
Journal of the American Heart Association

J Am Heart Assoc. 2022;11:e024226. DOI: 10.1161/JAHA.121.024226� 1

 

ORIGINAL RESEARCH

Relationship of Quantitative Retinal Capillary 
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Jennifer A. Bryant , PhD; Tien Yin Wong , PhD; Calvin Woon Loong Chin , MD, PhD; 
Leopold Schmetterer , PhD

BACKGROUND: This study examined the associations between quantitative optical coherence tomography angiography (OCTA) 
parameters and myocardial abnormalities as documented on cardiovascular magnetic resonance imaging in patients with 
systemic hypertension.

METHODS AND RESULTS: We conducted a cross-sectional study of 118 adults with hypertension (197 eyes). Patients underwent 
cardiovascular magnetic resonance imaging and OCTA (PLEX Elite 9000, Carl Zeiss Meditec). Associations between OCTA 
parameters (superficial and deep retinal capillary density) and adverse cardiac remodeling (left ventricular mass, remodeling 
index, interstitial fibrosis, global longitudinal strain, and presence of left ventricular hypertrophy) were studied using multivari-
able linear regression analysis with generalized estimating equations. Of the 118 patients with hypertension enrolled (65% 
men; median [interquartile range] age, 59 [13] years), 29% had left ventricular hypertrophy. After adjusting for age, sex, systolic 
blood pressure, diabetes, and signal strength of OCTA scans, patients with lower superficial capillary density had significantly 
higher left ventricular mass (β=−0.150; 95% CI, −0.290 to −0.010), higher interstitial volume (β=−0.270; 95% CI, −0.535 
to −0.0015), and worse global longitudinal strain (β=−0.109; 95% CI, −0.187 to −0.032). Lower superficial capillary density 
was found in patients with hypertension with replacement fibrosis versus no replacement fibrosis (16.53±0.64 mm-1 versus 
16.96±0.64 mm-1; P=0.003).

CONCLUSIONS: We showed significant correlations between retinal capillary density and adverse cardiac remodeling markers in 
patients with hypertension, supporting the notion that the OCTA could provide a non-invasive index of microcirculation altera-
tion for vascular risk stratification in people with hypertension.
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Hypertensive heart disease is a life-threatening 
disease that affects multiple organ systems with 
significant impact on mortality and morbidity.1 

In the heart, hypertension results in the alterations of 
cardiomyocyte, interstitium, and coronary microvas-
culature.2–4 Early detection of these adverse cardiac 
manifestations would help identify patients at risk of 
future development of heart failure for more intensive 

treatment. Left ventricular (LV) geometrical (eg, hyper-
trophy), myocardial structural changes (eg, fibrosis) 
and cardiomyocyte dysfunction (eg, global longitudi-
nal strain) can be evaluated accurately by non-inva-
sive non-radiating cardiovascular magnetic resonance 
(CMR) imaging as markers of subclinical LV dysfunc-
tion.5–8 There is increasing research that suggests 
microvascular disease plays a key role in cardiac 
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remodeling and dysfunction.9 The coronary microvas-
culature, however, cannot be directly visualized using 
in vivo imaging techniques.10 Non-invasive evaluation of 
cardiac microcirculation has relied on functional tests 
using echocardiography, positron emission tomogra-
phy, or CMR imaging,11–13 which are often performed in 
specialized centers for research purposes.

The eye is the only organ that allows direct visu-
alization of the microcirculation non-invasively and 
retinal microcirculation abnormalities have been as-
sociated with an increased risk of cardiovascular dis-
eases. Technologies such as retinal fundus imaging14 
have shown that some retinal microvascular measures 
(eg, retinopathy, retinal vessel caliber) may predict car-
diovascular diseases.15–20 Increasingly, however, newer 
technologies such as optical coherence tomography 
angiography (OCTA),21,22 offer highly accurate, repro-
ducible,23,24 and relatively inexpensive quantification of 
the retinal capillary microcirculation. We25,26 and oth-
ers27–33 have used the OCTA to image patients with 
hypertension and reported the associations of rarefac-
tion of the retinal capillary network with higher blood 
pressure and lower kidney function. Whether OCTA 
measurements of microcirculation are associated with 
adverse LV remodeling remains to be determined.

In this study, we examined the associations be-
tween quantitative OCTA parameters and measures of 

LV remodeling on CMR in patients with hypertension. 
We hypothesize that patients with hypertension with 
reduction in the density of the retinal microvasculature 
(rarefaction) will have adverse cardiac remodeling on 
CMR.

METHODS
Study Patients
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request. We conducted a cross-sectional obser-
vational study in a clinic setting, detailed in Figure S1. 
Asymptomatic patients with essential hypertension 
were enrolled from the REMODEL study (Response of 
the myocardium to hypertrophic conditions in the adult 
population; NCT02670031).6,25 The aim of REMODEL 
is to examine the role of cardiovascular magnetic reso-
nance in patients with hypertension. Briefly, patients 
with essential hypertension on antihypertensive medi-
cations, aged ≥18 years, were recruited from a tertiary 
cardiac center and primary care clinics in Singapore, 
from 2018 to 2021. Patients with secondary causes 
of hypertension, any ongoing unstable medical condi-
tions, previously diagnosed significant coronary artery 
disease, strokes, atrial fibrillation, women who are preg-
nant or breastfeeding, individuals with impaired renal 
function of estimated glomerular filtration rate (eGFR) 
<30 mL/min per 1.73 m2 and metallic implant were ex-
cluded. All studies were approved by the SingHealth 
Centralized Institutional Review Board and conducted 
in accordance with the Declaration of Helsinki. Written 
Informed consent was obtained from all patients.

Examination Procedures
A questionnaire was used to collect demographic 
data, and medical history (eg, smoking, and diabetes) 
and number of anti-hypertensives. Twenty-four-hour 
ambulatory blood pressure monitoring was performed 
on the patients. Patients’ height was measured in cen-
timeters using a wall-mounted measuring tape, and 
weight was measured in kilograms using a digital scale 
(SECA, model 782 2321009, Germany). Body mass 
index was calculated as body weight (in kilograms) di-
vided by body height (in meters) squared. Body sur-
face area was calculated using the DuBois formula.34

CMR Protocol and Image Analysis
All patients underwent CMR scans (Siemens Aera 
1.5T, Siemens Healthineers, Erlangen, Germany). 
Image analyses were performed by trained individuals 
at the National Heart Research Institute of Singapore 
CMR Core Laboratory using CVI42 software (Circle 
Cardiovascular Imaging, Calgary, Canada). Balanced 

CLINICAL PERSPECTIVE

What Is New?
•	 To our knowledge, this study is the first to dem-

onstrate a significant relationship between retinal 
capillary density and adverse cardiac remodeling 
markers in patients with systemic hypertension.

What Are the Clinical Implications?
•	 This study supports the viewpoint that the op-

tical coherence tomography angiography may 
be a promising tool to provide a noninvasive 
measure of the microcirculation in the field of 
hypertensive cardiovascular disease.
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steady-state free precession cine images were ac-
quired in the standard long-axis (2-, 3-, and 4-cham-
ber) and short-axis views (acquired voxel size: 
1.6×1.3×8.0 mm slice thickness; 2 mm gap; 30 phases 
per cardiac cycle).

Left ventricular volumes, function, and mass were 
measured using standardized protocols and indexed 
to body surface area.35 End-diastolic myocardial wall 
thickness was measured semi-automatically in the 
short-axis views (50 chords per myocardial slice), ac-
cording to the standard 16-segment model. Short-axis 
slices that did not have complete ring of myocardium 
were excluded in the wall thickness analysis. We have 
recently developed a novel marker (Remodeling Index 
[RI]) of adverse remodeling based on the Laplace 
Law of Wall Stress.6 This index was calculated as 
3
√

LV End−diastolic volume∕Maximal wall thickness. A 
lower RI value was associated with worse LV remod-
eling. The presence of left ventricular hypertrophy and 
low RI was defined according to age and sex-specific 
indexed LV mass and RI ranges, respectively.6,35

Myocardial fibrosis was assessed using 2 ap-
proaches: (1) presence of replacement myocardial fi-
brosis using late gadolinium enhanced (LGE) imaging 
and (2) quantification of diffuse interstitial fibrosis using 
myocardial T1 mapping. LGE imaging started at 8 min-
utes after administration of 0.1 mmol/kg of gadobutrol 
(Gadovist, Bayer Pharma AG, Germany). An inver-
sion-recovery fast gradient echo sequence was used, 
and the inversion time was optimized to achieve appro-
priate nulling of the myocardium. Myocardial T1 map-
ping was performed using the Modified Look-Locker 
inversion-recovery sequence (heartbeat acquisition 
scheme of 5(3)3 and 4(1)3(1)2 for native and post-con-
trast myocardial T1, respectively). Extracellular volume 
fraction (ECV), which represents the extracellular ma-
trix as a proportion of total LV myocardial volume, was 
estimated from the native and 15-minute post-contrast 
T1 map.5,36 Hematocrit for ECV calculation was sam-
pled on the day of CMR. Indexed interstitial volume 
was defined as ECV×LV end-diastolic myocardial vol-
ume normalized to body surface area.37

Global longitudinal strain (GLS) was analyzed using 
the semi-automated feature tracking analysis module 
in CVI42 software. LV epi- and endocardial borders 
were manually traced in the 2-, 3-, and 4-chambers 
long-axis views at end-diastole. The contours were 
then automatically propagated throughout the cardiac 
cycle. Higher (less negative) GLS values indicate worse 
myocardial contractile function.

Ocular Examinations
Fundus photography and OCTA were performed 
≈30  minutes after topical instillation of 2 drops of 
1% tropicamide, given 5  minutes apart. Fundus 

photography was then performed using a retinal cam-
era (Canon CR-DGi with a 10-DSLR back; Canon, 
Tokyo, Japan). Patients with eye diseases (glaucoma, 
vascular or nonvascular retinopathies, age-related 
macular degeneration) were excluded from the study.

OCTA Imaging
Both eyes of each patient were included in the analysis 
if the OCTA images from both eyes were of good qual-
ity. The OCTA allows a high-resolution 3-dimensional 
visualization of perfused microvasculature in a non-
invasive manner and characterizes vascular informa-
tion at the retinal and choriocapillaris layers (Figure S2). 
Patients underwent a 3.0×3.0-mm2 macular centered 
imaging using the OCTA (PLEX Elite 9000, Carl Zeiss 
Meditec, Inc., Dublin, USA; Version 1.7). The OCTA ma-
chine provided a signal strength index, ranging from 0 
to 10, where only images with an index of 6 and above 
were accepted. A trained grader masked to the par-
ticipant characteristics reviewed the quality of OCTA 
scans.25 Poor quality scans were excluded from the 
analysis if one of the following criteria were met: (1) 
poor clarity images; (2) local weak signal caused by 
artifacts such as floaters; (3) residual motion artifacts 
visible as irregular vessel patterns on the en face an-
giogram; and (4) scans with segmentation errors.

Evaluation of the Retinal Microvasculature 
and the Choriocapillaris Flow Deficits
OCTA images of the superficial retinal plexus, deep 
retinal plexus, and choriocapillaris were exported 
from the built-in review software (PLEX Elite Review 
Software, Carl Zeiss Meditec, Inc., Dublin, USA; 
Version 1.7.1.31492). A list of OCTA metrics (Figure 
S2), including retinal capillary density at the superficial 
and deep capillary plexus, choriocapillaris flow deficits 
density and foveal avascular zone (FAZ) area, can be 
calculated automatically (MATLAB; The MathWorks, 
Inc., Natick, MA; Version R2020b).38,39 Capillary den-
sity was defined as the total vessel length (in mm) per 
total imaged area (in mm2). Choriocapillaris flow defi-
cits density was defined as the percentage of flow defi-
cits area per total imaged area. We showed previously 
that the superficial capillary density (intraclass corre-
lation=0.85), deep capillary density (intraclass corre-
lation=0.82), and choriocapillaris flow deficits density 
(intraclass correlation=0.87), exhibited good reproduc-
ibility.23,38 The FAZ was manually outlined, and the area 
was computed in mm2.

Statistical Analysis
Primary outcome was OCTA metrics. The Shapiro‒
Wilk test was used to assess the normality of the 
distribution of the continuous variables. Continuous 
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variables that are normally distributed are presented 
as mean±SD whereas non-normally distributed vari-
ables are presented as median (interquartile range). 
Comparisons between groups were performed using 
either the parametric 1-way ANOVA test or non-par-
ametric Kruskal‒Wallis test, depending on normality 
of the distribution. For simplicity, average measure-
ments of both eyes were used for group stratifica-
tion. We used the single measurements, where each 
eye (n=197) is considered 1 subject for multivariable 
linear regression analysis and accounted for corre-
lations between paired eyes of subjects using the 
generalized estimating equations approach to as-
sess the effect of adverse cardiac remodeling (LV 
mass index, interstitial volume, RI, and GLS) on 
each OCTA metric (dependent variable), adjust-
ing for age, sex, systolic blood pressure, diabetes, 
and signal strength of OCTA scans. The diagnostic 
accuracy of the superficial capillary density (refer-
ence) in differentiating patients with versus without 
replacement fibrosis and patients with low RI versus 
normal RI were compared using the area under the 
receiver operating characteristics curve. Data were 
analyzed with STATA, version 16; StataCorp LP, 

SPSS, version 24, IBM, and GraphPad Prism 8.1.2, 
GraphPad Software, Inc.

RESULTS
We excluded 30 patients because of eye diseases 
and/or poor quality OCTA images. A total of 197 
eyes of 118 patients with hypertension (59 [13] years, 
65% male) were available for analysis. Patients were 
stratified into tertiles based on the average superfi-
cial capillary density values of 2 eyes per subject: low 
(<16.16 mm-1), medium (from 16.16 to 17.67 mm-1) and 
high (>17.67 mm-1). There was a small but significant 
difference in the average OCTA quality in patients 
with low superficial capillary density (9.0±0.9 signal 
strength), medium superficial capillary density (8.8±0.9 
signal strength), and high superficial capillary density 
(8.5±0.7 signal strength; P=0.006). Patients with low 
superficial capillary density were older, had higher 
blood pressures and longer duration of hypertension 
treatment (Table 1).

There was a trend, although not statistically sig-
nificant, towards lower superficial capillary density 
in patients with more advanced LV remodeling: 

Table 1.  Clinical and Cardiovascular Magnetic Resonance Characteristics of Patients With Hypertension Stratified By 
Vessel Superficial Capillary Density (Stratified Into Tertiles)

High  
(>17.67 mm−1)  
(n=39)

Medium  
(16.16 to 17.67 mm−1)   
(n=40)

Low  
(<16.16 mm−1)  
(n=39) P value

Clinical

Age, y 55±10 56±10 60±8 0.022*

Men, n (%) 25 (64) 26 (65) 26 (67) 0.971

BMI, kg/m2 26.5±4.7 25.9±5.8 26.4±4.0 0.866

Duration of treatment, y 9 [6,12] 12 [5,18] 16 [8, 20] 0.014*

No. of anti-hypertensives 1 [1,1] 1 [1,1] 2 [1,2] 0.011*

Diabetes, n (%) 6 (15) 9 (23) 14 (36) 0.102

Hyperlipidemia, n (%) 17 (43) 17 (43) 24 (62) 0.167

Systolic blood pressure, mm Hg 122±11 129±15 133±14 0.022*

Diastolic blood pressure, mm Hg 76±8 80±9 80±8 0.071

Romhilt Estes ECG score 3 [1,4] 3 [1,4] 3 [1,4] 0.707

Cardiovascular magnetic resonance

LV mass, g/m2 49±8 55±22 53±10 0.167

LV end diastolic volume, mL/m2 72±9 72±13 72±15 0.975

LV end systolic volume, mL/m2 29±5 29±8 29±9 0.850

LV ejection fraction, % 59±5 61±6 61±7 0.277

Remodeling index 6.11±0.93 5.76±1.12 5.58±0.88 0.060

Global longitudinal strain, % −17.6±2.3 −17.0±3.4 −16.7±2.3 0.325

Late gadolinium enhancement, 
n (%)

5 (13) 12 (30) 10 (26) 0.169

Indexed interstitial volume, mL/m2 11.5±2 13.6±6.0 12.9±2.4 0.065

Extracellular volume, % 24.5 [22.8,26.7] 25.6 [23.7,27.1] 25.9 [23.8,27.5] 0.316

Data presented are number (%) or mean±SD or median [interquartile range], as appropriate. BMI indicates body mass index; and LV, left ventricular.
*Statistical significance at the P<0.05 level.
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increased RI, worse myocardial contractile function 
(assessed by GLS), more myocardial fibrosis (as-
sessed by proportion of patients with replacement 
fibrosis and interstitial volumes; Table  1; Figure  1). 
Similar results were observed with stratification ap-
proaches using either the maximum or minimum su-
perficial capillary density values between the 2 eyes 
(Tables S1 and S2).

In the multivariable analysis with generalized es-
timating equations, patients with significantly lower 
superficial capillary density had higher LV mass 

(β=−0.150, 95% CI, −0.290 to −0.010), higher inter-
stitial volume (β=−0.270, 95% CI, −0.535 to −0.020), 
and worse GLS (β=−0.109, 95% CI, −0.187 to −0.032) 
(Table  2; Figure  2). No significant association was 
found between superficial capillary density and RI or 
ECV values. There were no significant differences be-
tween deep capillary density and measures of LV re-
modeling on CMR (P=0.157; Table 3).

Both superficial capillary density (β=−0.150, 95% 
CI, −0.260 to −0.040; Table 2) and deep capillary den-
sity (β=−0.210, 95% CI, −0.370 to −0.040; Table  3) 

Figure 1.  Lower superficial capillary density in a patient with hypertension (A and B; 14.5 mm-1) with (C) lower remodeling 
index, (D) higher interstitial volume and extracellular volume fraction, and (E) worse global longitudinal strain as compared 
with a denser superficial capillary density in a patient with hypertension (F and G; 21.7 mm-1) with (H) higher remodeling 
index, (I) lower interstitial volume, and (J) better global longitudinal strain.
Presence of larger non-perfused area (blue regions demarcated by red arrows) (B) can be seen in patient with adverse cardiac 
remodeling markers as compared with (C) a patient with favorable cardiac remodeling markers. Foveal avascular zone area (in black; 
B and G) and large vessels (seen as a black outline of vessels in A and F) were excluded from the calculation of capillary density. ECV 
indicates extracellular volume fraction; GLS, global longitudinal strain; and RI, remodeling index.

A B C D E

F G H I J

Table 2.  Associations of Cardiac and Renal Characteristics With Superficial Capillary Density (mm−1)

Characteristics β 95% CI P value

Cardiovascular magnetic resonance characteristics

Left ventricular mass (per increment of 10 g/m2) −0.150 −0.290 to −0.010 0.040†

Remodeling index 0.208 −0.030 to 0.445 0.086

Global longitudinal strain (%) −0.109 −0.187 to −0.032 0.006†

Indexed interstitial volume (per increment of 5 mL/m2) −0.270 −0.535 to −0.020 0.050†

Extracellular volume (%) −0.023 −0.183 to 0.136 0.776

Renal characteristics

eGFR (per reduction of 10 mL/min per 1.73 m2) −0.150 −0.260 to −0.040 0.009†

eGFR indicates estimated glomerular filtration rate.
†Statistical significance at the P<0.05 level.
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were related to eGFR. In other words, people with 
lower eGFR had sparser superficial and deep capillary 
densities.

Systemic factors were mostly not associated with 
choriocapillaris flow deficits and FAZ area (P=0.110; 
Table S3), except between extracellular volume and 
FAZ area (β=−0.014, 95% CI, −0.023 to −0.005; Table 
S3).

In the multivariable analysis with generalized es-
timating equations, lower superficial capillary den-
sity was found in patients with hypertension with 
replacement fibrosis versus no replacement fibrosis 
(17.04±0.86  mm-1 versus 16.61±0.76  mm-1; P=0.004; 
Figure 3). Indeed, superficial capillary density demon-
strated the ability to differentiate patients with versus 
without replacement fibrosis (c-statistics=0.718 [95% 
CI, 0.615 to 0.822]; P=0.004).

DISCUSSION
In this study, we described the use of OCTA in peo-
ple with systemic hypertension to investigate the 

associations between quantitative retinal capillary 
network and myocardial abnormalities as measured 
on CMR. We detailed alterations in the retinal capil-
lary microvasculature that are associated with adverse 
cardiac remodeling, namely increased LV mass, higher 
interstitial volume, and worse GLS. Although the as-
sociations between superficial capillary density and RI/
ECV were not statistically significant (because of small 
sample size), our findings suggest a trend consistent 
with our hypothesis that lower superficial capillary den-
sity was associated with worse cardiac markers (lower 
RI and higher ECV). Our results highlight the promis-
ing role of OCTA as an accurate, easy to perform and 
cheaper noninvasive tool to quantify alterations in the 
microcirculation for risk stratification in clinical settings. 
To the best of our knowledge, our study is the first, 
which assessed the associations between quantitative 
retinal capillary network and myocardial abnormali-
ties based on CMR imaging and using a robust OCTA 
methodology to collect data.

Conventionally, the diagnosis and management of 
hypertension relies on blood pressure measurements. 

Figure 2.  Scatterplots showing the associations between lower superficial capillary density in patients with hypertension 
with (A) increased left ventricular mass, (B) increased interstitial volume, and (C) reduced global longitudinal strain, adjusted 
for age, sex, body mass index, systolic blood pressure, diabetes, and signal strength of scans.
The equation is the fit line of the scattered plot, where y denotes the dependent variable (superficial capillary density), and x represents 
the independent variable (left ventricular mass/interstitial volume/global longitudinal strain).

Table 3.  Associations of Cardiac and Renal Characteristics With Deep Capillary Density (mm−1)

Characteristics β 95% CI P value

Cardiovascular magnetic resonance characteristics

Left ventricular mass (per increment of 10 g/m2) 0.070 −0.150 to 0.300 0.523

Remodeling index −0.074 −0.521 to 0.374 0.747

Global longitudinal strain (%) 0.084 −0.032 to 0.199 0.157

Indexed interstitial volume (per increment of 5mL/m2) 0.044 −0.050 to 0.138 0.361

Extracellular volume (%) 0.067 −0.159 to 0.293 0.561

Renal characteristics

eGFR (per reduction of 10 mL/min per 1.73 m2) −0.210 −0.370 to −0.040 0.013†

eGFR indicates estimated glomerular filtration rate.
†Statistical significance at the P<0.05 level.
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Current management of hypertension places great 
emphasis on achieving blood pressure targets but rec-
ommendations on blood pressure targets vary greatly 
among major guidelines.40,41 Apart from the hemody-
namic effect of pressure overload, non-hemodynamic 
factors such as neurohormonal, comorbidities, genet-
ics and environmental exposures result in myocardial 
remodeling. Adverse changes in myocardium eventu-
ally lead to LV dysfunction and heart failure.42 Thus, 
in recent years, novel strategies have been developed 
which target on preventing and reversing myocardial 
remodeling.43–46 Previous studies had focused mainly 
on the retinal vasculature changes with blood pressure 
control.25,47 To our knowledge, this is the first study 
that demonstrated the relationships between super-
ficial capillary density and markers of myocardial re-
modeling. The different markers investigated in this 
study may reflect distinct domains of the myocardial 
disease: changes in the interstitium (interstitial fibrosis), 
cardiomyocyte hypertrophy (LV mass) and myocardial 
contractile (GLS).

Our OCTA findings agreed with population stud-
ies, which have reported the associations between 
hypertensive retinopathy with incident coronary heart 
disease,15,16 congestive heart failure,17 coronary heart 
disease mortality18 and cardiovascular 0 mortality.19,20 
Retinal arteriolar and venular diameter assessed from 
fundus photographs have shown the associations 
of narrower retinal arterioles and wider venules with 

long-term risk of mortality and ischemic stroke in both 
sexes48 and coronary heart disease in women.48,49 
However, the information provided by the fundus pho-
tographs is limited to the larger vessels (arterioles and 
venules) in the superficial layer of the retinal circula-
tion. It thus, may not be the earliest biomarkers of sys-
temic microcirculation. Instead, the OCTA can provide 
high-resolution images of the superficial retinal layer of 
not only the larger (arterioles and venules; 100–300 µm 
in diameter) and smaller vessels (capillaries; 3.5–6 µm 
in diameter) of the retina,50 but also the deeper reti-
nal vascular layer.21 Our study provided evidence that 
OCTA can characterize the retinal microvascular ab-
normalities that may be suggestive of systemic micro-
circulatory dysfunction in the heart.

The retinal microcirculation is made up of 2 dis-
tinct vascular layers, of which the superficial and deep 
capillary plexus are most differentiated for character-
izing diseases. Why the association between adverse 
markers of cardiac remodeling and superficial but not 
deep retinal vessels is not established and open to 
speculation. A recent OCTA study by Rakusiewicz51 
reported similar OCTA findings, where there was a sig-
nificantly altered vessel density in the superficial capil-
lary plexus but not the deep capillary plexus in children 
with chronic heart failure because of dilated cardiomy-
opathy as compared with healthy children. However, 
Wang52 observed changes in the vessel densities in 
both superficial and deep plexuses in patients with 
chronic heart failure versus those without it. It should 
be noted that a fifth of the individuals with hypertension 
individuals in Wang et. Al had diabetes whereas the 
controls were free from diabetes.53 Since deep retinal 
vessels show early alterations in diabetes, the alter-
ations in the deep retinal vessels in the hypertensive 
cohort may be attributable to diabetes and not hyper-
tension.54 In another OCTA study by Li,55 they also ob-
served a significantly lower vessel density in both the 
superficial and deep capillary plexus in patients with 
congenital heart disease when compared with control 
subjects. However, Li and co-workers did not indicate 
the diabetes status of their subjects.

Others have reported that patients with chronic 
kidney disease had reduced vessel densities in both 
superficial and deep capillary plexuses as compared 
with healthy controls using either the Optovue OCTA 
system56 or the swept-source OCT system (DRI Triton, 
Topcon Inc., Japan).57 In our previous publication25 
using a spectral-domain OCT system (AngioVue; 
Optovue, Inc., USA), we reported that retinal capil-
lary density in the deep plexus (and not the superfi-
cial plexus) was reduced in people with lower eGFR. 
The use of a different swept-source OCT system (Plex 
Elite 9000, Carl Zeiss Meditec), which provides higher 
sampling density (100 pixels/mm versus 51 pixels/mm) 
and also more patients (n=118 versus 77 patients) may 

Figure 3.  Lower superficial capillary density in patients with 
hypertension with replacement fibrosis vs no replacement 
fibrosis (P=0.004).
Results presented in box-and-whiskers plots (Tukey method), 
P value adjusted for age, sex, body mass index, systolic blood 
pressure, diabetes, and signal strength of scans. Scattered data 
points are outliers.
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explain the relationship of eGFR and retinal vessel rar-
efaction in both plexuses as compared with our earlier 
study.25 Most importantly we studied an entirely differ-
ent cohort of individuals with hypertension and report 
that lower eGFR is related to sparser capillary densities 
in both superficial and deep plexuses.

Alterations in retinal capillary density imaged using 
the OCTA could be attributable to capillary dropout, 
capillary closure, or slow rates of blood flow within 
perfused capillaries. The current OCTA device images 
capillaries by detecting motion contrast from blood 
flow. A blood vessel with an exceedingly sluggish flow, 
below the sensitivity limit of the OCTA will not be de-
tected. Although fast blood flows are observable on 
OCTA, there is currently no way to quantify perfusion 
rate with this technology.58 Therefore, the term “cap-
illary density” is used as a quantitative index of the 
vascular structures detected that reflects the area oc-
cupied by perfused blood vessels.

Clinical Implications
To our knowledge, this is the first study that demon-
strated the associations between retinal microcir-
culation abnormalities and measures of LV adverse 
remodeling. Although the CMR can accurately assess 
multiple aspects of LV remodeling in a single exami-
nation, its widespread use is limited by cost, availabil-
ity, long examination, patient selection, and concerns 
about the effects of gadolinium-based contrast 
agents. OCTA microcirculation measurements can be 
easily acquired during routine eye check, automatically 
extracted, simple to use and reproducible tool, which 
could serve as a first-line risk assessment in patients 
with hypertension before further investigations with 
dedicated imaging. OCTA could also be used as a 
marker to monitor response to targeted therapies and 
progression of hypertensive heart disease.

Strengths and Limitations
The strength of this study includes a good phenotype 
cohort of individuals with hypertension who underwent 
CMR imaging, which is considered the gold standard for 
evaluation of myocardial volumes and function. Second, 
we excluded the FAZ area from the calculation of cap-
illary density as it exhibits large interindividual variation 
in normal eyes59 and may misconstrue the actual area 
of non-perfusion. (Figure 1). Excluding the FAZ area will 
also mitigate the effect of ocular magnification on capil-
lary density measurements.60 We excluded larger ves-
sels for calculation of the superficial capillary density 
as we wanted to capture the presence of capillaries.61 
Third, ocular microvascular dysfunction can be affected 
by age, eye diseases, or hypertension. We statistically 
adjusted the confounding effects of age, sex, body 

mass index, systolic blood pressure, diabetes, and sig-
nal strength of OCTA scans in the multivariate analysis 
model and further excluded eyes with clinically relevant 
eye diseases. While it is clear that eye diseases, such 
as glaucoma,62 diabetic retinopathy,63 and age-related 
macular degeneration,64 can interfere with the OCTA 
parameters, we did not exclude eyes with hypertensive 
retinopathy. This is because hypertensive retinopathy is 
a biological process of hypertension, particularly in indi-
viduals with hypertension with more adverse cardiovas-
cular outcomes.65 Excluding them might therefore make 
the results less generalizable. Our study had a few limita-
tions. The cross-sectional study design does not allow 
us to infer causality because the temporal sequence is 
not known. OCTA device was only recently launched, 
and a follow-up study is ongoing.

CONCLUSIONS
In summary, we showed that patients with hypertension 
who have CMR documentation of LV remodeling had 
signs of altered retinal capillary density at the superfi-
cial retinal plexus on OCTA. The presence of structural 
alterations in microcirculation plays an important role in 
the development of cardiovascular events. Quantitative 
evaluation of the retinal capillary network using OCTA, 
which captures capillaries that cannot be observed by 
fundus photography, may provide insights into the mi-
crovascular contribution of cardiovascular disease.
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Table S1. Clinical and cardiovascular magnetic resonance characteristics of hypertensive patients stratified by vessel  
superficial capillary density (stratified into tertiles, using minimum values between both eyes) 

 
High 

(Above 17.26 mm-1) 
(n = 39) 

Medium  
(15.83 to 17.26 mm-1) 

(n = 41) 

Low  
(Below 15.83 mm-1) 

(n = 38) 
P Value 

Clinical     
Age, years 54 ± 10 58 ± 2 60 ± 9 0.013 
Male, number (%) 26 (67) 24 (59) 27 (71) 0.500 
BMI, kg/m2 27.3 ± 6.4 25.0 ± 3.6 26.5 ± 4.0 0.113 
Duration of treatment, years 8 [6,12] 12 [5,16] 16 [8, 20] 0.002 
Number of anti-hypertensives 1 [1,2] 1 [1,2] 1 [1,2] 0.141 
Diabetes mellitus, number (%) 4 (10) 9 (22) 16 (42) 0.004 
Hyperlipidaemia, number (%) 17 (44) 17 (41) 24 (63) 0.110 
Systolic blood pressure, mmHg 123 ± 12 129 ± 16 132 ± 13 0.010 
Diastolic blood pressure, mmHg 76 ± 7 79 ± 9 80 ± 8 0.110 
Romhilt Estes ECG score 3 [1,4] 3 [1,4] 3 [1,4] 0.375 
Cardiovascular magnetic resonance      
LV mass, g/m2 52 ± 17 51 ± 18 53 ± 10 0.850 
LV end diastolic volume, mL/m2 74 ± 11 70 ± 11 72 ± 14 0.243 
LV end systolic volume, mL/m2 31 ± 7 28 ± 7 28 ± 8 0.097 
LV ejection fraction, % 58 ± 5 60 ± 6 62 ± 7 0.056 
Remodelling index  6.06 ± 0.95 5.84 ± 1.12 5.56 ± 0.88 0.092 
Global longitudinal strain, % -17.5 ± 2.5 -17.3 ± 3.3 -16.6 ± 2.1 0.296 
Late gadolinium enhancement, number 
(%)  7 (18) 10 (24) 10 (26) 0.662 

Indexed interstitial volume, ml/m2 12.4 ± 4.6 12.5 ± 4.4 13.1 ± 2.4 0.725 
Extracellular volume, % 24.1 [22.7,26.6] 25.3 [24.2,27.1] 26.2 [23.8,27.7] 0.106 
BMI, body mass index; LV, left ventricular 
Data presented are number (%) or mean ± SD or median [interquartile range], as appropriate. 
Bold values denote statistical significance at the P < 0.05 level. 

 



 
 

Table S2. Clinical and cardiovascular magnetic resonance characteristics of hypertensive patients stratified by vessel  
superficial capillary density (stratified into tertiles, using maximum values between both eyes) 

 
High 

(Above 17.97 mm-1) 
(n = 39) 

Medium  
(16.52 to 17.97 mm-1) 

(n = 40) 

Low  
(Below 16.52 mm-1) 

(n = 39) 
P Value 

Clinical     
Age, years 56 ± 8 55 ± 11 61 ± 7 0.007 
Male, number (%) 26 (67) 23 (57) 28 (72) 0.407 
BMI, kg/m2 26.2 ± 4.6 26.5 ± 6.1 26.0 ± 3.8 0.895 
Duration of treatment, years 9 [6,13] 11 [5,15] 16 [8, 20] 0.011 
Number of anti-hypertensives 1 [1,1] 1 [1,2] 1 [1,2] 0.015 
Diabetes mellitus, number (%) 8 (21) 8 (20) 13 (33) 0.305 
Hyperlipidaemia, number (%) 20 (51) 15 (38) 23 (59) 0.156 
Systolic blood pressure, mmHg 123 ± 11 129 ± 15 132 ± 14 0.010 
Diastolic blood pressure, mmHg 77 ± 8 78 ± 10 80 ± 8 0.547 
Romhilt Estes ECG score 3 [1,4] 1 [0,4] 3 [1,4] 0.189 
Cardiovascular magnetic resonance      
LV mass, g/m2 49 ± 9 54 ± 23 53 ± 10 0.292 
LV end diastolic volume, mL/m2 71 ± 10 74 ± 14 71 ± 12 0.465 
LV end systolic volume, mL/m2 29 ± 6 29 ± 9 28 ± 8 0.779 
LV ejection fraction, % 59 ± 5 61 ± 7 61 ± 6 0.298 
Remodelling index  6.00 ± 0.83 6.01 ± 1.23 5.44 ± 0.80 0.015 
Global longitudinal strain, % -17.7 ± 2.4 -17.3 ± 3.1 -16.4 ± 2.5 0.102 
Late gadolinium enhancement, number 
(%)  5 (13) 9 (23) 13 (33) 0.099 

Indexed interstitial volume, ml/m2 11.6 ± 2.2 13.4 ± 6.0 12.9 ± 2.3 0.123 
Extracellular volume, % 24.4 [22.8,26.6] 25.7 [23.7,27.7] 25.9 [23.8,27.2] 0.231 
BMI, body mass index; LV, left ventricular 
Data presented are number (%) or mean ± SD or median [interquartile range], as appropriate. 
Bold values denote statistical significance at the P < 0.05 level. 

 



 
 

Table S3. Associations of cardiac and renal characteristics with choriocapillaris flow deficits density and foveal avascular zone area 
Choriocapillaris flow deficits density (%) Foveal avascular zone area of superficial layer (mm2) 

Characteristics β 95% confidence interval P value β 95% confidence interval P value 
Cardiovascular magnetic resonance characteristics 
   LV mass (per increment of 10g/m2) -0.090 -0.230 to 0.060 0.235 0.000 -0.010 to 0.010 0.555 
   Remodelling index -0.005 -0.288 to 0.278 0.972 0.005 -0.012 to 0.022 0.587 
   Global longitudinal strain (%) -0.076 -0.189 to 0.037 0.188 -0.001 -0.007 to 0.005 0.785 
   Indexed interstitial volume (per increment of 5ml/m2) -0.036 -0.092 to 0.021 0.214 -0.003 -0.006 to 0.001 0.110 
   Extracellular volume (%) -0.057 -0.149 to 0.035 0.224 -0.014 -0.023 to -0.005 0.001 
Renal characteristics       

   eGFR (per reduction of 10mL/min/1.73m2) -0.110 -0.240 to 0.030 0.117 0.000 -0.010 to 0.010 0.499 
β, beta coefficient; LV, left ventricular; eGFR, estimated glomerular filtration rate 
* Adjusted for age, sex, systolic blood pressure, diabetes, and signal strength of optical coherence tomography angiography scans. 
Bold values denote statistical significance at the P < 0.05 level. 

 



 
 

Figure S1. Identification of eligible patients. We stratified the 118 patients into tertiles based on their superficial capillary density 

values: low (below 16.16 mm-1), medium (from 16.16 to 17.67 mm-1) and high (above 17.67 mm-1). 

 

 

 



 
 

Figure S2. Clinical and optical coherence tomography angiography (OCTA; 3 × 3-mm2 area; PLEX Elite 9000, Carl Zeiss Meditec) 

imaging of the left eye. A: Color fundus photograph of a normal eye. (Top row, B-E) Images of superficial capillary plexus was 

segmented from the internal limiting membrane (ILM) to the inner plexiform layer (IPL) – inner nuclear layer (INL) interface, (middle 

row, F-I) deep capillary plexus was segmented from the IPL-INL interface to the outer plexiform layer (OPL) – outer nuclear layer 

(ONL) interface, and (bottom row, J-M) choriocapillaris was segmented within a thin 10 µm thick slab (31-40 µm) below the retinal 

pigmented epithelium. OCTA images were exported from the review software (C, G and K), and retinal capillary density and 

choriocapillaris flow deficits parameters were automatically extracted using a customized MATLAB algorithm (The MathWorks, Inc., 

Natick, MA; Version R2020b). The algorithm comprises the following steps: (i) binarized vessels in the superficial and deep 

capillary plexuses based on their respective mean intensity; (ii) skeletonized the binary images to facilitate the computation of total 

vessel length; (iii) masked foveal avascular zones (FAZ; in blue) in the skeletonized superficial and deep retinal plexuses (D and E); 

(iv) binarized flow deficits in the choriocapillaris by setting a threshold that is 1 standard deviation below the mean intensity of the 

image; (v) performed region-based analysis with a fovea-centered annulus that has an inner diameter of 1.0mm and outer diameter 

of 2.5mm (E, I and M). For superficial capillary density, FAZ area and large vessels (seen as black outline of vessels in E) were 

excluded from the calculation, and for deep capillary density, FAZ area was excluded from the calculation. The white arrows in K, L 

and M indicate the presence of a single flow deficit, where it appears as black in the OCTA image (K), and white in the inverted 

images (L and M). 

 



 
 

 

 

 

 

 

 

 




