaucoma, reduced ocular perfusion and impaired autoregulation of blood flow to the eye are also

implicated in the disease pathogenesis.12 In addition, outer retinal circulatory dysfunction has been linked

to glaucoma in multiple ways. Recent work has shown localized microvascular dropout or nonperfusion of

the choroidal circulation surrounding the optic nerve head,13,14 even showing that microvascular dropout

of the choroid may precede progression of glaucoma.15,16 But without the ability to visualize blood cells as

they flow through the network, it is difficult to fully evaluate the degree to which the choroidal microvascu-

lature is disrupted. These observations motivate our hypothesis that the way in which erythrocytes travel

through the choriocapillaris is altered in glaucoma.
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To visualize individual blood cells, we turn to erythrocyte mediated angiography (EMA), in which autolo-

gous erythrocytes are labeled with indocyanine green (ICG) dye and re-injected into the subject’s veins,

resulting in the ability to observe individual erythrocyte movement and dynamics in the non-human primate

(NHP) and human eye.17–19 Importantly, the near-infrared fluorescence wavelength of ICG is able to pass

through the pigmented epithelium of the eye so that fluorescent cells are visible in both the retina and

choroid, opening up the possibility of visualizing individual blood cells in the choriocapillaris with the

proper instrumentation.

Notably, in early EMA reports, there were some erythrocytes noted to be in stasis, or ‘‘paused’’ for a dura-

tion of minutes to hours in these angiograms. This is not surprising, given the variation in erythrocyte flux,

speed, and even flow direction that has been reported across neighboring capillaries in the eye.20–23 Eryth-

rocyte stasis could also arise due to vasomotion, possibly from capillary pericytes,22 and spontaneous

erythrocytes in stasis have been previously reported in select capillary segments.24 Whether the chorioca-

pillaris, with its atypical topology, is a natural site of erythrocyte stasis has not been explored. Although

these erythrocytes in stasis can be detected using EMA, to date, these images have been limited in reso-

lution, and the precise localization of these cells in stasis within the retinal and choroidal microvasculature

has not been distinguished.

Adaptive optics (AO) retinal imaging techniques have been used to study the various cellular and vascular

structures within the retina due to the improved resolution gained by correcting for the optical aberrations

in the eyes.25,26 Among these, AO-enhanced ICG (AO-ICG) imaging has demonstrated the capability to

visualize ICG dye in the living human eye,27,28 and the choriocapillaris structure can be visualized using

AO-ICG during the initial passage of dye through the vasculature.10 In this study, AO-ICG was combined

with EMA (AO-EMA) to directly visualize fluorescently-labeled erythrocytes with sufficient lateral and axial

resolution to elucidate their locations in the eye relative to the choroidal microvasculature when they are in

stasis. This additional information enables a better understanding of the relationship between erythrocyte

stasis and vascular function in both healthy and diseased eyes.

RESULTS

Erythrocyte stasis is a robust phenomenon observed in all eyes

Following autologous injection of ICG-labeled erythrocytes, erythrocyte stasis was observed in 100% of the

eyes imaged (four NHP and 37 human eyes), consistent with and expanding upon preliminary findings in a

smaller cohort of four eyes.17 Similar to the change in signal described across the early, mid, and late

phases of conventional dye-based fundus angiography, the number of autologously-injected fluores-

cently-labeled erythrocytes visible within the eye also varied in a time-dependent manner after intravenous

administration. Erythrocytes in stasis were visible using a scanning laser ophthalmoscope (SLO) after injec-

tion, with a gradual decrease in the number of detected cells over the next few hours (Figure 1). We did not

observe any examples of long-term residence of fluorescent cells (beyond one day, as confirmed by follow-

up imaging). Notably, erythrocyte stasis was observed in every healthy eye imaged (n = 10), suggesting that

these cells in stasis occur under normal physiological conditions.

Erythrocytes in stasis observed within the foveal avascular zone

Erythrocyte stasis was observed across the posterior pole of the eye, including in the foveal avascular zone

(FAZ), which does not contain retinal vessels and was mapped out using optical coherence tomography

angiography (OCTA). Across eight imaging sessions performed on two NHPs (four imaging sessions per

NHP), erythrocytes in stasis were observed within the FAZ of at least one eye of each NHP per imaging ses-

sion (Figure 2), with a meanG SD number of cells in stasis in the FAZ across all imaging sessions of 1.4G 1.1

(ranging from 0 to 4). Since erythrocyte stasis was frequently observed in the FAZ across these imaging ses-

sions, the NHP data indicates a high likelihood that there are erythrocytes in stasis outside of the retinal

vasculature, which would suggest the presence of erythrocyte stasis within the choroidal microvasculature.

Building upon these observations that there were erythrocyte stasis present within the FAZ of NHP eyes

(Figure 2), further work in a cohort of human eyes showed these findings were reproducible (Table S1).

Erythrocyte stasis within the FAZ was observed in 28 out of 31 eyes (90.3%, 9 out of 9 glaucoma eyes, 15

out of 16 glaucoma suspect eyes, and 4 out of 6 control eyes). There were no statistically significant differ-

ences for the total number of cells in stasis within the FAZ across the patient cohorts based on generalized

estimating equation analysis (p = 0.44). There was an average of 4.7 G 4.7 erythrocytes in stasis in the FAZ
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overall (5.0 G 2.8 for glaucoma eyes, 3.9 G 3.2 for glaucoma suspect eyes, and 6.5 G 9.0 for control eyes;

mean G SD). Since the FAZ is an area devoid of retinal vessels (but still contains choroidal vessels), these

results suggest that there are at least some erythrocytes in stasis within the choroidal vasculature in the

large majority of eyes, opening up the possibility for visualizing fluorescently-labeled individual blood cells

in the choriocapillaris in the living human eye.

Layer-specific localization using AO-EMA

The time course of erythrocyte stasis provided an opportunity to image them using AO-SLO over a time

period of several hours. Erythrocytes in stasis were successfully imaged using the combined AO-EMA

approach (Figures 3A and 3B). Due to the sequential imaging (alternating between SLO and AO), more sta-

sis was observed in the SLO image acquired at an earlier time point (Figure 3A) compared to the subse-

quently-acquired AO image (Figure 3B), consistent with the gradual reduction in stasis over the first few

hours after injection (Figure 1). However, the same overall spatial pattern of these cells could be seen in

both SLO and AO images, confirming that a subset of cells were successfully imaged across both the

SLO and AO images, which could be used for further analysis. As expected, AO images had higher lateral

and axial resolution compared to the SLO images due to the�4-5X larger imaging beam diameter and the

correction of both lower and higher order optical aberrations,29 which facilitated the layer-specific locali-

zation of these cells in stasis using AO-EMA.

We examined whether the stasis was occurring in the retinal vasculature or the choroidal vasculature by

sequentially acquiring AO images with the focal planes set in both the retina and choroid. To compare im-

ages of the same cell acquired at two different focal planes, full width at half maximum (FWHM) measure-

ments of the ICG signal profile was calculated. This measurement calculates the width on the profile curve

between two points where the signal intensity is half of the maximum intensity (Figure S1). When imaged

Figure 1. Time course of erythrocytes in stasis following erythrocyte-mediated angiography (EMA) injection

Heidelberg scanning laser ophthalmoscopy (SLO) images of the retina at time points (A) before and (B–F) after the EMA procedure.

(A) Pre-injection image shows that no ICG signal was observed in the eye (the faint, background infrared autofluorescence signal can be seen).

(B–F) SLO image acquired after the EMA procedure (in dashed box in [A]) shows the locations of erythrocytes in stasis changing over time. (B) 15 min after the

injection, many stasis events with varying levels of brightness can be seen. (C) After 2 h, stasis events were observed in various locations across the retina but

with slightly less cells than earlier. There was a decrease in the number of stasis events (D) after 4 h, with a further decrease observed (E) one day afterward. (F)

No ICG signal was observed in the eye two weeks post procedure. Scale bar: 200 mm.
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with AO, a technique that corrects for optical aberrations, these measurements indicate how well an object

is in focus – an out-of-focus cell will result in larger FWHM value compared to the value of a cell that is in

focus. Across two eyes of two subjects, 19 out of 19 (100%) of the cells that were sequentially imaged using

AO-EMAwere located in the choroidal vasculature, both for cells that were within the FAZ as well as for cells

that were outside of the FAZ.

To further characterize the layer-specific localization of each of the erythrocytes in stasis, in a follow up im-

aging session, we obtained a series of sequentially-acquired AO images with fine sampling (approximately

35 mm step size) of the focal plane across the layers within the eye (Figures 3C and 3D). These image se-

quences revealed that 100% of the cells imaged using this fine-sampling approach (n = 7 cells) were

increasingly blurrier (out of focus) at focal planes further away from the choriocapillaris layer. Combined,

our data across three AO-EMA procedures performed in two subjects (n = 26 distinct cells) indicate that

erythrocyte stasis is predominantly occurring in the choriocapillaris, as opposed to the retinal vasculature.

Correlative multimodal imaging of erythrocyte stasis reveals localization to the choroidal

microvasculature

By correlating multimodal AO images with SLO images acquired over multiple time points and across mul-

tiple visits, the locations of a complete set of erythrocytes in stasis relative to the choroidal microvascula-

ture were tracked. High resolution images of the parafoveal capillaries surrounding the FAZ confirmed the

presence of numerous erythrocytes in stasis that did not co-localize to the retinal vasculature, even in areas

outside of the FAZ (Figures 4A and 4B), further corroborating our claim that the observed stasis is occurring

outside of the retinal vasculature, and consistent with our FWHM data that showed that these erythrocytes

in stasis were within the choriocapillaris layer. Here, we determined the x-y location of cells in stasis relative

to the choroidal microvasculature by first mapping out the choriocapillaris using AO-ICG angiography,10

and then by spatially registering this choriocapillaris map with images of erythrocytes in stasis acquired

by both AO-SLO and SLO frommultiple EMA procedures across three years (Figures 4C and S2). Strikingly,

across a total of 66 erythrocytes in stasis identified within an �860 mm 3 250 mm area using this correlative

multimodal imaging approach, every single cell in stasis identified was located within a choriocapillaris

vessel segment. Since the choriocapillaris is a thin anatomical layer, it was possible that there could

have been erythrocytes in stasis in deeper choroidal layers. However, if this were the case, then we would

expect to see some cells in stasis occurring outside of the choriocapillaris lumen areas, which we were not

able to identify in this cohort. In addition, the FWHM measurements would have indicated that at least

some of these cells were located in deeper choroidal layers. The likelihood that all of these cells in stasis

from different timepoints and different visits were all located within the choriocapillaris segments, as

opposed to within the flow voids, was statistically significant (p < 0.001, binomial test). Taken together

with our FWHM measurement data, these results establish that erythrocyte stasis is occurring within the

choriocapillaris vessels.

Figure 2. Erythrocytes in stasis were observed within the foveal avascular zone (FAZ) in majority of the eyes

Erythrocyte mediated angiography (EMA) was performed in which indocyanine green (ICG)-loaded erythrocytes are

autologously injected and imaged. Optical coherence tomography angiography (OCTA) images demarcate the location

of the FAZ (central black area), a region that lacks retinal vasculature. Images of fluorescently-labeled erythrocytes (white

circular dots), captured using SLO and overlaid on the OCTA images, reveal the presence of erythrocytes in stasis within

the FAZ. Similar results were observed in both non-human primate (NHP) eyes and human eyes (enclosed in green box). In

human eyes, erythrocytes in stasis were present in control, glaucoma suspect, and glaucoma eyes, establishing that stasis

is a robust physiological phenomenon. Scale bar: 1 mm.
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Distribution of erythrocyte stasis across the choroidal microvasculature is altered in

glaucoma

To further characterize the distribution of erythrocyte stasis in health and disease, EMA was used to eval-

uate the choroidal microvasculature in glaucoma (including both glaucoma and glaucoma suspect eyes;

Table S1). A total of 5,823 erythrocytes in stasis were objectively identified in a subset of 21 eyes (15 glau-

coma, 6 controls) from 16 subjects using an automated cell detection deep learning algorithm (Figure S3

and Table S2). Stasis in the macula and peripapillary regions were analyzed and compared (Figure 5). Inter-

estingly, in glaucoma eyes, there were significantly less erythrocytes in stasis in the peripapillary retina as

compared to the macula (102.9G 46.1 in the peripapillary retina and 236.5G 89.7 in the macula, p < 0.001)

(Figure 5C). This phenomenon was not observed in the control subjects (122.9 G 47.3 in the peripapillary

retina and 146.1 G 83.7 in the macula, p = 0.335). To further characterize the relative distribution of cells in

Figure 3. Erythrocytes in stasis were located within the choriocapillaris layer of the human eye

(A) SLO image showing the distribution of erythrocytes in stasis across the eye.

(B) Higher resolution AO-ICG images of the white dashed region in (A) showing a subset of the erythrocytes in stasis,

acquired 30 to 40 min after the image in (A). here, the focal plane is set at the choriocapillaris layer. The fluorescently-

labeled blood cells all appear to be in focus across the AO images (yellow dashed line: foveal avascular zone [FAZ]

boundary).

(C) Full width at half maximum (FWHM) measurements of seven of the cells imaged using AO-ICG across different focal

planes confirm that the cells are in best focus near the choriocapillaris focal plane. Each color in (C) corresponds to one

cell in (A and B) identified by the color matched arrows. These plots also confirmed that erythrocytes in stasis were not

located in the retinal vasculature. Plots from individual cells are vertically displaced for visualization purposes.

(D) A series of AO-ICG images of an erythrocyte in stasis (dark blue arrow in [A and B]) across different focal planes,

showing that the cell is in best focus when the focal plane is set near the choriocapillaris (0.00 mm). Scale bars: (A) 1mm; (B)

100 mm; (D) 70 mm.
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stasis, we introduced a simple quantitative metric calculated based on the ratio between the peripapillary

retina and macula (PMR). As expected, the PMR was significantly skewed in glaucoma when compared to

control eyes (0.43G 0.14 in glaucoma; 0.93G 0.27 in control eyes; p < 0.001, generalized estimating equa-

tion) (Figure 5D). These findings are suggestive of local functional or structural changes, in the choriocapil-

laris network near the optic nerve head in glaucoma. There were no observed differences in heart rate,

respiratory rate, blood pressure, or temperature either due to the EMA procedure or when comparing pa-

tients with glaucoma to healthy subjects.

DISCUSSION

The current understanding of the choriocapillaris in health and disease has been largely based on structural

imaging or ex vivo histological studies in which flow patterns are often modeled as discrete ‘‘functional lob-

ules’’, clusters of neighboring choriocapillaris vessel segments organized around a central precapillary

arteriole.30–33 In this paper, we introduce a natural combination of two complementary techniques (AO-

EMA)10,17,18,28 which revealed the presence of a previously-undiscovered population of erythrocytes in sta-

sis that are concealed within the choroidal microvasculature.

Figure 4. Erythrocyte stasis occurred within the short vessel segments of the choroidal microvasculature

Only standard EMA was performed in year 1, and both standard EMA and AO-EMA were performed in years 2 and 3.

(A and B) Higher resolution AO images of erythrocyte in stasis (white circular dots imaged using AO-ICG; [A]: year 2, [B]: year 3)

co-registered to AO images of the inner retinal microvasculature (yellow, imaged using AO non-confocal split detection).

(C) In this segmentation map of the choriocapillaris (Figure S2), the images of the retinal vessels were acquired at a focal

plane that was anterior to the erythrocytes in stasis. Erythrocyte stasis marked from multiple timepoints associated with

three separate EMA procedures across three years. Cells recorded from different years and procedures are categorized

by different markers (filled markers: imaged using SLO; unfilled markers: imaged using AO). The colormap indicates the

time points at which these cells in stasis were captured by imaging. All of the cells in stasis that could be identified within

this region were located within the choriocapillaris vessel segments. Scale bar: 200 mm.
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The observations of erythrocytes in stasis observed within the FAZ (Figure 2) and in areas that are between

retinal capillaries (Figures 4A and 4B), combined with the localization of these cells in stasis to the chorio-

capillaris lumen in both the axial (Figure 3C) and lateral (Figure 4D) dimensions suggest that the erythrocyte

stasis in the posterior pole primarily occurs within the choroidal microcirculation. As only de novo stasis can

be revealed using EMA, it is likely that there are additional erythrocytes in stasis at any given time which are

undetected. For a typical EMA injection, less than 0.05% of the total blood volume contains fluorescently-

labeled erythrocytes and so it is likely that only a fraction of the cells in stasis are captured. It is also possible

that the number of cells in stasis is related to factors specific to each individual, including choriocapillaris

architecture and the effective blood volume. The temporal dynamics (Figure 1) suggest that these cells in

stasis spontaneously occur inside the choriocapillaris and can remain stable for minutes to hours. This turn-

over of erythrocytes in stasis would allow the cells to return to the circulation at some point without

affecting the overall blood flow within the specific tissues.

A computational fluid dynamics simulation34,35 of individual red blood cells flowing through a retinal capil-

lary network showed the presence of erythrocytes in stasis, which seemed to occur most frequently in short

vessel segments that appeared to bridge two thoroughfare channels36 (in this simulation, the capillary

diameter was assumed to be 10 mm, similar in size to the choriocapillaris vessel lumen). Our findings are

consistent with this simulation, which support our hypothesis that erythrocyte stasis is a hallmark of the

choroidal microvasculature largely established by the structure of the capillary bed itself rather than by

the rheology of individual erythrocytes. In particular, it has been postulated that erythrocyte stiffness, which

can increase due to aging, hypertension, or diabetes,37–39 can influence capillary flow at the single cell

Figure 5. EMA was performed on human using ICG-loaded erythrocytes, allowing for the characterization of the

retinal distribution of cells in stasis in both healthy and diseased eyes

(A and B) Averaged, wide field-of-view SLO images from control and glaucoma subjects show the distribution of

stationary cells in the macula and peripapillary regions (white dashed area).

(C) Boxplot showing the absolute number of erythrocytes in stasis density (cell density) in the macula and peripapillary

regions were similar for control subjects, while in glaucoma subjects, the macula cell densities were higher than

peripapillary cell densities (center line: median, red triangle: mean, box limits: upper/lower quartiles, whiskers: 1.5x

interquartile range, black dots: individual data points).

(D) The decreased peripapillary to macula ratio (PMR) value for glaucoma subjects compared to controls indicates less

cells in stasis in glaucomatous eyes around the optic nerve, a region known to be affected by glaucoma pathogenesis.

Scale bar: 2 mm.
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level. However, studies evaluating erythrocyte deformability as measured by filtration rates have shown

that erythrocyte ghosts have lower deformability indices (i.e. are more efficient at flowing through a filter)

than native erythrocytes.37,40 The ICG-loaded erythrocytes used for EMA17 are similar to ghost erythrocytes

which have been extensively explored as carriers for biopharmaceuticals.41 These previous findings imply

that ICG-loaded erythrocytes are less likely than native erythrocytes to spontaneously enter into stasis.

From a structural perspective, considering the higher than typical number of short, interconnecting vessel

segments that are characteristic of the choriocapillaris, it is not surprising that erythrocytes in stasis are

more abundant in the choriocapillaris when compared to the retinal capillaries, which contain a smaller

number of short, interconnecting vessel segments22,23 and would therefore be expected to have fewer cells

in stasis. It is also likely that any erythrocytes in stasis occurring within the retinal vasculature would remain

in stasis for a shorter amount of time than those occurring within the choriocapillaris due to the difference in

vascular structure. It is also important to note that while in the smallest retinal capillaries, which feature sin-

gle-file flow of individual blood cells, an erythrocyte in stasis could temporarily occlude blood flow; in

contrast, the larger lumen diameter of the choriocapillaris would in theory permit other erythrocytes to

flow past a single erythrocyte in stasis.

After establishing that erythrocyte stasis is a physiologically robust phenomenon observed in all eyes, we

showed that the distribution of erythrocyte in stasis is significantly changed in glaucoma when compared to

healthy eyes. Since the majority of the glaucoma cohort included glaucoma suspects, it’s possible that

these disruptions to the choroidal microvasculature may represent an early indicator of disease. We found

a statistically significant difference when taking the ratio between the number of cells in stasis in the peri-

papillary and macular regions, which may help to account for inter-subject variability observed in the ab-

solute number of cells in stasis observed. Our observations build upon previous studies that have reported

peripapillary atrophy of the retina and choroid associated with both the development and progression of

glaucoma.42 A clinicopathologic correlation of enucleated eyes suggested that the peripapillary chorioca-

pillaris may be responsible for peripapillary atrophy associated with glaucomatous degeneration.43 More

recently, swept source OCTA imaging has shown choroidal microvascular dropout in areas of peripapillary

atrophy that precedes glaucomatous structural damage, specifically thinning of the retinal nerve fiber

layer.13–16 These previous studies are consistent with the notion that glaucoma is more than a disease of

the inner retina, and that the choroidal and choriocapillaris circulation may be linked to the optic nerve cir-

culation. Taking these studies into consideration, it is possible that the relative reduction in stasis events

observed in the peripapillary area could be the result of dropout of short choriocapillaris segments in which

stasis events would have been expected to occur.

Up until now, choroidal flow disruptions extending beyond the immediate vicinity of the optic nerve head

has only been speculated and regional differences in choriocapillaris function unexplored. Our work estab-

lishes that the peripapillary choriocapillaris may be more affected than the macular choriocapillaris, which

is not surprising, considering that the choriocapillaris shares a common blood supply with the lamina cri-

brosa (short posterior ciliary artery), and may even contribute to the nourishment of the prelaminar optic

nerve head. Additionally, the lack of an autoregulatory response to elevated intraocular pressure44 may

also make the peripapillary region more susceptible to damage arising from functional changes of the cho-

riocapillaris. Such functional changes in the pattern of blood flow itself could also result in further changes

in the pattern of stasis observed in glaucomatous eyes. Finally, it is also intriguing to consider that the cho-

riocapillaris shares a common blood supply with the optic nerve head, providing a possible link between

early choriocapillaris dysfunction and nerve damage associated with glaucomatous optic neuropathy.

However, future studies are needed to elucidate potential relationships between choriocapillaris structure,

changes in blood flow pattern, and glaucomatous optical neuropathy.

The relative reduction in the number of stasis observed around the optic nerve is consistent with changes

in choriocapillaris in this area. For example, this could result from having fewer vessels or fewer branch

points in the choriocapillaris network, as illustrated by an example of a lack of erythrocyte stasis in one

subject with presumed toxoplasma retinochoroiditis, a disease which permanently affects choriocapillaris

vasculature (Figure S4). In this subject, there was a relative lack of erythrocyte stasis within the lesion when

compared to the areas outside of the lesion. OCTA also showed that the overlying retinal vessels were

intact, supporting our interpretation that the lack of stasis was reflective of choroidal vascular defects

as opposed to retinal vascular defects. This illustrative example supports our notion that damage to
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the choriocapillaris vascular architecture may result in reduced erythrocyte stasis. More broadly, the pro-

pensity for these cells in stasis to occur in short vessel segments (Figure 4C) illustrates how EMA may be

useful as a tool for monitoring choriocapillaris functions in different areas of the eye that may be locally

affected by disease.

This study establishes that there is a physiologically robust phenomenon of erythrocytes in stasis within the

choriocapillaris, which occasionally can remain in stasis for minutes to hours despite the relatively high vol-

ume of blood that flows through this capillary bed. Although this study represents, to our knowledge, the

largest cohort to date of in vivo EMA, more subjects across a wider age range and longitudinal studies are

needed in the future to gain better understanding of these transient stasis events in the choroidal micro-

circulation. We expect AO-EMA to reveal exciting new possibilities for visualizing the way individual blood

cells flow through the choriocapillaris network which cannot currently be performed by any other means,

in vivo or ex vivo. Demonstration of potential clinical utility in glaucoma using deep learning suggests

that tracking stasis events could be useful as a quantitative metric for identifying possible local changes

to the choroidal microvasculature. Aside from glaucoma, choriocapillaris damage has also been implicated

in other eye diseases, including age-related macular degeneration and diabetic retinopathy.3,45,46 This is

consistent with prior reports of decreased erythrocyte stasis in areas of the retina affected by macular

degeneration or retinal vein occlusion.17 Dropout of key capillary segments as well as changes in microvas-

cular blood flow in these diseases could also manifest with changes in the distribution of erythrocyte stasis.

These initial insights into how individual blood cells travel through the choroidal microcirculation in health

and disease may lead to novel strategies for early detection and tracking of microvascular damage. Ulti-

mately, the combination of AO with EMA introduces a tool for monitoring the microvascular health in other

neurodegenerative diseases such as Parkinson and Alzheimer diseases.47

Limitations of the study

In this study, AO imaging was performed at a time point of at least 1 h post EMA injection. Earlier time

points were not possible due to the time required to travel between research sites. In future studies, recruit-

ment of additional subjects across different age groups may provide further insights into the role of aging

on stasis events. Finally, evaluation of EMA in other diseases could further elucidate the relationship be-

tween erythrocytes in stasis and the overall health of neurovascular tissues.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Dr. Osamah Saeedi (OSaeedi@som.umaryland.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d Data underlying the findings of this study are available from the lead contact upon reasonable request.

d Custom codes which have not been previously described in the published literature used in this research

are available from the lead contact upon reasonable request.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Non-human primates

Two healthy male rhesus monkeys (Macaca mulatta, 11 and 17 years old, additional details in key resources

table) were used for this study. Each NHP underwent several imaging sessions under general anesthesia

with paralysis to control for eye movements (imaging and anesthesia protocol included in method details

below). Both eyes from each animal were imaged during each session. Baseline optical coherence tomog-

raphy (OCT) scans were taken during imaging sessions to assess and monitor ocular health over time. This

study adhered to the protocol approved by the Institutional Animal Care and Use Committee at the Uni-

versity of Maryland, Baltimore. Data from all four eyes of two NHPs imaged were included for qualitative

assessment of erythrocyte stasis.

Human subjects

Human subjects for this study were recruited from the Department of Ophthalmology and Visual Sciences

at the University of Maryland, Baltimore (additional details in Table S1). Control subjects were recruited

from the optometry practice and glaucoma or glaucoma suspect subjects from the glaucoma practice.

This study was approved by the institutional review boards of the University of Maryland, Baltimore and

the National Institutes of Health (NIH) and was conducted in accordance with the Declaration of Helsinki.

Informed consent was obtained from all participants prior to enrollment. To be eligible for inclusion,

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

male rhesus monkeys (Macaca mulatta) Harlan Laboratories and Rhenos LLC,

Buckshire Corp.

HS0804005, 11 years old (Harlan)

0205047, 17 years old (Rhenos LLC)

Software and algorithms

MATLAB Mathworks https://www.mathworks.com/products/

matlab.html

ImageJ Abramoff et al.48 https://imagej.nih.gov/ij/

Python PyTorch https://www.python.org/

Other

Spectralis HRA+OCT Heidelberg Engineering GmbH https://www.heidelbergengineering.com/

us/company/
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subjects had to be at least 18 years of age, have open angles on gonioscopy, best corrected visual acuity of

at least 20/200 in the study eye, and be designated control, glaucoma, or glaucoma suspect. The diagnosis

of glaucoma suspect includes subjects who have characteristics of glaucoma that may suggest early dis-

ease but do not fit the diagnostic criteria of the disease, such as those with elevated intraocular pressure

but no detectable structural and functional loss based on OCT or perimetry. Subjects were excluded from

participation if they had a known allergy to ICG, iodine, or shellfish, were pregnant or nursing, had signif-

icant liver disease or uremia, or were participating in any other investigational drug study.

All subjects received detailed ophthalmic examination by an experienced glaucoma specialist (OJS) who

then assigned the diagnosis of glaucoma, glaucoma suspect, or control based on the preferred practice

patterns of the American Academy of Ophthalmology.49,50 Controls had normal appearing optic nerves

with cup to disc ratio of 0.4 or less, normal retinal nerve fiber layer thickness, and intraocular pressure

less than 21 at all visits. There were no significant differences in the number of subjects with diabetes

and hypertension between groups. A subset of two enrolled subjects were recruited for AO-EMA imaging

(described below), which took place at the National Eye Institute (NEI) at the NIH in Bethesda, Maryland.

For these subjects, an additional informed consent was obtained for the procedures performed at the NEI.

These additional procedures were performed over multiple visits: baseline imaging two weeks prior to

EMA to verify the absence of any ICG signal, AO-EMA imaging the same day as EMA imaging at the Uni-

versity of Maryland (2–3 hours after injection to account for travel time), and follow up imaging one day and

two weeks after the initial AO-EMA imaging. In one subject, AO-EMA was repeated one year afterwards.

In total, 37 eyes of 22 human subjects underwent EMA imaging. Depending on the ability of the subject to

complete the imaging procedures and the resulting image quality, images from a subset of patients were

used for each analysis (Table S1). For quantification of erythrocyte stasis in the FAZ, 31 eyes of 18 subjects

were analyzed: six eyes of four human subjects were excluded as they did not have OCTA that could be

used to accurately identify the FAZ (OCTA instrumentation was acquired 2 years into the study). For the

analysis on determining the distribution of erythrocyte stasis, 21 eyes of 16 subjects were analyzed: 12

eyes of 12 subjects had macular angiograms but did not have peripapillary angiogram, two eyes of one pa-

tient had no peripapillary or macula angiograms, and two eyes of two subjects were excluded due to exces-

sive motion artifact or variability, making image registration and analysis impossible. As mentioned above,

two subjects were co-enrolled in a study of AO and in-depth analysis was completed on images of those

four eyes.

EMA preparation

The same process for labeling erythrocytes was followed for both NHPs and humans, based on previously

published procedures.18 Briefly, 17 mL of blood was drawn prior to imaging, on the day of the procedure.

Erythrocytes were isolated from whole blood in a sterile fashion, loaded with ICG and prepared for autol-

ogous injection. Up to 1 mL of autologous ICG-loaded erythrocytes were injected intravenously in NHPs,

and up to 4 mL of autologous ICG-loaded erythrocytes were intravenously injected into human subjects.

NHP preparation and injections took place at the University of Maryland School of Medicine, and human

erythrocyte preparation and injections took place in the General Clinical Research Center within the Uni-

versity of Maryland Medical Center. The physical configuration of the ICG-loaded erythrocytes was

checked under the microscope prior to injection.17

METHOD DETAILS

NHP imaging

Prior to injection, the NHPs were anesthetized with ketamine (5–10 mg/kg) and xylazine (0.2–0.4 mg/kg),

and paralyzed with vecuronium (40–60 mg/kg, followed by 0.35–45 mg/kg/min). NHPs were intubated

with an endotracheal tube and given 100% oxygen from an isoflurane anesthesia unit. A thermal blanket

was used to maintain body temperature throughout the session. NHPs were dilated with Tropicamide

1% and a wire lid speculum was used to separate the lids of the eye being examined. While lying in the

prone position, averaged 15, 20, and 30-degree field of view (FOV) images centered on the macula were

obtained using the Automatic Real-time Tracking (ART) Mean function of a Heidelberg Retinal

Angiograph + Optical Coherence Tomography (HRA + OCT) device (Heidelberg Engineering GmbH, Ger-

many). Optical coherence tomography angiography (OCTA) was performed at the macula using the same

device. Balanced salt solution was used throughout the imaging session to lubricate the cornea. NHP heart

rate, blood pressure, body temperature, respiratory rate, oxygen saturation (SpO2), and end tidal carbon
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dioxide levels were monitored throughout the imaging session. A topical antibiotic ointment (erythro-

mycin) was applied to the eyelids at the end of each imaging session to prevent ocular infection.

Standard EMA in human

The patients’ heart rate, respiratory rate, blood pressure, and temperature were monitored at baseline and

recorded throughout the session. Prior to erythrocyte injection, human participants underwent pupillary

dilation using Tropicamide 1% at the University of Maryland Medical Center. Retinal angiograms were ob-

tained using an SLO (Heidelberg Retinal Angiograph 2, Heidelberg Engineering GmbH, Germany). Angio-

grams were taken at the peripapillary and macular regions of each study eye using a 15-degree horizontal

by 7.5-degree vertical FOV at a rate of 24.6 frames per second centered at the optic disc or fovea respec-

tively. Averaged 30-degree FOV Automated Real-time Tracking (ART) images of the retina were also ob-

tained. OCTA was performed, centered on the macula.

AO-EMA

Prior to imaging, eyes of each subject were dilated with Tropicamide 1% at the NEI. Multimodal AO-SLO

imaging was performed27 using a custom-built instrument that incorporates confocal reflectance,29 non-

confocal split detection,51 and AO-ICG.28 These three imaging channels were used primarily to visualize

reflective cone photoreceptors, inner retinal vasculature, and choriocapillaris/ICG-loaded erythrocytes,

respectively. Briefly, the system uses a 790 nm superluminescent diode (SLD) (S-790-G-I-15-M, Superlum,

Ireland) for imaging and an 880 nm SLD (SLD-mCS-341-HP1-SM-880, Superlum, Ireland) for wavefront

sensing. AO-ICG imaging was performed with a 5 Airy Disk Diameter pinhole, expected to provide an axial

resolution of �35 mm.52 For each eye, a total of 40 to 80 videos, each 20-seconds to 2-minutes long (16.7

frames per second), were acquired at various locations near the macula. During image acquisition, the sub-

ject was asked to look at a computer-controlled fixation target53 and to blink naturally.

At all visits, subjectswere imaged across a 30� FOVusing a commercially available SLOcapable of detecting ICG

to identify locations of any erythrocytes in stasis (Spectralis HRA+OCT, Heidelberg Engineering GmbH, Ger-

many). At the baseline visit, SLO and AO images were used to confirm the absence of erythrocytes in stasis.

On the day of EMA imaging, AO-SLO imaging was performed immediately after SLO imaging at locations of

identified cells in stasis (square FOV ranging from 1 to 2� on the retina). At selected stasis locations, a series

of AO images was sequentially acquired at different focal planes. SLO imaging was repeated every hour in be-

tween AO-SLO imaging acquisitions to track the dynamics of erythrocytes in stasis, over a total of three to four

hours, which included frequent breaks throughout imaging. A follow up visit was performed one day later to

confirm the presence or absence of ICG-loaded erythrocytes in stasis. At the final visit two weeks post EMA in-

jection, SLO imaging was repeated and then AO-ICG angiography was performed to map out the choriocapil-

laris following intravenous administration of 25 mg of ICG dye dissolved in 3 mL of aqueous solution.10

Data processing and analysis

Preprocessing

For standard EMA, angiograms collected during the human imaging sessions were registered to minimize

the effects of eye movement and contrasted to optimize detection of cells in stasis using a customMATLAB

(MathWorks, vR2019a) script.54,55

For AO-EMA, eye motion was corrected following standard procedures,56 and averaged AO images were

assembled into a larger montage and registered to the SLO images for comparison.

Erythrocyte stasis in the FAZ (standard EMA)

To identify erythrocytes in stasis in the choroidal circulation, stationary cells located within the FAZ in NHPs

and humans were counted. Temporally averaged EMA images of at least 25 sequential frames were used to

identify cells in stasis. En face OCTA images were superimposed onto the averaged EMA image, permit-

ting delineation of the FAZ border, a region devoid of retinal vasculature. The number of cells in stasis

within the FAZ were counted.

Distribution of stasis events (standard EMA)

For each angiogram, we used the temporal average (TA) of 25 consecutive EMA frames to visualize eryth-

rocytes in stasis for at least one second. This resulted in 5 to 15 images per video which were analyzed to
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assess the distribution of erythrocytes in stasis across different retinal locations. Erythrocytes in stasis in the

peripapillary and macular regions were identified using a validated neural network as described in more

details below (see ‘‘dataset annotation’’).

The number and distribution of the cell densities in the disc and macula regions for control and glaucoma

subjects were subsequently analyzed. In this analysis glaucoma and glaucoma suspect subjects were

grouped together and compared to the control group. The absolute number of cells in the macula and

the peripapillary area were compared between these two groups as well as the relative number (to account

for alterations in concentrations of labeled erythrocytes), which was characterized using the ratio of cells in

the peripapillary area to the macular area (peripapillary to macular ratio, PMR). A generalized estimating

equation was used to account for using two eyes of the same subject.

Axial localization of erythrocyte stasis (AO-EMA)

Since the AO-SLO system uses a larger imaging beam compared to the SLO, the AO-SLO system had a

higher axial resolution57 than the SLO system used in this study. This allowed for better axial localization

of each ICG-labeled cell in stasis, based on the calculation of FWHM values of the ICG signal profile of

each cell across the different focal planes, ranging from inner retinal layer to near the choroid (FWHM

values were expected to be the smallest when the cell is in focus and to be larger when the cell is out of

focus). The corresponding confocal reflectance and split detection images were used to determine the

axial location of the focal planes. Retinal vessels were visible in the split detection channel when the focal

plane was set near the inner retina, and the cone photoreceptors were visible in the confocal reflectance

channel when the focal plane was set near both the photoreceptor and choriocapillaris layers.10 To evaluate

changes in FWHM measurements across different AO focal planes, the choriocapillaris focal plane was set

as the origin, and focal shifts were converted from diopters to millimeters based on a modified Bennett-

Rabbett model eye in which the axial length, corneal curvature, and anterior chamber depthmeasurements

(IOL Master, Zeiss) from the subject’s dilated eye were used.

Mapping the choriocapillaris and FAZ (AO-EMA)

In vivo images of the choriocapillaris were obtained by imaging ICG dye using AO-SLO.10 Briefly, the ICG

fluorescent signal profile over time was measured over the initial two minutes of the transit phase after a

bolus of ICG dye was delivered intravenously. As expected, multiple fluorescent peaks were identified, cor-

responding to the initial passage of dye through the eye and subsequent recirculation of dye. Choriocapil-

laris images were obtained by subtracting the averaged ICG signal after dye recirculation (one to two mi-

nutes after injection) from the averaged ICG signal during the passage of the initial bolus (10 to 20

seconds after injection). Up to two choriocapillaris images could be obtained per subject by splitting the to-

tal 3 mL ICG dose into two sequentially-administered doses of 1 and 2 mL ICG. Simultaneously-acquired im-

ages of the cone photoreceptors were used to co-register images of the choriocapillaris with other AO

images.

Images of the parafoveal retinal capillaries were obtained from non-confocal split detection AO videos ac-

quired with the focal plane set to the inner retina. The vascular structure was calculated based on motion

contrast enhancement.23,58 Briefly, for each video, a pixel-by-pixel standard deviation image was calcu-

lated on an eye-motion corrected video. Some pixels at the edges of each image were not visible due

to eye motion that shifted the location of the retina being imaged from frame to frame. Therefore, the stan-

dard deviation calculation was performed on a subset of available pixels. The resulting images of perfused

retinal vessels were montaged to map the FAZ. Similar to above, simultaneously acquired confocal reflec-

tance images of photoreceptors were used to co-register images of the parafoveal capillaries with other

AO images.

AO-ICG choriocapillaris segmentation

Segmentation of choriocapillaris was performed as described previously.10 First, Hessian-based Frangi fil-

ter59 was applied to the AO-ICG choriocapillaris image using MATLAB (MathWorks, vR2021a), which re-

sulted a binary mask of vessel segments. Next, manual correction was performed by overlaying the binary

mask on top of the choriocapillaris image to correct for any errors in segmentation (Figure S2). To compare

locations of cells in stasis from multiple EMA procedures, images were spatially registered to the binarized

choriocapillaris map based on retinal landmarks. All observed cells in stasis were then marked and catego-

rized according to imaging modalities and time points.
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The probability that cells in stasis were localized to choriocapillaris vessel segments was assessed using a

one-sided binomial test, with the expected probability of success set to be the percentage of pixels cor-

responding to choriocapillaris vessel lumens across the image (68%).

Automated detection of erythrocyte stasis using deep learning

Dataset annotation. For each eye, four scanning laser ophthalmoscope (SLO) images were selected with

two 15-by-7.5-degree ROIs centered at the optic nerve head (excluding the optic nerve head itself), and

two 15-by-7.5-degree ROIs centered on the macular region (Figures 5A and 5B). If there was overlap be-

tween the optic nerve head and macula ROIs, then the macula ROI was further cropped to exclude the

area of overlap. Two expert graders manually identified erythrocytes in stasis in a total of 24 images

from which binary masks were generated using pixel by pixel labeling. Inconsistent labels from the two

graders were arbitrated by a third expert grader to achieve a final set of consensus annotations.

Network architecture, training, evaluation. The erythrocyte detection network was implemented in Py-

Torch using a regression-based neural network60 as shown in Figure S3. The network design followed the

U-net architecture61 except that a regression map generated by the distance transformation of the ground

truth binary mask was used for training. Compared to the binary mask, the distance map preserved the

erythrocyte spatial information, while at the same time, it reinforced the prediction importance for the

cell centroid positions while weakening the prediction importance for cell boundaries. During training,

data augmentation was carried out in a patch-based manner, in which 48 by 48-pixel randomly cropped

image patches were augmented following random transformations (rotation, mirroring, and translation).

The network parameters were optimized using the Adam algorithm with an initial learning rate of

3 3 10�4, betas = (0.9, 0.999).

Following training, the cell detection model was applied to full-sized SLO images using sliding windows

with a step size of 16 pixels in both horizontal and vertical directions. The outputs from all sliding windows

were merged to reconstruct the distance map prediction over the full-sized SLO image. Erythrocyte loca-

tions were determined as the local maximum of the distance map constructed using a 5 by 5 set of neigh-

boring pixels. An example of detected cells is shown in Figures S3B and S3C.

Evaluation was performed using a six-fold cross validation strategy (leave-one-eye). Specifically, in each

cross-validation folder, 20 images from five eyes (four images per eye) were used for network training

and four images from the remaining eye were used for network validation. The predicted cells were

matched with ground truth cells according to a linear assignment Kuhn-Munkres algorithm62 based on

the Cartesian distance cost function. Overall, the automated cell detection algorithm achieved favorable

detection accuracy, with an average F1 score of 93.8G2.8% (meanGSD) across the six folds (Table S2).

Although there were some incorrect predictions, the overall cell count predictions across the complete da-

taset were highly correlated with the ground truth cell counts (R2 = 0.9827, p<0.001; Figure S3D). The

average relative counting error (ratio between absolute count error and total cell counts) was 1.27%. These

results demonstrate the performance of the regression-based U-net model for automated detection of

erythrocytes on EMA images.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are represented as mean G standard deviation (SD). The exact values of n are indicated. A binomial

test was used to calculate the likelihood that all cells observed in stasis across different visits were located

within the choriocapillaris lumens (see section ‘‘correlative multimodal imaging of erythrocyte stasis reveals

localization to the choroidal microvasculature’’). Generalized estimating equation was used to compare the

difference in the relative distribution of cells in stasis between control and glaucoma eyes (Figure 5). All

tests were conducted using Matlab or Python. Statistical significance was set at p < 0.05.
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