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PURPOSE. To examine the associations of optical coherence tomography angiography
(OCTA)–derived retinal capillary flux with systemic determinants of health.

METHODS. This is a cross-sectional study of subjects recruited from the African American
Eye Disease Study. A commercially available swept-source (SS)-OCTA device was used
to image the central 3 × 3 mm macular region. Retinal capillary perfusion was assessed
using vessel skeleton density (VSD) and flux. Flux approximates the number of red blood
cells moving through vessel segments and is a novel metric, whereas VSD is a previously
validated measure commonly used to quantify capillary density. The associations of OCTA
derived measures with systemic determinants of health were evaluated using multivariate
generalized linear mixed-effects models.

RESULTS. A total of 154 eyes from 83 participants were enrolled. Mean VSD and flux were
0.148 ± 0.009 and 0.156 ± 0.016, respectively. In a model containing age, systolic blood
pressure, diabetes status, hematocrit, and presence of retinopathy as covariates, there
was a negative correlation between VSD and age (P < 0.001) and retinopathy (P = 0.02),
but not with hematocrit (P = 0.85) or other factors. There was a positive correlation
between flux and hematocrit (P = 0.02), as well as a negative correlation for flux with
age (P < 0.001), systolic blood pressure (P = 0.04), and diabetes status (P = 0.02). A 1%
decrease in hematocrit was associated with the same magnitude change in flux as ∼1.24
years of aging. Signal strength was associated with flux (P < 0.001), but not VSD (P =
0.51).

CONCLUSIONS. SS-OCTA derived flux provides additional information about retinal perfu-
sion distinct from that obtained with skeleton density-based measures. Flux is appropriate
for detecting subclinical changes in perfusion in the absence of clinical retinopathy.
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The retinal vasculature has been studied extensively as
an indicator of systemic vascular diseases. For example,

central retinal arteriolar narrowing has been associated with
stroke,1 high blood pressure,2,3 and cardiac perfusion4,5 and
central retinal venular widening has been noted in anemia6

and diabetes.7 Arteriolar and venular diameters are also
significantly correlated with systemic hematologic variables
such as hemoglobin and hematocrit levels.8,9 These studies
based on fundus photography provide compelling evidence
that macroscopic changes in retinal arterioles and venules
reflect changes in systemic blood flow and are significant
predictors of systemic health and disease. These changes
strongly suggest corresponding changes in retinal capil-
lary perfusion, which are much harder to detect in human
subjects in a clinically meaningful way.

Optical coherence tomography angiography (OCTA) is
a relatively novel, high-resolution, minimally invasive, and
Food and Drug Administration–approved imaging modal-

ity that allows assessment of retinal perfusion with capil-
lary level precision.10,11 OCTA-based metrics have been
used to quantify retinal capillary density in pathology rang-
ing from diabetes to dementia10,12–15 and in quantifying
inducible physiological changes in retinal perfusion.16,17

Therefore OCTA-based measures provide an ideal opportu-
nity to further explore and understand the association of
systemic vascular variables with retinal capillary perfusion.
In this study, we report associations of retinal capillary flux, a
novel measure of capillary perfusion, with systemic determi-
nants of health and disease using a state-of-the-art, commer-
cially available swept-source (SS) OCTA system.We compare
a previously validated OCTA-derived measure called vessel
skeleton density (VSD) with flux.

In vitro18 and in vivo15,18 studies demonstrate that flux
approximates the number of red blood cells moving through
capillary segments and is a potentially useful measure of
retinal perfusion in addition to other OCTA derived metrics.
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Flux is an approximation of the average number of red
blood cells (RBC) passing through capillary segments using
the complex-based OCTA technique called optical microan-
giography (OMAG).18 Flux is independent of flow velocity
because of the large amount of time between the A-scans
but is dependent on particle concentration.18,19 The relation-
ship of flux with particle concentration has been analytically
modeled and validated in vitro using microfluidic phantoms
and intralipid solution.18,20,21 These experiments and models
suggest that OMAG signal intensity is directly proportional
to the concentration of particles moving through an imaging
voxel. In vitro experiments have repeated these findings with
hematocrit over the range of 32% to 45% and confirmed a
positive association with flux and decorrelation signal inten-
sity.22 Because blood flow in capillaries is essentially the
same as the movement of RBCs, capillary flux may be more
sensitive to changes in retinal perfusion at the capillary level
than traditional measures of vessel or skeleton density such
as VSD. Specifically, VSD represents the number of perfused
capillary segments containing particles with velocities rang-
ing between 0.3 to 3 mm/sec.

This study aims to determine whether retinal capillary
flux is a useful tool for the assessment of subclinical changes
in commonly used systemic determinants of health. The
results of this methodology can provide additional, comple-
mentary data to previous studies of large-caliber retinal
vascular associations with systemic determinants of health.

METHODS

Subjects

A total of 125 participants of the African American Eye
Disease Study23 were invited for the study and consented to
their participation. The African American Eye Disease Study
is a population-based study of 40+-year-old African Amer-
ican residents of Inglewood, California, who underwent
a comprehensive ophthalmic examination.23 These partici-
pants were enrolled at the Roski Eye Institute of the Univer-
sity of Southern California. The study was approved by and
conducted in compliance with the University of Southern
California Institutional Review Board. All subjects had the
following systemic determinants of health assessed: blood
pressure, complete blood count (including white blood
cell count, red blood cell count, hemoglobin, hematocrit,
and platelet count), and point-of-care hemoglobin A1c and
microhematocrit. All subjects completed a medical history
questionnaire reporting their sex, cigarette smoking (current
smoker or not), diabetes status, hypertensive status, and
hypertensive medication use. Subjects were classified as
diabetic if they endorsed a history of diabetes mellitus or had
a hemoglobin A1c value of ≥6.5%. Subjects were classified as
hypertensive if they were prescribed hypertension medica-
tion, endorsed a history of hypertension, or presented with
a systolic blood pressure >140 mm Hg or diastolic blood
pressure >90 mm Hg. Past medical records indicating any
type of retinopathy status (including macular edema) were
noted. Subjects also underwent an ophthalmic examination
that included dilation, refraction, and visual acuity measure-
ments.

Imaging

Swept-source OCTA images were acquired using a commer-
cially available device (PlexElite 9000; Carl Zeiss Meditec,

Dublin, CA, USA) with a scan speed of 100 or 200 kHz,
respective interscan interval of ∼4 ms or ∼2 ms, central
wavelength of 1060 nm, and bandwidth of 100 nm provid-
ing an axial resolution of 6 μm and lateral resolution of
20 μm. The device uses an OMAG-based algorithm to
measure decorrelation.24 Images were centered on a
3 mm × 3 mm region over the fovea. Each OCTA image
consisted of 300 horizontal B-scans with 300 A-scans per
B-scans and 1536 pixels per A-scan. A target of three accept-
able OCTA volumes was recorded for the eye of each
subject. One image from each eye was selected for further
analysis, and the signal strength and axial length were
noted.

Image Analysis

OCTA images with the following characteristics were
selected for analysis from each eye: signal strength >7
(as assessed by the vendor’s commercially available native
software), centered on the fovea, lacking hyporeflective
or hyper-reflective artifacts on en face structural images
and with fewer than 10 visibly detectable motion artifacts
(defined as horizontal disruptions in continuous vessels
of more than 1 pixel width). Analyses were limited to
the superficial retinal layer (SRL) to minimize confound-
ing effects of projection artifacts and segmentation errors.
Images were also excluded if the segmentation algorithm
had errors and either SRL boundary could not be reli-
ably manually segmented by experienced graders. The
SRL was defined from the internal limiting membrane
to the outer boundary of the inner plexiform layer
using the commercially available automated segmentation
algorithm.

A previously validated, semi-automated, custom MATLAB
(MathWorks Inc., Natlick, MA, USA) algorithm was used to
calculate vessel skeleton density (VSD10,24,25) and flux.15,18

As described previously, VSD is a measure of overall vessel
length within an OCTA image and is computed by reduc-
ing all vessel segments to one-pixel width before calculating
the ratio of the total length of vessels to the total area of
the image.10,24 Flux is calculated by averaging the absolute
(non-binarized) decorrelation intensity values from regions
of the image occupied by vascular structures.15,18 This is
described in more detail in Abdolahi et al.26 Pseudocolor
flux and skeletonized vessel maps for two subjects are illus-
trated in Figure 1.

Statistical Analysis

All regression models were analyzed using R (version 3.6.3).
VSD and flux were treated as continuous outcomes. The
systemic determinants of health that were available and
investigated were sex, age, hypertensive status, systolic
blood pressure, diastolic blood pressure, diabetes status,
hemoglobin a1c, smoking history, hematocrit, hemoglobin,
white blood cell count, red blood cell count, platelet count,
and the presence of retinopathy. Each of these factors was
investigated because of previously shown associations with
arteriole or venous retinal diameters8,9,27 or VSD.12 Multi-
variable analyses were performed for each systemic determi-
nant while adjusting for sex, age, signal strength and corre-
lation between two eyes using mixed-effects linear regres-
sion. Determinants of health that were significant (P < 0.05)
in either the VSD or flux regression analysis were used
to generate a mixed-effects linear regression model of the
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FIGURE 1. Vessel flux and skeletal vessel map from the right eyes of
two female participants with OCTA image signal strength of 10 and
hematocrit values spanning the normative range from the cohort of
subjects in this study. Note that the subject with the higher hemat-
ocrit value demonstrates a relatively higher flux value than skeleton
density value.

association of systemic determinants with either VSD or flux.
Determinants were modeled as fixed-effects except for the
between-eye correlation that was modeled as a random inter-
cept and adjusted using a compound symmetry correlation
matrix.28 Semi-partial and total R2 values were calculated to
demonstrate how each model element independently and in
combination contributed to the variation in OCTA flux and
VSD. Semi-partial R2 conceptually is the decrease in the R2

statistic without the variable of interest. The sum of the semi-
partial R2 of every determinant need not be equal to the total
R2 of the model because every factor may be positively or
negatively correlated with one another in varying ways, if at
all.29 Least-square means were calculated for selected vari-
ables with clinically meaningful cutoffs for continuous vari-
ables (age ≥65 or <65, hematocrit ≥40 or <40) to demon-
strate the magnitude of their effects on the OCTA parame-
ters. Interactions between two factors were tested by includ-
ing their product terms in the regression model. Associa-
tions were considered significant if P < 0.05. All P values
are reported based on two-sided tests.

RESULTS

Characteristics of the Study Population

The study enrolled 85 subjects (170 eyes). OCTA images
that met inclusion criteria were available for 83 subjects (27
males and 56 females) (154 eyes). Mean axial length of the
cohort was 23.80 mm ± 1.20 mm.Mean signal strength of the
OCTA images was 9.32 ± 0.66. The demographic features of
this cohort are summarized in Table 1. The imaging charac-
teristics of this cohort are seen in Supplementary Table S1.
There were significant differences in flux (P < 0.001), signal
strength (P < 0.001), and VSD (P = 0.003) for subjects aged
≥65 versus those younger than 65 years of age. Axial length
was the only significantly different (P = 0.04) imaging vari-
able between sexes.

TABLE 1. Subject Demographics

Determinant All Subjects

No. of subjects (no. of eyes) 83 (154)
Age (y)
Mean ± SD 66.2 ± 8.9
Range 40–83

Hypertension*, No. of subjects (%) 63 (75.9%)
SBP (mm Hg), mean ± SD 146.4 ± 24.5
DBP (mm Hg), mean ± SD 84.8 ± 12.1
Diabetes†, no. of subjects (%) 22 (26.5%)
HbA1c (%), mean ± SD 6.30 ± 1.57
Current smoker, no. subjects (%) 10 (12.0%)
Hematocrit (%)
Mean ± SD 39.99 ± 4.36
[Normal Low–Normal High] [38.80–53.20]

Hemoglobin (g/dL)
Mean ± SD 12.93 ± 1.66
[Normal Low–Normal High] [13.30–17.70]

White blood cell count ×103/μL
Mean ± SD 6.21 ± 1.99
[Normal Low–Normal High] [4.00–10.90]

RBC count ×106/μL
Mean ± SD 4.55 ± .48
[Normal Low–Normal High] [3.80–5.20]

Platelet count ×102/μL
Mean ± SD 248.55 ± 54.5
[Normal Low–Normal High] [150.00–400.00]

Retinopathy‡, no. subjects (%) 7 (8.4%)

SD, standard deviation; SBP, systolic blood pressure; DBP, dias-
tolic blood pressure.

* Subjects were categorized as hypertensive if they were
prescribed hypertension medication, endorsed a history of hyper-
tension, or presented with a systolic blood pressure > 140 and/or
diastolic blood pressure > 90.

† Subjects were categorized as diabetic if they endorsed a history
of diabetes mellitus or had a hemoglobin A1c value of 6.5% or
greater.

‡ Subjects were designated as having retinopathy if medical
records indicated a history of retinopathy or diabetic macular
edema.

Associations Between OCTA Derived Variables
and Systemic Determinants

Each systemic determinant was analyzed for significance
in its own multivariate regression model with flux or VSD
as the dependent variable while accounting for intra-eye
correlation and including age, sex, and signal strength as
covariates (Table 2). Retinopathy was the only factor signif-
icantly correlated (P = 0.03) with VSD where the presence
of retinopathy decreased the image VSD. History of diabetes
(P = 0.02), systolic blood pressure (P = 0.04), hematocrit
(P = 0.02), and hemoglobin (P = 0.01) were significantly
correlated with flux whereas the red blood cell count was
borderline significant (P = 0.06). Age was significant in
all models (P < 0.02), whereas sex was never significant.
Although not a systemic determinant, it is important to note
that signal strength in the range of 8 to–10 was a significant
contributor to flux (P < 0.001) but not VSD in all models
evaluated.

We also examined the association of axial length on VSD
and flux in this cohort and it was not a significant covariate
for either VSD or flux in any of the models we assessed.
Therefore it was excluded from the final model.
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TABLE 2. Multivariate Analysis of Factors Associated With Flux or VSD

VSD Flux

Laboratory or Historical Characteristic* Beta† (SE) 10−3 P Value Beta† (SE) 10−3 P Value

Hypertension‡ 0.791 (2.182) 0.72 −4.607 (3.287) 0.17
SBP (mm Hg) 0.033 (0.038) 0.39 −0.120 (0.056) 0.04
DBP (mm Hg) −0.042 (0.072) 0.56 −0.089 (0.110) 0.42
Diabetes§ 1.010 (2.031) 0.62 −7.374 (3.000) 0.02
Ha1c −0.298 (0.584) 0.61 −0.969 (0.888) 0.28
Smoker|| −5.135 (2.601) 0.05 0.034 (4.090) 0.99
Hematocrit (%) 0.127 (0.208) 0.54 0.749 (0.307) 0.02
Hemoglobin (g/dL) 0.211 (0.566) 0.71 2.253 (0.842) 0.01
White blood cell count ×103/μL 0.172 (0.451) 0.70 −0.254 (0.706) 0.72
RBC count ×106/μL 0.736 (1.946) 0.71 5.668 (2.962) 0.06
Platelet count ×102/μL 0.018 (0.017) 0.28 0.002 (0.027) 0.95
Retinopathy¶ −4.443 (1.954) 0.03 −1.717 (2.948) 0.56

SBP, systolic blood pressure; DBP, diastolic blood pressure.
* All models adjusted for age, sex and signal strength with the addition of the variable of interest.
† Beta values represent the change in the output of interest (VSD or flux) for a single unit increase in the case of continuous variables or

by the presence of the characteristic in the case of indicator variables.
‡ Subjects were categorized as hypertensive if they were prescribed hypertension medication, endorsed a history of hypertension, or

presented with a systolic blood pressure > 140 and/or diastolic blood pressure > 90.
§ Subjects were categorized as diabetic if they endorsed a history of diabetes mellitus or had a hemoglobin A1c value of 6.5% or greater.
|| Smoker was categorized as current smoker versus not.
¶ Subjects were designated as having retinopathy if medical records indicated a history of retinopathy or diabetic macular edema.

Multivariable Adjusted Linear-Mixed Effects
Model

To estimate the potential contribution of systemic deter-
minants to OCTA-derived measures of VSD and flux, we
developed combined models of VSD or flux that included
all the significant systemic determinants for either flux or
VSD from Table 2 including: age, systolic blood pressure,
diabetes status, hematocrit, and the presence of retinopathy.
This combined model is described in Table 3.

Significant systemic determinants of VSD included age
(P < 0.001) and the presence of retinopathy (P = 0.02).
All determinants marginally increased the R2 of the model
except for diabetes status with the largest contributor being
age (R2 = 0.148) for an overall R2 = 0.171. To demon-
strate effect sizes of relevant clinical categories on VSD, a
revised model with the same determinants was made, but
age (≥65 vs.<65) and hematocrit (≥40 vs.<40) were treated
as categorical variables and least-square means were esti-
mated. Least square mean VSD and flux values are plotted

in Figure 2. Both changes in age category from less than
age 65 to age 65 or greater and the presence of retinopathy
accounted for a change of about 0.05 in VSD.

Significant systemic determinants of flux included age (P
< 0.001), diabetes status (P = 0.02), systolic blood pressure
(P = 0.04) and hematocrit (P = 0.02). Age (R2 = 0.161) was
the largest systemic determinant in the overall model (model
R2 = 0.353) whereas hematocrit (R2 = 0.074), diabetes (R2

= 0.067), and systolic blood pressure (R2 = 0.057) were
secondary contributors. As with VSD, a revised model with
the same determinants was made where age and hematocrit
were treated as categorical variables, and least-square means
were estimated. Age 65 or older versus age younger than 65
had the greatest effect on the flux estimate (with a difference
of 0.01) whereas the hematocrit category (<40% vs. ≥40%)
and diabetes status (yes vs. no) were similar in effect size
with changes of 0.006 and 0.008, respectively (Fig. 2).

The above-mentioned associations did not change qual-
itatively when adjusting for signal strength (Supplementary
Table S2) or interactions between sex and age.

TABLE 3. Combined Mixed Effect Linear Model Parameters for VSD or Flux Models

VSD Flux

Model Factor
Beta* (SE)

10−3 P Value
Semi-Partial

R2
Full Model

R2
Beta* (SE)

10−3 P Value
Semi-Partial

R2
Full Model

R2

Age, per year −0.357 (0.101) <0.001 0.148 0.171 −0.612 (0.170) <0.001 0.161 0.353
Systolic blood pressure, per mm Hg 0.037 (0.038) 0.34 0.013 −0.131 (0.064) 0.04 0.057
Diabetes (yes vs. no)† 0.166 (1.997) 0.93 0.000 −7.564 (3.356) 0.02 0.067
Hematocrit, per % −0.037 (0.195) 0.85 0.001 0.758 (0.328) 0.02 0.074
Retinopathy (yes vs. no) −4.885 (2.005) 0.02 0.037 1.226 (3.233) 0.71 0.001

SE, standard error.
* Beta values represent the change in the output of interest (VSD or flux) for a single unit increase in the case of continuous variables or

by the presence of the characteristic in the case of indicator variables.
† Subjects were categorized as diabetic if they endorsed a history of diabetes mellitus or had a hemoglobin A1c value of 6.5% or greater.
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FIGURE 2. Least square mean estimates for select elements of the complete VSD and flux models.

DISCUSSION

Using a commercially available swept-source OCTA system,
we demonstrate that flux is a useful measure of retinal perfu-
sion that is sensitive to well-established systemic determi-
nants of health and disease such as age, systolic blood pres-
sure, hematocrit and diabetes status. This data suggests that
flux is a novel measure of subclinical changes in perfu-
sion that may occur very early in retinal vascular disease.
For example, it is well understood that retinopathy takes
many years to manifest in diabetic patients, but abnormal
retinal perfusion and histopathologic capillary damage have
been documented much earlier than clinically detectable
retinopathy.

It is widely known that impaired regulation of blood flow
in non-capillary retinal vessels (arterioles, venules, arteries
and veins) is a preclinical finding in subjects with diabetes
but with no retinopathy. Our results now suggest that
this finding can be extended to impaired capillary flow in
diabetic subjects independently of the presence of retinopa-
thy. In fact, flux was not found to be associated with frank

retinopathy. This may be due to capillary dropout, which
measures such as VSD capture more effectively. However, it
is also possible that the small number of retinopathy patients
in this study may limit our ability to capture an association
between flux and retinopathy. The observation that flux was
significantly associated with a diagnosis of diabetes, but not
necessarily with hemoglobin a1c, suggests that flux changes
may be best used as an early sign of pathology. Flux in
conjunction with other OCTA parameters, like VSD, could
provide a more complete picture of the vascular health of a
patient.

The association of flux with axial length was also consid-
ered. Axial length can confound OCTA-based measures via
transverse magnification of the imaged area, especially for
measures of vascular density that change significantly with
radial eccentricity from the fovea. Unlike capillary density–
based measures, there is no evidence that capillary blood
flow or RBC flux varies as a function of distance from the
fovea. Therefore, because flux-based measures are based on
pixel intensity rather than pixel number, it may be possi-
ble that flux is less likely to be impacted in the same
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manner as vessel density measures with small variations
in the field-of-view. One piece of evidence that supports
this idea is that axial length was not found to be associ-
ated with flux in this study. In contrast axial length has
been shown to be associated with density measures in larger
studies.30 In any case, although we have no evidence that
axial length was a confounding variable in this particular
study, additional studies in larger populations will be neces-
sary to accurately assess the magnitude and significance of
axial length on flux as has been done for vessel density
measures.30

In this study, vessel skeletal density in the superficial reti-
nal layer was not shown to vary with any of the systemic
risk factors that were assessed except for age. Age is a
known determinant of vessel skeletal density with a strong
association.31,32 We also show that age is a strong deter-
minant for flux. For some factors such as blood pressure
derivatives, hemoglobin a1c, and sex, larger sample sizes
have found a significant correlation in univariate analysis
with vessel skeletal density that we did not.31 However,
correlations in vessel skeletal density for each of these
factors are inconsistent across the literature and without
a clear conclusion.31,33–35 For other parameters such as
smoking history, we did not find a correlation consis-
tent with previous studies.31,34,36 This suggests that our
data are in agreement with the literature at large and
that our significant findings are those with a higher effect
size.

Our study also shows the strong dependence of flux on
signal strength, a correlation not seen with vessel skele-
tal density. This is observed even between those with
the highest signal strength grades of 9 and 10, which
comprises the vast majority of this dataset. This is expected
because signal intensity at any single pixel will correlate
with the overall signal strength. As seen in Supplemen-
tary Table S2, when signal strength was added to the
model, it did not change the conclusions of the study.
However, the strength of this correlation suggests that only
high-quality images should be included in analyses involv-
ing flux. As seen in Supplementary Table S1, individuals
older than age 65 generally had significantly lower signal
strength than those younger than age 65. This implies
that controlling for signal strength is especially important
for older populations in which imaging quality may be
reduced.

We hypothesized that flux is a useful measure of a change
in the in vivo RBC content of capillaries similar to what has
been shown in in vitro studies.18 This information would
not necessarily be captured by VSD (or similar measures of
density) especially in the absence of frank capillary loss. The
results of our study support this hypothesis in living human
subjects by demonstrating a significant correlation between
flux and hematocrit, hemoglobin and borderline significant
association with RBC count (Table 2).

In summary, this study demonstrates that OCTA-derived
flux is a novel and significant indicator of systemic determi-
nants of health and disease. The exploratory nature of this
study meant that the sample size was relatively small and
the investigation limited in its power. Further validation of
these results will require future work, but these data strongly
suggest that flux provides information about capillary perfu-
sion that is distinct from more conventional measures of
capillary density derived from OCTA. Flux is also less
likely to be impacted by magnification errors induced by
axial length, but more likely to be sensitive to signal
strength.
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