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Abstract

Purpose

Early detection of microvascular changes in the retina may be important for the risk assess-

ment of cardiovascular health. Therefore, the purpose of this study was to investigate imag-

ing biomarkers in fluorescein angiography (FA) as potential predictors for cardiovascular

mortality.

Methods

In this retrospective, matched case-control study, we included FA images from clinical rou-

tine data between 2007 and 2018 of 100 patients who died of macrovascular events (Group

1) and 100 age- and sex-matched controls (Group 2). All patients were under treatment for

different, mostly retinal, ocular diseases. FA images were used for the measurement of the

foveal avascular zone (FAZ) and the arteriolar and venular caliber.

Results

Patients mean age on examination day was 69.5 ± 8.3 years with a 1:1 female:male subject

ratio. Mean FAZ area of our sample was 0.340 ± 0.135 mm2 for Group 1 and 0.264 ± 0.137

mm2 for Group 2 (P < 0.001), showing a larger FAZ area in patients who subsequently died

of macrovascular-related systemic diseases.

Conclusions

Individuals effected by a macrovascular-related disease show a larger FAZ on FA examina-

tions before the event compared to patients which are unaffected. Our results highlight a

possible role of the FAZ as additional biomarker for the cardiovascular condition.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0266423 May 5, 2022 1 / 15

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Goldbach F, Mylonas G, Riegelnegg M,

Brugger J, Schmidt-Erfurth U, Gerendas BS (2022)

Association of microvascular biomarkers in

fluorescein angiography with macrovascular-

related mortality in clinical routine data. PLoS ONE

17(5): e0266423. https://doi.org/10.1371/journal.

pone.0266423

Editor: Zongjin Li, Nankai University, CHINA

Received: December 3, 2021

Accepted: March 19, 2022

Published: May 5, 2022

Copyright: © 2022 Goldbach et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Patient related

imaging data cannot be shared publicly because of

data protection laws (retinal image = personal

health information). The relevant aggregated data

underlying the results presented in the study were

shared in the Supporting Information file.

Funding: MR received a salary from RetInSight

GmbH, which was unrelated to this study. The

specific roles of this author are articulated in the

‘author contributions’ section. The funders had no

role in study design, data collection and analysis,

https://orcid.org/0000-0001-8940-8130
https://doi.org/10.1371/journal.pone.0266423
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266423&domain=pdf&date_stamp=2022-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266423&domain=pdf&date_stamp=2022-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266423&domain=pdf&date_stamp=2022-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266423&domain=pdf&date_stamp=2022-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266423&domain=pdf&date_stamp=2022-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266423&domain=pdf&date_stamp=2022-05-05
https://doi.org/10.1371/journal.pone.0266423
https://doi.org/10.1371/journal.pone.0266423
http://creativecommons.org/licenses/by/4.0/


Introduction

Cardiovascular diseases (CVDs) such as ischemic heart disease and stroke have been the lead-

ing cause of mortality in the world for 15 years; claiming 17.79 million lives a year [1]. It is

expected that the numbers will steadily grow, due to the ageing population and modifiable risk

factors such as unhealthy diet and physical inactivity [2]. Major traditional risk factors of CVD

include ApoB/ApoA1 ratio—5 vs 1 (OR 3.25), smoking (OR 2.87), diabetes (OR 2.37), hyper-

tension (1.91), and abdominal obesity (OR 1.62) [3]. The liability of cardiovascular diseases

leads to human suffering, disability, reduced productivity, increasing health care costs and

numerous other consequences that have resulted in a strengthened focus on risk assessment

and primary prevention strategies of CVDs [4–6]. For composition and implementation of

preventive measures it is essential to identify individuals at risk of CVDs [7]. But traditional

risk factors are still insufficient to predict CVD events precisely.

However, the retinal microvasculature offers an easily accessible insight into the condition

of the human microcirculation. McClintic et al. hypothesized that as retinal vessels have

approximately the same magnitude as the coronary microvasculature (~100–250μm), they

could serve as a marker for subclinical or microvascular coronary disease [8]. Therefore, early

detection of alterations in retinal microvasculature might be an opportunity for the risk assess-

ment of cardiovascular mortality. These alterations can be observed using various methods,

including fundus examination (FE), optical coherence tomography angiography (OCTA) and

fluorescence angiography (FA).

Previous studies have examined the relationship between retinal microvascular alterations

and CVD using different retinal imaging biomarkers such as the arteriolar and venular caliber,

arteriovenous nicking, arteriolar tortuosity, or vessel density. Another significant retinal imag-

ing biomarker is the foveal avascular zone (FAZ). The FAZ is the central retinal area and as

such the most relevant retinal area for central visual function. It is surrounded by interconnec-

ted capillary networks, which allow its easy identification. This region is highly sensitive to

ischemic events and analyzing its morphology can provide insights into potential pathologic

processes [9]. An enlargement of the FAZ area due to ischemia, has been found in diabetic reti-

nopathy [10], retinal vein occlusion [11] and arterial hypertension [12, 13]. These studies sup-

port the claim of an association between retinal microvasculature alterations and CVD as the

mentioned diseases are risk factors for CVD as well. Despite the obvious success of non-inva-

sive OCTA examinations nowadays, FA is still considered the gold standard for imaging the

retinal (micro)-vasculature in many cases. Furthermore, FA is widely available, it has a good

sensitivity when detecting slow blood flow vessels [14] and arterioles and venules are clearly

visible and can therefore be distinguished from each other very well. This study was performed

to assess changes in the retinal microvasculature of patients who died from a cardiovascular

event by comparing FA imaging biomarkers with age- and sex matched patients who are still

alive. This may contribute to the prediction and prevention of CVD associated mortality.

Methods

This retrospective matched case-control study was approved by the ethics committee of the Medi-

cal University of Vienna (Application number 2094/2018 and 2095/2018) and was conducted in

accordance with the declaration of Helsinki. As approved by the Ethics committee of the Medical

University of Vienna no informed consent was necessary for this retrospective analysis.

Study population

Using the Austrian death registry, all patients, whose death was caused by a cardiovascular-

related disease by 12/2018 and who had had an FA examination at our department, could be
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determined. Patients with the following causes of death were included in the study: myocardial

infarction, ischemic cardiomyopathy, apoplexy, pulmonary embolism and embolization or

thrombosis of another region. Patients were excluded if any retinal disease obscured the entire

foveal area and/or the boundaries of the FAZ or if poor image quality no longer allowed identi-

fication of vessels around the optic disc or the FAZ itself. All patients, who underwent fluores-

cein angiography examinations at the Department of Ophthalmology and Optometry of the

Medical University of Vienna between 01/2007 and 12/2018 were pooled. From this pool of

6493 available patients with FA examinations, 460 patients whose death was caused by a car-

diovascular-related disease were identified. 50 males and 50 females (Group 1) of these 460

patients were randomly chosen by an ophthalmologist using a random number generator. If

exclusion criteria were not met, the patients were included in the study. During this process

140 patients were excluded due to either poor image quality or ungradable FA examinations.

From the remaining pool of 6033 patients, all included patients of Group 1 were randomly

age- and sex-matched with alive patients. These patients must still have been alive in 12/2018

(Group 2) and must have had available FA examinations at the same age (full year at examina-

tion date) as patients of Group 1. During this process 98 patients were excluded due to either

poor image quality or ungradable FA examinations. Collectively, 200 patients were enrolled in

this study. Included patients were under treatment for different, mostly retinal, ocular diseases.

Prescence of diabetes and all ocular diseases of the study eye assigned at the time of the FA

examination were recorded.

Image acquisition and analysis

Images were chosen from the FA image pool of the mentioned period. All FA examinations

had been performed with a Heidelberg SPECTRALIS HRA+OCT camera (Heidelberg Engi-

neering Inc., Heidelberg, Germany) by experienced ophthalmologists or optometrists accord-

ing to a standardized protocol during regular outpatient clinic consultations. For each patient,

an early phase fovea centered FA image (Field 2) and an optic disc centered image (Field 1)

after 5 minutes with the best available image quality were selected and exported as TIF file. All

exported images were evaluated for retinal vascular alterations using the image processing pro-

gram ImageJ 1.52a. In addition, a retinal specialist graded all FA examinations for presence of

diabetic retinopathy to identify this common disease as a potential confounder.

Foveal avascular zone area

The measurement of the FAZ using the early phase Field 2 images were performed by two

independent, experienced, and certified image graders of the Vienna Reading Center accord-

ing to a predefined standardized grading procedure. Prior to the analysis, brightness and

image contrast were optimized to ensure the best possible representation of the FAZ (Fig 1).

Using the image scale, the pixel per μm ratio could be determined and set as a global scale. All

FAZ areas were marked by the two graders and their values were noted (in μm2) for later

evaluation.

Generalized arteriolar and venular caliber

The method used for the assessment of the vessels around the optic disc was adapted from

Hubbard et al. [15] for FA. All measurements and calculations were performed by one experi-

enced image grader. For each Field 1 image, the diameter of the optic disc was determined. As

a next step the FA image was overlaid by the grader with a scalable grid to establish the mea-

surement zone (Fig 2). The grader identified arterioles and venules before measuring the

diameter of each vessel coursing within the zone. Thereafter, the grader chose the segment of
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each vessel within the measurement zone most suitable for measurement based on image qual-

ity and straightness of the vessel. All measurements were taken at a rectangular angle to the

vessel course to determine the true caliber of each vessel. Measurements of individual arteri-

oles and venules were later combined into a central retinal arteriolar equivalent (CRAE) and a

central retinal venular equivalent (CRVE) representing the mean arteriolar or venular caliber

of the patients’ eye. Calculations were performed according to the formulas developed by Parr

et al. [16, 17] and Hubbard et al. [18] as seen in Eq (1). The formulas summarize all arterioles

and venules into one representative value. For details, please refer to the description of Eq (1).

ArteriolesCR ¼ 0:87Cs
2 þ 1:01Cl

2 � 0:22CsCl � 10:76

VenulesCR ¼ 0:72Cs
2 þ 0:91Cl

2 þ 450:05

Eq (1) Formula for central retinal arteriolar/venular equivalent (CRAE/CRVE).

CR is the caliber of throot vessel, Cs the caliber of the smaller branch and Cl the caliber of

the larger branch. Using the formula, the largest arteriole was combined with the smallest arte-

riole into a new root arteriole (CR), then the second largest and second smallest were com-

bined and so on until all were accounted for. If the number of arterioles to be combined was

odd, the remaining arteriole was carried over to the next iteration. The pairing process was

repeated until one last root arteriole was obtained, representing the CRAE. The procedure for

the root venule (CRVE) was performed accordingly. To quantify generalized narrowing or

widening, CRAE and CRVE were obtained for all eyes and their Arteriolar-Venular-Ratio

(AVR) was calculated. An AVR of 1 signifies that arteriolar and venular calibers are on average

the same. A lower AVR suggests either relatively narrower arterioles than venules or relatively

wider venules than arterioles.

Statistical analysis

To determine whether the patient groups differed in terms of size of their FAZ, CRAE, CRVE

or Arteriolar-Venular-Ratio (AVR) at their examination date a paired t-test was performed,

where pairs were matched with regards to gender and age. Following this, a subgroup analysis

dependent on gender for FAZ, CRAE, CRVE and AVR was performed using paired t-tests.

Continuous data within the subgroup were normally distributed. A standard logistic regres-

sion model and a conditional logistic regression model with the status of a person as the

dependent and FAZ area as the independent variable were computed. Logistic regression mod-

els were adjusted for ocular diseases, presence of diabetes and presence of diabetic retinopathy.

The strata in the conditional logistic model were defined by the matched pairs. ROC curves

Fig 1. Optimized fluorescein angiography image. Brightness and image contrast optimization in an early phase

fluorescein angiography image (Field 2) without and with annotated FAZ area (magenta).

https://doi.org/10.1371/journal.pone.0266423.g001
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were computed to assess the diagnostic ability of the logistic models. Pearson-Chi-Quadrat test

was applied to determine whether the groups differed in terms of presence of diabetes, graded

diabetic retinopathy or their assigned ocular diagnoses. Bland-Altmann-Diagrams were cre-

ated to assess the agreement of the image graders that evaluated the size of the FAZ. All param-

eters with a p-value smaller than 0.05 were considered as statistically significant. All

calculations were performed using the statistical software R version 3.5.3 or higher.

Results

Subjects

200 FA examinations were analyzed by the Vienna Reading Center. The mean age on the

examination day was 69.5 ± 8.3 years (Fig 3). A total of 109 right eyes and 91 left eyes were

evaluated. There were no significant differences between Group 1 and Group 2 regarding

assigned ocular diagnoses, presence of diabetic retinopathy or presence of diabetes (Table 1).

Fig 2. Measurement zone. Optic disc centered fluorescein angiography image (Field 1) at minute five with overlaid

grid. The grid is composed of three circles concentric with the optic disc: The innermost circumscribes the average

disc, the middle one bounds the annulus from the disc margin to 0.5 disc diameter (DD) from the margin, and the

outer one bounds the annulus from 0.5 DD to 1 DD from the disc margin. The measurement zone (magenta) is

delimited by the middle and outer circle. Measurements of the arterioles are displayed in blue, venules in green.

https://doi.org/10.1371/journal.pone.0266423.g002
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Analysis

Summary statistics for FAZ area, CRAE, CRVE and AVR are provided in Table 2. The mean

FAZ area of our sample was 0.340 ± 0.135mm2 for Group 1 and 0.264 ± 0.137mm2 for Group

2 (p < 0.001), showing a larger FAZ area in patients who died of macrovascular-related events

(Fig 4). There were no statistically significant differences in mean CRAE, mean CRVE and

AVR between Group 1 and Group 2 (all p� 0.523). In addition, summary statistics for FAZ

area, CRAE, CRVE and AVR dependent on gender are provided in Table 3. There was a

Fig 3. Age distribution. Age distribution of the study population at the time of the examination considering gender.

Female patients are displayed in red, male patients in blue.

https://doi.org/10.1371/journal.pone.0266423.g003

Table 1. Distribution of graded diabetic retinopathy and assigned (ocular) diagnoses�.

Grading / Diagnosis Group 1 Group 2 p Value

Diabetic Retinopathy (%)�� 35 23 0.980

Diabetes (%) 56 23 0.592

Neovascular age-related macular degeneration (%) 13 21 0.097

Dry age-related macular degeneration (%) 12 25 0.155

Retinal vein occlusion (%) 2 5 0.743

Glaucoma (%) 5 4 0.640

Uveitis / Vasculitis (%) 5 4 0.640

Other diagnose��� (%) 21 5 0.981

No diagnose (%) 4 7 0.575

�Patients may have had more than one assigned (ocular) diagnosis for the study eye.

��As graded by Retinal Specialist on fluorescein angiography examination.

���Other diagnoses include rarely assigned diagnoses like Hypertensive retinopathy, Macular pucker, Posterior

vitreous detachment, Bleedings, Irvine–Gass syndrome, Radiation retinopathy, Pattern dystrophy, MacTel 2 and

Central serous chorioretinopathy.

https://doi.org/10.1371/journal.pone.0266423.t001
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statistically significant difference in mean FAZ area in Group 1 and Group 2 considering both

subgroups: female and male patients. Additionally, female patients of Group 1 showed a larger

central retinal vein equivalent than female patients of Group 2 (p = 0.045). AVR of male

patients was significant higher in Group 1 than in Group 2 (p = 0.042). Aside from that, no sta-

tistically significant differences were found in the subgroup analysis. In both the standard and

the conditional logistic model, adjusted for confounders, FAZ area is considered significant

(p = 0.002 and p = 0.005, respectively) which suggests it is correlated with later cardiovascular-

related death (Table 4). In our data the models itself predict death from cardiovascular events

moderately well (AUCstandard = 0.765 and AUCconditional = 0.846 respectively). Note that the

same data was used to compute the models and the ROC curves which means the goodness of

the models is likely overrated (Fig 5). No systematic differences were found in the Bland-Alt-

mann-Diagram (Fig 6). An ICC of 0.788 also suggests good observer consensus.

Discussion

In this retrospective matched case-control study, we examined the FAZ area and vessel calibers

in patients who died of cardiovascular diseases and individuals who have still been alive in 12/

2018 using fluorescein angiography. We could show that an enlarged FAZ area can predict

CVD death in men and women aged 39–82 years moderately well. After subgroup analysis, we

found that increased retinal venular caliber was associated with CVD related mortality in

women, but not in men.

In the last decades the FAZ was an essential part in numerous clinical-ophthalmic scientific

studies and its functional correlation with various ocular diseases was examined [20]. Prior

studies have shown that an increased area of the FAZ is correlated with impaired visual acuity

(VA) in patients with diabetic retinopathy (DR) and retinal vein occlusion (RVO) [21–23]. A

reduction in perfusion due diabetic angiopathy or vascular occlusion may lead to ischemia in

the fovea which has an important effect on VA [24]. In addition Li et al. have shown that an

enlarged FAZ area is detectable in diabetes patients before clinical signs of DR occur [10]. This

suggest that the FAZ is highly sensitive to ischemic events and could be a good predictor for

alterations in the retinal microvasculature even before consequential damages are visible.

In this study we could demonstrate that the FAZ area is significantly increased in patients

whose death was caused by a CVD during lifetime FA examinations in comparison to matched

controls. Even after a subgroup analysis the same results could be shown for men and women

independently. Similar to our control group John et al. [25] determined in a study with 31

healthy individuals a mean FAZ area of 0.275±0.074 mm2. Enlargement of the FAZ was

already described in previous studies for different diseases, including DR [26], macular branch

retinal vein occlusion [27], sickle cell disease [28], talc retinopathy [29] and arterial

Table 2. Summary of fluorescein angiography measurements for Group 1 and Group 2.

Group 1 Group 2

Mean Min Max Mean Min Max p Value 95% CI

Age (years) 69.66 39.44 82.15 69.39 38.84 81.99 - -

FAZ area (mm2) 0.340 0.077 0.670 0.264 0.043 0.906 < 0.001 � [-0.114; -0.038]

CRAE (μm) 187.98 127.53 240.28 185.89 108.02 250.01 0.523 [-4.37; 8.53]

CRVE (μm) 247.37 151.18 310.23 246.19 149.37 362.88 0.777 [-7.10; 9.47]

AVR 0.76 0.54 0.99 0.76 0.60 1.00 0.759 [-0.027; 0.02]

FAZ = Foveal avascular zone; CRAE = Central retinal arteriolar equivalent; CRVE = Central retinal venular equivalent; AVR = Arteriolar-Venular-Ratio; Statistically

significant P values are indicated by an asterisk.

https://doi.org/10.1371/journal.pone.0266423.t002
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hypertension [12, 13]. Especially DR has a strong association with CVD. It stands to reason

considering that diabetes patients are two to four times more likely to develop CVD than peo-

ple without diabetes. DR and CVD patients share several risk factors, such as age, duration of

diabetes, hypertension, higher BMI and chronic kidney disease [30]. We assume that a certain

proportion of our study population suffered from diabetes and/or exhibited some of the risk

factors mentioned. Due to the nature of a retrospective study, we cannot determine which dis-

ease or risk factor had the greatest impact on the FAZ enlargement. However, we could show

that the FAZ can predict death from cardiovascular events acceptably [19] well (AUC = 0.846)

and it may not be important if diabetes is the primary cause for the FAZ enlargement or if the

reason for FAZ enlargement is elsewhere and as such already a predictor for a potential cardio-

vascular event. Thus, it would be interesting to investigate the same study in just diabetic

patients in the future only. These results spark hopes that the FAZ could become an important

imaging biomarker for the risk assessment of cardiovascular mortality.

Regarding the other retinal imaging biomarker, including arteriolar and venular caliber

and the arteriolar-venular-ratio, we could not demonstrate statistically significant differences

between patients who died of CVDs and patients who did not. However, previous studies have

Fig 4. FAZ area. Exemplary early phase FA recordings of both groups from a matched pair without (left) and with

(right) annotated FAZ area, showing a smaller FAZ area in the lower image (Group 2).

https://doi.org/10.1371/journal.pone.0266423.g004
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documented that retinal vessel caliber changes can be a predictive marker for CVDs [31, 32].

Wang et al. have shown that a larger retinal venular caliber is associated with a 1.5-2x increased

risk of coronary heart disease (CHD) death in men and women aged 49–75, but a smaller arte-

riolar caliber only predicted higher risk of fatal CHD in women [33]. Furthermore McGeecha

et al. demonstrated that a wider retinal venular caliber is independently associated with an

increased risk of stroke events [34]. One possible explanation for our results could be that FA

images are not as well suited as color fundus images to measure vessel diameters. Due to the

fluorescent dye, vessel calibers could appear larger than they are. This influence could be dif-

ferent strong for arterioles and venules due to the varying contrast agent filling during the FA

examination. Nevertheless, after subgroup analysis, we could show that increased retinal venu-

lar caliber was associated with CVD related deaths in women, but not in men. This finding

substantiates the hypothesis that microvascular coronary artery disease may be more promi-

nent among women [35, 36].

Table 3. Summary of fluorescein angiography measurements for Group 1 and Group 2 dependent on gender.

Group 1 Group 2

Female (n = 100) Mean SD Mean SD p Value 95% CI

Age (years) 72.21 9.26 72.15 9.22 - -

FAZ area (mm2) 0.333 0.14 0.272 0.14 0.042 � [0.002; 0119]

CRAE (μm) 190.46 24.55 188.48 26.06 0.682 [-7.69; 11.66]

CRVE (μm) 249.27 27.30 238.63 28.63 0.045� [-7.10; 9.47]

AVR 0.77 0.08 0.79 0.09 0.111 [-0.059; 0.006]

Male (n = 100) Mean SD Mean SD p Value 95% CI

Age (years) 67.11 6.29 66.63 6.26 - -

FAZ area (mm2) 0.347 0.13 0.256 0.15 0.001� [0.042; 0.141]

CRAE (μm) 185.50 22.67 183.31 22.29 0.623 [-6.69; 11.06]

CRVE (μm) 245.48 28.00 253.75 34.48 0.198 [-21.00; 4.46]

AVR 0.76 0.10 0.73 0.08 0.042� [0.001; 0.066]

FAZ = Foveal avascular zone; CRAE = Central retinal arteriolar equivalent; CRVE = Central retinal venular equivalent; AVR = Arteriolar-Venular-Ratio; Statistically

significant P values are indicated by an asterisk.

https://doi.org/10.1371/journal.pone.0266423.t003

Table 4. Results of the adjusted standard and conditional logistic regression model predicting death form cardiovascular-related disease.

Standard logistic model Conditional logistic model

Odds Ratio Lower CL Upper CL p Value Odds Ratio LowerCL UpperCL p Value

FAZ Area 65.64 5.27 1003.09 0.0017 54.18 3.43 856.93 0.0046

DR 0.34 0.11 0.92 0.0429� 0.36 0.11 1.18 0.0905�

Diabetes 29.87 6.82 183.08 <0.001� 22.14 3.76 130.58 <0.001�

dAMD 2.85 0.70 14.63 0.1697� 1.95 0.34 11.08 0.4521�

nAMD 4.74 1.13 24.77 0.0448� 3.26 0.58 18.34 0.1808�

RVO 2.22 0.25 16.13 0.4348� 2.09 0.23 18.74 0.5083�

Glaucoma 2.18 0.43 12.24 0.3526� 2.17 0.34 13.93 0.4127�

Uveitis/Vasculitis 10.43 1.68 76.12 0.0144� 0.77 0.981 41.05 0.0877�

Other diagnose 10.16 2.49 53.28 0.0026� 6.62 1.25 35.09 0.0263�

No diagnose 5.19 0.78 37.68 0.0908� 4.41 0.54 36.16 0.1674�

FAZ = Foveal avascular zone; DR = Diabetic Retinopathy as graded by Retinal Specialist on fluorescein angiography, dAMD = Dry age-related macular degeneration,

nAMD = neovascular age-related macular degeneration, RVO = Retinal vein occlusion.

� p values only for descriptive use, multiple testing corrections were not performed.

https://doi.org/10.1371/journal.pone.0266423.t004
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Despite the increasing predominance of evidence of a connection between retinal micro-

vascular alterations and CVDs, there still remains a substantial lack of understanding about

the pathophysiologic mechanisms underlying the relationship between microvascular and

macrovascular disease [8]. The central pathological mechanism in CVD is atherosclerosis and

is thought to result from endothelial injury and chronic inflammation [37]. The net effect of

this process is the formation of a fibro-lipid plaque with a fibrous cap in the peripheral or coro-

nary vascular system. Rupture of this atheroma results in an acute vascular infarction which

could lead to myocardial infraction or stroke. Contrary to this, microvascular complications

for example in diabetes can result in retinopathy, nephropathy, or neuropathy. Several studies

have tried to substantiate the relationship between retinal microvascular abnormalities and

atherosclerosis. It was suggested that extent and severity of retinal vessel atherosclerosis is

strongly correlated with the extent and severity of coronary artery disease (CAD) [38, 39]. Van

Hecke et al. hypothesized that microvascular changes may be linked to atherosclerosis by

inducing endothelial dysfunction of large vessels. But their study showed that retinal microvas-

cular disease was not independently associated with endothelial-dependent flow-mediated

vasodilation (reflects impaired endothelial function) or early atherosclerosis [40]. In contrast,

Wu et al. examined in a relatively small study the association of central retinal artery (CRA)

blood flow and endothelial-dependent flow-mediated vasodilation. They demonstrated that

increased CRA resistance and decreased CRA blood flow was correlated with decreased bra-

chial artery endothelial function in CAD patients, indicating a connection between retinal vas-

cular changes and endothelial dysfunction [41]. However, endothelial dysfunction for example

in diabetes can be caused by several metabolic insults that include hyperglycemia, dyslipide-

mia, hypertension, hyperinsulinemia, elevated levels of fatty acids, increased production of

reactive oxygen species, hyperleptinemia, cytokine-mediated inflammation, activation of the

Fig 5. ROC-curve. ROC-curve of the conditional logistic model showing an excellent [19] prediction of cardiovascular

related death (AUC = 0.846). The scale is described by Mandrekar [19] as follows: 0 indicates a perfectly inaccurate

test, an AUC of 0.5 suggests no discrimination, 0.7 to 0.8 is considered acceptable, 0.8 to 0.9 is considered excellent,

more than 0.9 is considered outstanding and a value of 1 reflects a perfectly accurate test.

https://doi.org/10.1371/journal.pone.0266423.g005
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sympathoadrenal system, activation of protein kinase C and the induction of a prothrombotic

diathesis [42].

In summary, the connection between microvascular disease and CVD appears to be multi-

factorial, bidirectional, and dependent on mutual risk factors such as diabetes and arterial

hypertension. It remains uncertain which micro- or macrovascular alteration is cause and

which is effect, but endothelial dysfunction seems to play a critical role. Nevertheless, the

underlying pathophysiology between micro- and macrovascular disease is not fully resolved

and further research is required.

Strengths of our study include precise assessment of retinal microvascular biomarkers by

experienced image graders of the Vienna Reading Center and tracing of CVD deaths by vali-

dated Austrian death registry data. On the other hand, limitations of our study were: Patients

who did not die of cardiovascular vascular disease cannot be considered “healthy”. Some of

them suffer from internal diseases, including even cardiovascular diseases. Those diseases cer-

tainly also affected the retinal microvasculature of our control cohort. Since medical records

were not always available, we could only adjust our results for CVD risk factors such as diabe-

tes and the assigned ocular diagnoses. Despite that we matched for gender and age, a selection

bias of unmatched case-controls regarding gender-balanced CVD risk factors could be possi-

ble. In addition, 140 patients who had died of CVD and 98 patients who are still alive did not

have gradable FA examinations for the assessment of microvascular biomarkers. This is inevi-

table when real world data is used and might have led to a selection bias. However, exclusion

criteria were applied equally and strictly to both groups. Finally, the number of CVD deaths

Fig 6. Bland-Altmann-Diagram. The Bland-Altmann-Diagram suggests a good agreement of the image graders that

evaluated the size of the FAZ (ICC of 0.788).

https://doi.org/10.1371/journal.pone.0266423.g006
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was relatively small, and our findings need confirmation in larger studies. This study is a proof

of principle hypothesis building retrospective analysis, which aimed at identifying potential

imaging biomarkers for the risk assessment of cardiovascular mortality. In later prospective

clinical studies, it will be necessary to validate the impact of FAZ measurement in addition to

traditional CVD risk factors using non-invasive imaging methods and controlling for potential

confounders.

With the increasing use of OCTA devices in clinical routine, there is a noninvasive, non-

harmful and fast opportunity to capture the retinal microvasculature. In contrast to FA,

OCTA provides a detailed angiographic representation of the microvasculature, allowing qual-

itative and quantitative analysis of the perfusion state of individual retinal capillary plexuses of

the fovea, unobscured by leakage. In many departments automated and semi-automated mea-

surements of the FAZ using OCTA images are already established. This implies that early

detection of retinal microvascular alterations (e.g., seen as enlargement of the FAZ size) is via-

ble and could extend traditional risk factors of CVDs. This might help to initiate prevention

strategies just in time, preventing and reducing the burden of cardiovascular mortality. Cer-

tainly, it will be needed to prove our suggestions in a prospective clinical trial before conclu-

sion are valid. Monteiro-Henriques et al. recently concluded that OCTA could be a useful tool

to assess a patient’s CVD risk profile in a non-invasive way [43], therefore using OCTA in

such a trial will be the best strategy and will also lead to less exclusions of patients as seen in

FA, e.g. due to leakage or blocked fluorescein.

In conclusion, in this retrospective matched case-control study, we demonstrated with clin-

ical routine FA data that patients whose death was caused by a macrovascular-related disease

show on average a larger FAZ area on FA examinations during lifetime than patients who are

alive. Our findings substantiate the hypothesis of an association between retinal microvascular

alterations and CVD.

Supporting information

S1 Data.

(XLSX)

Acknowledgments

The authors would like to express their gratitude to the staff of the Vienna Reading Center

who contributed to the study.

Meeting presentation: Submitted as a free paper presentation at the virtual EURETINA

congress of the European Society of Retina Specialists (October 2020).

Author Contributions

Conceptualization: Felix Goldbach, Ursula Schmidt-Erfurth, Bianca S. Gerendas.

Data curation: Felix Goldbach, Georgios Mylonas, Martin Riegelnegg, Bianca S. Gerendas.

Formal analysis: Felix Goldbach, Jonas Brugger, Bianca S. Gerendas.

Investigation: Felix Goldbach.

Methodology: Felix Goldbach.

Project administration: Bianca S. Gerendas.

Software: Martin Riegelnegg.

PLOS ONE Microvascular biomarkers and macrovascular mortality

PLOS ONE | https://doi.org/10.1371/journal.pone.0266423 May 5, 2022 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266423.s001
https://doi.org/10.1371/journal.pone.0266423


Supervision: Ursula Schmidt-Erfurth, Bianca S. Gerendas.

Visualization: Jonas Brugger.

Writing – original draft: Felix Goldbach.

Writing – review & editing: Felix Goldbach, Ursula Schmidt-Erfurth, Bianca S. Gerendas.

References
1. Roth GA, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N, et al. Global, regional, and national age-

sex-specific mortality for 282 causes of death in 195 countries and territories, 1980–2017: a systematic

analysis for the Global Burden of Disease Study 2017. The Lancet. 2018; 392(10159):1736–88. https://

doi.org/10.1016/S0140-6736(18)32203-7.

2. Roth GA, Mensah GA, Johnson CO, Addolorato G, Ammirati E, Baddour LM, et al. Global Burden of

Cardiovascular Diseases and Risk Factors, 1990–2019: Update From the GBD 2019 Study. Journal of

the American College of Cardiology. 2020; 76(25):2982–3021. https://doi.org/10.1016/j.jacc.2020.11.

010 PMID: 33309175

3. Yusuf S, Hawken S, Ounpuu S, Dans T, Avezum A, Lanas F, et al. Effect of potentially modifiable risk

factors associated with myocardial infarction in 52 countries (the INTERHEART study): case-control

study. Lancet. 2004; 364(9438):937–52. Epub 2004/09/15. https://doi.org/10.1016/S0140-6736(04)

17018-9 PMID: 15364185.

4. Grover SA, Paquet S, Levinton C, Coupal L, Zowall H. Estimating the Benefits of Modifying Risk Factors

of Cardiovascular Disease: A Comparison of Primary vs Secondary Prevention. Archives of Internal

Medicine. 1998; 158(6):655–62. https://doi.org/10.1001/archinte.158.6.655 PMID: 9521231

5. Jacobson TA. Clinical context: Current concepts of coronary heart disease management. Am J Med.

2001; 110(6, Supplement 1):3–11. https://doi.org/10.1016/s0002-9343(01)00672-6 PMID: 11311191

6. Grundy SM. Primary Prevention of Coronary Heart Disease. Circulation. 1999; 100(9):988–98. https://

doi.org/10.1161/01.cir.100.9.988 PMID: 10468531

7. Bhuiyan A, Kawasaki R, Lamoureux E, Ramamohanarao K, Wong TY. Retinal artery–vein caliber grad-

ing using color fundus imaging. Computer Methods and Programs in Biomedicine. 2013; 111(1):104–

14. https://doi.org/10.1016/j.cmpb.2013.02.004 PMID: 23535181

8. McClintic BR, McClintic JI, Bisognano JD, Block RC. The relationship between retinal microvascular

abnormalities and coronary heart disease: a review. Am J Med. 2010; 123(4):374.e1–.e3747. https://

doi.org/10.1016/j.amjmed.2009.05.030 PMID: 20362758.

9. Samara WA, Say EA, Khoo CT, Higgins TP, Magrath G, Ferenczy S, et al. CORRELATION OF

FOVEAL AVASCULAR ZONE SIZE WITH FOVEAL MORPHOLOGY IN NORMAL EYES USING

OPTICAL COHERENCE TOMOGRAPHY ANGIOGRAPHY. Retina. 2015; 35(11):2188–95. Epub

2015/10/16. https://doi.org/10.1097/IAE.0000000000000847 PMID: 26469536.

10. Li Z, Alzogool M, Xiao J, Zhang S, Zeng P, Lan Y. Optical coherence tomography angiography findings

of neurovascular changes in type 2 diabetes mellitus patients without clinical diabetic retinopathy. Acta

Diabetologica. 2018; 55(10):1075–82. https://doi.org/10.1007/s00592-018-1202-3 PMID: 30066044

11. Wons J, Pfau M, Wirth MA, Freiberg FJ, Becker MD, Michels S. Optical Coherence Tomography Angi-

ography of the Foveal Avascular Zone in Retinal Vein Occlusion. Ophthalmologica. 2016; 235(4):195–

202. https://doi.org/10.1159/000445482 PMID: 27160007

12. Lee WH, Park J-H, Won Y, Lee M-W, Shin Y-I, Jo Y-J, et al. Retinal Microvascular Change in Hyperten-

sion as measured by Optical Coherence Tomography Angiography. Scientific reports. 2019; 9(1):156-.

https://doi.org/10.1038/s41598-018-36474-1 PMID: 30655557.

13. Donati S, Maresca AM, Cattaneo J, Grossi A, Mazzola M, Caprani SM, et al. Optical coherence tomog-

raphy angiography and arterial hypertension: A role in identifying subclinical microvascular damage?

Eur J Ophthalmol. 2019:1120672119880390. Epub 2019/10/17. https://doi.org/10.1177/

1120672119880390 PMID: 31617414.

14. La Mantia A, Kurt RA, Mejor S, Egan CA, Tufail A, Keane PA, et al. COMPARING FUNDUS FLUORES-

CEIN ANGIOGRAPHY AND SWEPT-SOURCE OPTICAL COHERENCE TOMOGRAPHY ANGIOG-

RAPHY IN THE EVALUATION OF DIABETIC MACULAR PERFUSION. Retina. 2019; 39(5):926–37.

Epub 2018/01/19. https://doi.org/10.1097/IAE.0000000000002045 PMID: 29346244.

15. Hubbard LD, Brothers RJ, King WN, Clegg LX, Klein R, Cooper LS, et al. Methods for evaluation of reti-

nal microvascular abnormalities associated with hypertension/sclerosis in the Atherosclerosis Risk in

Communities Study. Ophthalmology. 1999; 106(12):2269–80. Epub 1999/12/22. https://doi.org/10.

1016/s0161-6420(99)90525-0 PMID: 10599656.

PLOS ONE Microvascular biomarkers and macrovascular mortality

PLOS ONE | https://doi.org/10.1371/journal.pone.0266423 May 5, 2022 13 / 15

https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.1016/j.jacc.2020.11.010
https://doi.org/10.1016/j.jacc.2020.11.010
http://www.ncbi.nlm.nih.gov/pubmed/33309175
https://doi.org/10.1016/S0140-6736%2804%2917018-9
https://doi.org/10.1016/S0140-6736%2804%2917018-9
http://www.ncbi.nlm.nih.gov/pubmed/15364185
https://doi.org/10.1001/archinte.158.6.655
http://www.ncbi.nlm.nih.gov/pubmed/9521231
https://doi.org/10.1016/s0002-9343%2801%2900672-6
http://www.ncbi.nlm.nih.gov/pubmed/11311191
https://doi.org/10.1161/01.cir.100.9.988
https://doi.org/10.1161/01.cir.100.9.988
http://www.ncbi.nlm.nih.gov/pubmed/10468531
https://doi.org/10.1016/j.cmpb.2013.02.004
http://www.ncbi.nlm.nih.gov/pubmed/23535181
https://doi.org/10.1016/j.amjmed.2009.05.030
https://doi.org/10.1016/j.amjmed.2009.05.030
http://www.ncbi.nlm.nih.gov/pubmed/20362758
https://doi.org/10.1097/IAE.0000000000000847
http://www.ncbi.nlm.nih.gov/pubmed/26469536
https://doi.org/10.1007/s00592-018-1202-3
http://www.ncbi.nlm.nih.gov/pubmed/30066044
https://doi.org/10.1159/000445482
http://www.ncbi.nlm.nih.gov/pubmed/27160007
https://doi.org/10.1038/s41598-018-36474-1
http://www.ncbi.nlm.nih.gov/pubmed/30655557
https://doi.org/10.1177/1120672119880390
https://doi.org/10.1177/1120672119880390
http://www.ncbi.nlm.nih.gov/pubmed/31617414
https://doi.org/10.1097/IAE.0000000000002045
http://www.ncbi.nlm.nih.gov/pubmed/29346244
https://doi.org/10.1016/s0161-6420%2899%2990525-0
https://doi.org/10.1016/s0161-6420%2899%2990525-0
http://www.ncbi.nlm.nih.gov/pubmed/10599656
https://doi.org/10.1371/journal.pone.0266423


16. Parr JC, Spears GF. General caliber of the retinal arteries expressed as the equivalent width of the cen-

tral retinal artery. American journal of ophthalmology. 1974; 77(4):472–7. Epub 1974/04/01. https://doi.

org/10.1016/0002-9394(74)90457-7 PMID: 4819451.

17. Parr JC, Spears GF. Mathematic relationships between the width of a retinal artery and the widths of its

branches. American journal of ophthalmology. 1974; 77(4):478–83. Epub 1974/04/01. https://doi.org/

10.1016/0002-9394(74)90458-9 PMID: 4819452.

18. Atherosclerosis Risk in Communities (ARIC) Study Research Group. ARIC Retinal Photography Proto-

col, Manual 14A, and ARIC Retinal Reading Center Protocol, Manual 14B. ARIC Coordinating Center,

Department of Biostatistics (CSCC), University of North Carolina, CB# 8030, Suite 203, Nationsbank

Plaza, 137 E. Franklin St., Chapel Hill, NC 27514.

19. Mandrekar JN. Receiver Operating Characteristic Curve in Diagnostic Test Assessment. Journal of

Thoracic Oncology. 2010; 5(9):1315–6. https://doi.org/10.1097/JTO.0b013e3181ec173d PMID:

20736804

20. Mihailovic N, Eter N, Alnawaiseh M. [Foveal avascular zone and OCT angiography. An overview of cur-

rent knowledge]. Der Ophthalmologe: Zeitschrift der Deutschen Ophthalmologischen Gesellschaft.

2018. Epub 2018/12/21. https://doi.org/10.1007/s00347-018-0838-2 PMID: 30569234.

21. Balaratnasingam C, Inoue M, Ahn S, McCann J, Dhrami-Gavazi E, Yannuzzi LA, et al. Visual Acuity Is

Correlated with the Area of the Foveal Avascular Zone in Diabetic Retinopathy and Retinal Vein Occlu-

sion. Ophthalmology. 2016; 123(11):2352–67. https://doi.org/10.1016/j.ophtha.2016.07.008 PMID:

27523615

22. Samara WA, Shahlaee A, Adam MK, Khan MA, Chiang A, Maguire JI, et al. Quantification of Diabetic

Macular Ischemia Using Optical Coherence Tomography Angiography and Its Relationship with Visual

Acuity. Ophthalmology. 2017; 124(2):235–44. https://doi.org/10.1016/j.ophtha.2016.10.008 PMID:

27887743

23. Tang FY, Ng DS, Lam A, Luk F, Wong R, Chan C, et al. Determinants of Quantitative Optical Coher-

ence Tomography Angiography Metrics in Patients with Diabetes. Scientific reports. 2017; 7(1):2575.

https://doi.org/10.1038/s41598-017-02767-0 PMID: 28566760

24. Sim DA, Keane PA, Zarranz-Ventura J, Fung S, Powner MB, Platteau E, et al. The Effects of Macular

Ischemia on Visual Acuity in Diabetic Retinopathy. Investigative Ophthalmology & Visual Science.

2013; 54(3):2353–60. https://doi.org/10.1167/iovs.12-11103 PMID: 23449720

25. John D, Kuriakose T, Devasahayam S, Braganza A. Dimensions of the foveal avascular zone using the

Heidelberg retinal angiogram-2 in normal eyes. Indian J Ophthalmol. 2011; 59(1):9–11. https://doi.org/

10.4103/0301-4738.73706 PMID: 21157065.

26. Conrath J, Giorgi R, Raccah D, Ridings B. Foveal avascular zone in diabetic retinopathy: quantitative vs

qualitative assessment. Eye (Lond). 2005; 19(3):322–6. Epub 2004/07/20. https://doi.org/10.1038/sj.

eye.6701456 PMID: 15258601.

27. Parodi MB, Visintin F, Della Rupe P, Ravalico G. Foveal avascular zone in macular branch retinal vein

occlusion. Int Ophthalmol. 1995; 19(1):25–8. Epub 1995/01/01. https://doi.org/10.1007/BF00156415

PMID: 8537192.

28. Sanders RJ, Brown GC, Rosenstein RB, Magargal L. Foveal avascular zone diameter and sickle cell

disease. Arch Ophthalmol. 1991; 109(6):812–5. Epub 1991/06/01. https://doi.org/10.1001/archopht.

1991.01080060076029 PMID: 2043068.

29. Friberg TR, Gragoudas ES, Regan CD. Talc emboli and macular ischemia in intravenous drug abuse.

Arch Ophthalmol. 1979; 97(6):1089–91. Epub 1979/06/01. https://doi.org/10.1001/archopht.1979.

01020010543006 PMID: 444139.

30. Melo LGN, Morales PH, Drummond KRG, Santos DC, Pizarro MH, Barros BSV, et al. Diabetic Retinop-

athy May Indicate an Increased Risk of Cardiovascular Disease in Patients With Type 1 Diabetes—A

Nested Case-Control Study in Brazil. Frontiers in Endocrinology. 2019; 10(689). https://doi.org/10.

3389/fendo.2019.00689 PMID: 31681167

31. Wong TY. Is retinal photography useful in the measurement of stroke risk? Lancet Neurol. 2004; 3

(3):179–83. Epub 2004/03/20. https://doi.org/10.1016/s1474-4422(04)00682-9 PMID: 15029894.

32. Wong TY, Klein R, Sharrett AR, Duncan BB, Couper DJ, Tielsch JM, et al. Retinal arteriolar narrowing

and risk of coronary heart disease in men and women: The Atherosclerosis Risk in Communities Study.

Journal of the American Medical Association. 2002; 287(9):1153–9. https://doi.org/10.1001/jama.287.9.

1153 PMID: 11879113

33. Wang JJ, Liew G, Wong TY, Smith W, Klein R, Leeder SR, et al. Retinal vascular calibre and the risk of

coronary heart disease-related death. Heart. 2006; 92(11):1583–7. Epub 2006/07/15. https://doi.org/

10.1136/hrt.2006.090522 PMID: 16840510; PubMed Central PMCID: PMC1861253.

34. McGeechan K, Liew G, Macaskill P, Irwig L, Klein R, Klein BEK, et al. Prediction of Incident Stroke

Events Based on Retinal Vessel Caliber: A Systematic Review and Individual-Participant Meta-

PLOS ONE Microvascular biomarkers and macrovascular mortality

PLOS ONE | https://doi.org/10.1371/journal.pone.0266423 May 5, 2022 14 / 15

https://doi.org/10.1016/0002-9394%2874%2990457-7
https://doi.org/10.1016/0002-9394%2874%2990457-7
http://www.ncbi.nlm.nih.gov/pubmed/4819451
https://doi.org/10.1016/0002-9394%2874%2990458-9
https://doi.org/10.1016/0002-9394%2874%2990458-9
http://www.ncbi.nlm.nih.gov/pubmed/4819452
https://doi.org/10.1097/JTO.0b013e3181ec173d
http://www.ncbi.nlm.nih.gov/pubmed/20736804
https://doi.org/10.1007/s00347-018-0838-2
http://www.ncbi.nlm.nih.gov/pubmed/30569234
https://doi.org/10.1016/j.ophtha.2016.07.008
http://www.ncbi.nlm.nih.gov/pubmed/27523615
https://doi.org/10.1016/j.ophtha.2016.10.008
http://www.ncbi.nlm.nih.gov/pubmed/27887743
https://doi.org/10.1038/s41598-017-02767-0
http://www.ncbi.nlm.nih.gov/pubmed/28566760
https://doi.org/10.1167/iovs.12-11103
http://www.ncbi.nlm.nih.gov/pubmed/23449720
https://doi.org/10.4103/0301-4738.73706
https://doi.org/10.4103/0301-4738.73706
http://www.ncbi.nlm.nih.gov/pubmed/21157065
https://doi.org/10.1038/sj.eye.6701456
https://doi.org/10.1038/sj.eye.6701456
http://www.ncbi.nlm.nih.gov/pubmed/15258601
https://doi.org/10.1007/BF00156415
http://www.ncbi.nlm.nih.gov/pubmed/8537192
https://doi.org/10.1001/archopht.1991.01080060076029
https://doi.org/10.1001/archopht.1991.01080060076029
http://www.ncbi.nlm.nih.gov/pubmed/2043068
https://doi.org/10.1001/archopht.1979.01020010543006
https://doi.org/10.1001/archopht.1979.01020010543006
http://www.ncbi.nlm.nih.gov/pubmed/444139
https://doi.org/10.3389/fendo.2019.00689
https://doi.org/10.3389/fendo.2019.00689
http://www.ncbi.nlm.nih.gov/pubmed/31681167
https://doi.org/10.1016/s1474-4422%2804%2900682-9
http://www.ncbi.nlm.nih.gov/pubmed/15029894
https://doi.org/10.1001/jama.287.9.1153
https://doi.org/10.1001/jama.287.9.1153
http://www.ncbi.nlm.nih.gov/pubmed/11879113
https://doi.org/10.1136/hrt.2006.090522
https://doi.org/10.1136/hrt.2006.090522
http://www.ncbi.nlm.nih.gov/pubmed/16840510
https://doi.org/10.1371/journal.pone.0266423


Analysis. American Journal of Epidemiology. 2009; 170(11):1323–32. https://doi.org/10.1093/aje/

kwp306 PMID: 19884126

35. Buchthal SD, den Hollander JA, Merz CN, Rogers WJ, Pepine CJ, Reichek N, et al. Abnormal myocar-

dial phosphorus-31 nuclear magnetic resonance spectroscopy in women with chest pain but normal

coronary angiograms. N Engl J Med. 2000; 342(12):829–35. Epub 2000/03/23. https://doi.org/10.1056/

NEJM200003233421201 PMID: 10727587.

36. Reis SE, Holubkov R, Lee JS, Sharaf B, Reichek N, Rogers WJ, et al. Coronary flow velocity response

to adenosine characterizes coronary microvascular function in women with chest pain and no obstruc-

tive coronary disease. Results from the pilot phase of the Women’s Ischemia Syndrome Evaluation

(WISE) study. J Am Coll Cardiol. 1999; 33(6):1469–75. Epub 1999/05/20. https://doi.org/10.1016/

s0735-1097(99)00072-8 PMID: 10334410.

37. Fowler MJ. Microvascular and Macrovascular Complications of Diabetes. Clinical Diabetes. 2011; 29

(3):116–22. https://doi.org/10.2337/diaclin.29.3.116

38. Nagaoka T, Ishii Y, Takeuchi T, Takahashi A, Sato E, Yoshida A. Relationship between the parameters

of retinal circulation measured by laser Doppler velocimetry and a marker of early systemic atheroscle-

rosis. Invest Ophthalmol Vis Sci. 2005; 46(2):720–5. Epub 2005/01/27. https://doi.org/10.1167/iovs.04-

0906 PMID: 15671305.

39. Tedeschi-Reiner E, Strozzi M, Skoric B, Reiner Z. Relation of Atherosclerotic Changes in Retinal Arter-

ies to the Extent of Coronary Artery Disease. The American Journal of Cardiology. 2005; 96(8):1107–9.

https://doi.org/10.1016/j.amjcard.2005.05.070 PMID: 16214446

40. van Hecke Manon V, Dekker Jacqueline M, Nijpels G, Stolk Ronald P, Henry Ronald MA, Heine Robert

J, et al. Are retinal microvascular abnormalities associated with large artery endothelial dysfunction and

intima-media thickness? The Hoorn Study. Clinical Science. 2006; 110(5):597–604. https://doi.org/10.

1042/CS20050270 PMID: 16396626

41. Wu Y, Li S, Zu X, Du J, Wang F. Changes of Central Retinal Artery Blood Flow and Endothelial Function

in Patients with Coronary Artery Disease. Current Eye Research. 2007; 32(9):813–7. https://doi.org/10.

1080/02713680701572664 PMID: 17882714

42. Krentz AJ, Clough G, Byrne CD. Interactions between microvascular and macrovascular disease in dia-

betes: pathophysiology and therapeutic implications. Diabetes, Obesity and Metabolism. 2007; 9

(6):781–91. https://doi.org/10.1111/j.1463-1326.2007.00670.x PMID: 17924862

43. Monteiro-Henriques I, Rocha-Sousa A, Barbosa-Breda J. Optical coherence tomography angiography

changes in cardiovascular systemic diseases and risk factors: A Review. Acta Ophthalmol. 2021. Epub

2021/03/31. https://doi.org/10.1111/aos.14851 PMID: 33783129.

PLOS ONE Microvascular biomarkers and macrovascular mortality

PLOS ONE | https://doi.org/10.1371/journal.pone.0266423 May 5, 2022 15 / 15

https://doi.org/10.1093/aje/kwp306
https://doi.org/10.1093/aje/kwp306
http://www.ncbi.nlm.nih.gov/pubmed/19884126
https://doi.org/10.1056/NEJM200003233421201
https://doi.org/10.1056/NEJM200003233421201
http://www.ncbi.nlm.nih.gov/pubmed/10727587
https://doi.org/10.1016/s0735-1097%2899%2900072-8
https://doi.org/10.1016/s0735-1097%2899%2900072-8
http://www.ncbi.nlm.nih.gov/pubmed/10334410
https://doi.org/10.2337/diaclin.29.3.116
https://doi.org/10.1167/iovs.04-0906
https://doi.org/10.1167/iovs.04-0906
http://www.ncbi.nlm.nih.gov/pubmed/15671305
https://doi.org/10.1016/j.amjcard.2005.05.070
http://www.ncbi.nlm.nih.gov/pubmed/16214446
https://doi.org/10.1042/CS20050270
https://doi.org/10.1042/CS20050270
http://www.ncbi.nlm.nih.gov/pubmed/16396626
https://doi.org/10.1080/02713680701572664
https://doi.org/10.1080/02713680701572664
http://www.ncbi.nlm.nih.gov/pubmed/17882714
https://doi.org/10.1111/j.1463-1326.2007.00670.x
http://www.ncbi.nlm.nih.gov/pubmed/17924862
https://doi.org/10.1111/aos.14851
http://www.ncbi.nlm.nih.gov/pubmed/33783129
https://doi.org/10.1371/journal.pone.0266423

