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Ocular microvascular alteration 
in patients with myocardial 
infarction—a new OCTA study
Jun‑Yi Wu 2,3, Jin‑Yu Hu 1,2,3, Qian‑Min Ge 1,2,3, San‑Hua Xu 1,2, Jie Zou 1,2, Min Kang 1,2, 
Ping Ying 1,2, Hong Wei 1,2, Qian Ling 1,2, Liang‑Qi He 1,2, Cheng Chen 1,2 & Yi Shao 1,2*

Myocardial infarction is defined as a sudden decrease or interruption in blood flow to the coronary 
arteries, causing ischemic necrosis of the corresponding cardiomyocytes. It is unclear whether 
systemic macrovascular alterations are associated with retinal microvascular changes. This study 
utilized optical coherence tomography angiography (OCTA) to compare variations in conjunctival 
vascular density and fundus retinal vessel density between patients with myocardial infarction (MI) 
and healthy controls. This study recruited 16 patients (32 eyes) with MI and 16 healthy controls (32 
eyes). The superficial retinal layer (SRL), deep retinal layer (DRL) and conjunctival capillary plexus 
in each eye were evaluated by OCTA. Parameters measured included the density of the temporal 
conjunctival capillary, retinal microvascular (MIR) and macrovascular (MAR) alterations and total 
MIR (TMI). The microvascular density of each retinal region was evaluated by the hemisphere 
segmentation (SR, SL, IL, and IR), annular partition (C1, C2, C3, C4, C5 and C6), and modified early 
treatment of diabetic retinopathy study (R, S, L, and I) methods. In the macular area, the superficial 
and deep retinal microvascular densities displayed notable variations. In the superficial layers, the 
superficial TMI, superficial MIR, and superficial MAR, as well as densities in the SL, IL, S, L, C1, C2, C5 
and C6 regions, were significantly lower in MI patients (p < 0.05 each). In the deep layers, the deep MIR 
and deep TMI), as well as densities in the SL, IL, L, C1, C2 and C6 regions were significantly lower in MI 
patients (p < 0.05 each). In contrast, the conjunctival microvascular density was significantly higher 
in MI patients than in healthy controls (p < 0.001). The microvascular densities measured in the deep 
and superficial retinal layers and in the conjunctiva differ in MI patients and healthy controls. OCTA is 
effective in detecting changes in the ocular microcirculation.

Myocardial infarction (MI) is the abrupt ischemic death of myocardial tissue. As a serious cardiovascular disease, 
MI is a major cause of disability and death in the global  population1. MI is usually caused by progressive coronary 
artery atherosclerosis and thrombosis, resulting in an insufficient supply of blood and oxygen to the myocardium, 
necrosis of cardiomyocytes, and poor cardiac  remodeling2. Symptoms indicative of MI include chest pain, stom-
ach pain, shortness of breath, nausea, vomiting, and an irregular  heartbeat3. Factors associated with MI include 
aging, hypertension, diabetes, high levels of low density lipoprotein (LDL), obesity, heavy drinking, and drug 
 overdose4. Cardiac and retinal blood vessels have the same histological origin, similar microcirculatory anatomy 
and blood vessel level, and are exposed to the same internal environments. The morphological structure and 
physiological function of retinal blood vessels are closely influenced by systemic vascular  diseases5,6. Moreover, 
the retina is a special location that allows direct visualization of its  microvasculature7.

The standard techniques used to evaluate the posterior route in MI patients include fundus fluorescence 
angiography (FFA) and indocyanine green angiography (ICGA), methods that have been used to diagnose 
vascular diseases. FFA and ICGA are invasive fundus angiography techniques, which can reflect fundus blood 
perfusion and show the size, shape and location of the lesion. Superimposition of the images of superficial and 
deep fundus microvessels visualized by these techniques, however, do not clearly show the microscopic structure 
and density of the capillaries present in the entire retina. Some patients may also be allergic to contrast agents 
or may experience clinical discomfort, such as vomiting and fainting.
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Recent studies have used optical coherence tomography angiography (OCTA) to evaluate the connections 
between heart disease and alterations in the ocular  microvasculature8. Changes in the characteristics of the 
retinal microvasculature and variations in the thickness and layering of the retina have been associated with 
cardiovascular  health9,10. OCT and OCTA have been found to be important, secure, and noninvasive methods 
in the detection of coronary artery disease. Reductions in vascular density and in choroidal and retinal thickness 
in the central retinal region were reported to be predictive of coronary artery  disease11. OCTA, which does not 
require injection of contrast media, is a non-invasive technique providing three-dimensional visualization of the 
perfused vasculature of the retinal  vessels12. Specifically, OCTA can visualize the continuous movement of red 
blood cells within blood vessels in the same fundus. By combining high-resolution blood vessel imaging with 
motion contrast imaging, OCTA can accurately evaluate the blood vessels in the retina and  choroid13. OCTA 
automatically divides fundus blood flow images into four layers: superficial retinal capillaries (from the inner 
border membrane to the inner plexus layer), deep retinal capillaries (from the inner plexus layer to the outer 
plexus layer), outer retinal capillaries (from the outer plexus layer to the glass membrane) and choroidal capil-
laries (below the glass membrane)14. The blood flow density of each layer can be quantitatively determined by an 
EnFace model. Dense volume scans can produce OCTA images that are comparable to standard FFA images. In 
contrast to FFA, however, OCTA offers a distinct advantage, as it does not require dye injections, thus avoiding 
the adverse reactions associated with contrast media.

In ophthalmology, OCTA can quantitatively analyze the hemodynamics, blood vessel density and blood vessel 
network morphology in patients with fundus vascular diseases, providing a more accurate and reliable basis for 
disease diagnosis and treatment. OCTA is also widely used in the diagnosis of systemic diseases. For example, 
OCTA evaluation of patients with hypertension has shown that poor control of hypertension was associated 
with focal ischemia of the choroid, which may be caused by choroid endothelial injury and  vasoconstriction15. 
OCTA evaluation of patients with chronic kidney disease (CKD) found that retinal vascular density and the 
circularity index of the foveal avascular zone gradually decrease as kidney function  decreases16. Superficial 
parafoveal density and superficial foveal density were shown to be lower in eyes of patients with than without 
systemic lupus erythematosus (SLE), with these densities being negatively correlated with SLE Disease Activity 
 Index17. To date, however, conjunctival and retinal vascular densities have not been investigated in MI patients. 
The present study used OCTA technology to assess changes in retinal density and conjunctival vascular densi-
ties in patients with MI.

Materials and methods
Research subjects
The retrospective case–control study was conducted at the Department of Ophthalmology and Cardiology in 
Nanchang University from October 2022 to December 2022. This study recruited 16 patients (32 eyes) with MI, 
and 16 healthy individuals (32 eyes) from the ophthalmic research center at Nanchang University matched 1:1 
by age and sex to the MI patients. Demographic and clinical characteristics, including gender, age and the results 
of vision and fundus examinations and OCTA were recorded (Table 1). All study subjects were examined by 
the same ophthalmologist. All subjects were informed of the experimental methods and possible risks and all 
provided written informed consent prior to the start of this study.

Inclusion criteria
Patients in the MI group were required to meet the diagnostic criteria for MI diagnostic criteria, to be 
aged ≥ 18 years of age. Subjects in the control group were required to have no history of eye disease or eye sur-
gery, to not wear contact lenses or corneal contact lenses during the two weeks prior to study enrollment, to 
have a refractive error of < 6.00D and intraocular pressure (IOP) of 10–21 mmHg in each eye, and to have no 
systemic immune systemic disease.

Exclusion criteria
Individuals were excluded from this study if they had a systemic autoimmune disease such as Sjögren syndrome 
(SjS); had undergone ocular surgery within 6 months prior to study enrollment; had eye diseases, such as 

Table 1.  Demographic characteristics and clinical findings of patients with MI and HCs. HC healthy control, 
MI myocardial infarction, R Right, L Left.

Condition HC (n = 16) MI (n = 16) t p

Sex (male/female) 7/9 7/9 NA NA

Age (years) 62.69 ± 0.70 63.31 ± 0.82 − 0.578 0.568

Best-corrected visual acuity (R) 0.96 ± 0.08 0.60 ± 0.30 4.687 0.02

Best-corrected visual acuity (L) 0.84 ± 0.15 0.63 ± 0.26 2.82 0.22

Intra-ocular pressure (R) 14.97 ± 1.52 14.61 ± 2.29 0.517 0.513

Intra-ocular pressure (L) 15.48 ± 1.85 14.54 ± 3.14 1.035 0.258

Systolic pressure (mmHg) 124.44 ± 5.74 122.19 ± 13.19 0.626 0.085

Diastolic pressure (mmHg) 82.94 ± 6.30 84.51 ± 6.46 − 0.693 0.589
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glaucoma, cataract, or vitreous opacities; had diabetes or another circulatory illness that could affect the eyes; 
were long-term smokers; or had contraindications for dilated pupils.

Ethical considerations
The Ethics Committee of The First Affiliated Hospital of Nanchang University (Jiangxi Province, China) approved 
this study, and all of the methods applied in it adhered to the goals of the Helsinki Declaration (as updated in 
2013).

OCTA imaging
OCTA imaging was performed by the same physician utilizing the RTVue Avanti XR system (Optovue, Fremont, 
CA) to see the microvasculature and retinal cross section simultaneously. In this study, we used a scanning speed 
of 70,000 wavelengths per second, a central wavelength of 840 nm, and a scan with a bandwidth of 45 nm to 
achieve the best imaging results. At the same time, we set the axial resolution to 5 mm and the horizontal reso-
lution to 22 µm. During the angiogram, we used a pattern of 3 × 3 mm scans along the X-axis and performed 5 
repeat scans to image at 216 grating positions along the Y-axis. The acquisition duration for each scan was 3.9 s, 
with the majority of the scans concentrated in the fovea.

Using two horizontal and two vertical gratings, we performed a series of four volume scans to obtain 3 × 3-mm 
OCTA images. Three-dimensional 3 × 3-mm en-face OCT angiograms were computed for each eye. Some stud-
ies have described that orthogonal scan alignment algorithm was used to correct motion artifacts. The OCTA 
images were produced using RTVue XR and the vessels were divided using the SSADA algorithm. It computes 
the link with the speckle amplitude at a given pixel and position. The relationship between speckle amplitude 
may be related to the pulsating motion of blood vessel. By lowering noise from axial motion, the RTVue XR 
Avanti system increases the detection signal-to-noise ratio through the use of OCT at four distinct frequency 
bandwidths. Four sets of voxel data have been collected at the same resolution since to this advancement. Pixel 
decorrelation was conducted at each frequency bandwidth in order to determine the average signal. Background, 
tissue motion, and blood flow sounds are reduced using high-resolution correlation. The signal of decorrelation 
lessens the  anomalies18.

For a more detailed analysis, we divided the retina into superficial and deep retina. We focused on MIR 
(Fig. 1D,H), MAR (Fig. 1C,G) and TMI (Fig. 1B,F) respectively for both superficial retinal layer (SRL) 
(Fig. 1A–D,I–L) and deep retinal layer (DRL) (Fig. 1E–H,M–P), and used fractal dimension to study the spe-
cific morphology and structure of fundus microvascular. Retinal vascular density is defined as the percentage of 
vascular perfusion area to the measured area. When calculating blood vessel density, we captured a 1080 b-scan 
at 270 frames per second at 216 y positions × 5  positions19.We created a two-dimensional front image of the 
superficial retina using a threshold algorithm, and estimated the image blocks and assign each pixel as perfusion 
(1) or background (0).The vessel density has been measured using a comparable length-based metric. Using the 
mean of the skeletonized slab within an area of interest as the foundation, the vessel density was computed and 
scaled according to the pixel distances (512 pixels per 3 mm). Next, we calculated an image of blood vessel density 
from the fovea of the macula to the edge of the image, scaled according to pixel distance. After that, we processed 
the image with Bernoit software using a number of unique segmentation techniques. These algorithms include 
inversion, balancing, removal of non-vascular structures, and background noise processing to produce binary 
images. Through the application of these algorithms, we can effectively process the image, improve the clarity 
and easy analysis of the image. Finally, a 3 mm*3 mm macular area is created from the skeletonized superficial/
deep complete microvascular picture.

Conjunctival microvascular images were acquired using the same OCTA with the same parameters as before 
(Fig. 2). The lens adapter was set 2–4 cm from the corneal surface of the subject and was used to make pre-
ventilated contact between the adapter lens and the eye, manually adjust the focus and focus until the image was 
clear. The limbus conjunctivae edge and 5 successive rectangles measuring about 4 mm each were determined 
to be the scanned areas. Microvascular structures were highlighted by selecting filters to generate binary images 
for analysis.

Macular retinal segmentation method
(1) The annular partition method: the fovea vascularless region with a diameter of 0.6 mm was removed and the 
annular region with a diameter of 0.6–2.5 mm was subdivided into six equally wide thin rings with a bandwidth 
of 0.16 mm, which were named C1–C6.

(2) The hemispheric segmentation method: the macular retina was divided into four equal parts using vertical 
and horizontal lines, named as the superior right (SR), inferior right (IR), superior left (SL), and inferior left (IL).

(3) The modified early treatment of diabetic retinopathy study (ETDRS) method: by connecting two quadrant 
of the diagonal, the retina is divided into four quadrants, including superior (S), inferior (I), right (R) and left 
(L)20.

Statistical analysis
Statistical analyses were performed using IBM SPSS Statistical software, version 27.00, and graphs were plotted 
using GraphPad Prism 9.5.1 software. Quantitative data were expressed as mean ± standard deviation (SD) and 
rank data were expressed as absolute number. Quantitative data were compared in the MI and healthy control 
groups by independent sample t tests, with p values < 0.05 regarded as statistically significant. The standard dif-
ference between the means of the two groups was displayed using Cohen’s d effect size in the T-test. Generally 
speaking, Cohen’s d values of 0.2–0.5 indicate small effects, 0.5–0.8 indicate medium effects, and 0.8 and higher 
indicate large effects. Receiver operating characteristic (ROC) curves were plotted, and the area under the curve 
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(AUC) and critical point of each parameter were determined to assess the superficial and deep retinal blood flow 
density in the two groups. Correlations between retinal vascular density in the macular region and conjunctival 
blood flow density were determined by Pearson correlation analysis with the test level α = 0.05.

Results
Superficial macular vascular density
Evaluation of the TMI, MAR, and MIR densities in the SRL (Fig. 3A) showed that STMI (P < 0.001, Cohen’s 
d = 2.24), SMIR (P = 0.001, Cohen’s d = 0.86), and SMAR (P < 0.001, Cohen’s d = 0.94) retinal densities in the 
superficial macular area were significantly lower in the MI than in the control group (Fig. 3E). Comparisons of 
microvascular density by the hemispheric segmentation method showed that vessel densities in the SL (P < 0.001, 
Cohen’s d = 1.08) and IL (P < 0.001, Cohen’s d = 1.78) regions of the SRL were significantly lower than in the MI 
than in the control group (Fig. 3B,G). The modified ETDRS segmentation method showed that vessel densities 
in the S (P = 0.031, Cohen’s d = 0.56) and L (P < 0.001, Cohen’s d = 1.85) regions were also significantly lower in 
the MI than in the healthy control group (Fig. 3C,H). Similarly, the annular partition method showed that vessel 
densities in the C1 (P < 0.001, Cohen’s d = 1.42), C2 (P < 0.001, Cohen’s d = 1.37), C5 (P < 0.001, Cohen’s d = 0.88), 
and C6 (P < 0.001, Cohen’s d = 1.57) regions were significantly lower in the MI group than in the control group 
(Fig. 3D,F). Vessel densities in other regions, however, did not differ significantly in the two groups (Fig. 3).

Figure 1.  The 3 × 3-mm optical coherence tomography angiography image of the macular region of the retina 
(A–H). STMI Superficial total microvascular, SMAR Superficial macrovascular, SMIR Superficial microvascular, 
DTMI Deeper total microvascular, DMAR Deeper macrovascular, DMIR Deep microvascular. Partition methods 
of the retinal microvascular (I–P). R right, L left, S superior, I inferior, SR superior right, SL superior left, IR 
inferior right, IL inferior left.
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Deep macular vascular density
Comparisons of the TMI, MAR and MIR densities in the DRL (Fig. 4A) showed that the DTMI (P = 0.003, 
Cohen’s d = 0.78) and DMIR (P < 0.001, Cohen’s d = 1.63) densities were significantly lower in the MI than in the 
control group, whereas their DMAR densities did not differ significantly (Fig. 4E). The hemispherical segmenta-
tion method showed that blood vessel densities in the SL (P < 0.001, Cohen’s d = 1.22) and IL (P < 0.001, Cohen’s 
d = 1.69) regions were significantly lower in the MI than in the control group (Fig. 4B,G), and the modified 
ETDRS segmentation method showed that microvascular density in the L (P < 0.001, Cohen’s d = 1.31) region 
was significantly lower in the MI than in the control group (Fig. 4C,H). The ring segmentation method showed 
that vessel densities in the C1 (P < 0.001, Cohen’s d = 1.36), C2 (P < 0.001, Cohen’s d = 1.49) and C6 (P = 0.002, 
Cohen’s d = 0.82) regions were significantly lower in the MI than in the control group (Fig. 4D,F).

Conjunctival blood vessel densities
OCTA showed that the vessel density of the temporal conjunctiva was significantly higher in the MI than in the 
healthy control group (P < 0.001, Cohen’s d = 1.04, Fig. 5).

Figure 2.  The optical coherence tomography angiography image of the microvascular of the conjunctiva. 
(A) Images of the patient’s conjunctiva. (B) OCTA scan of the conjunctiva with microvascular density. (C) 
Microvascular density of 3 × 3  mm2 in region of interest.

Figure 3.  Comparison of superficial vessel density in different retinal regions between MI and control groups. 
(A) Superficial retinal vessel density map. (B) Hemisphere segmentation method in superficial retina layer. (C) 
The modified early treatment of diabetic retinopathy study (ETDRS) method in superficial retina layer. (D) 
The annular partition method in superficial retina layer. (E–H) Histogram of superficial vascular density in 
normal and MI groups. STMI superficial total microvascular, SMIR superficial microvascular, SMAR superficial 
macrovascular, R right, L left, S superior, I inferior, SR superior right, SL superior left, IR inferior right, IL 
inferior left.



6

Vol:.(1234567890)

Scientific Reports |         (2024) 14:4552  | https://doi.org/10.1038/s41598-023-50283-1

www.nature.com/scientificreports/

ROC analysis of retinal (superficial and deep) and conjunctival vessel densities
OCTA showed excellent specificity and sensitivity in detecting retinal density variations in the MI and control 
groups. The STMI, SMIR, SMAR, SL, IL, S, L, C1, C2, C5 and C6 areas in the superficial retinal layer could be 
distinguished in the MI group (P < 0.05, Fig. 6A). The area under the ROC curve of superficial retinal density 
in the SL region was 0.945 (95% confidence interval [CI] 0.879–1.00), indicating that this region had high diag-
nostic sensitivity for MI. In the deep retinal layer, significant differences between the MI and control groups 
were detected in the DMIR, DTMI, SL, IL, L, C1, C2 and C6 regions (P < 0.05, Fig. 6B). The area under the ROC 
curve for MIR was 0.888 (95% CI 0.802–0.974), suggesting that DMIR has moderate diagnostic sensitivity for 
MI. The ROC curve of the conjunctival vessel density showed a significant difference between the two groups, 
with an area under the ROC curve of 0.792 (95% CI 0.681–0.904).

Figure 4.  Comparison of deep vessel density in different retinal regions between MI and control groups. (A) 
Deep retinal vessel density map. (B) Hemisphere segmentation method in superficial retina layer. (C) The 
modified early treatment of diabetic retinopathy study (ETDRS) method in superficial retina layer. (D) The 
annular partition method in superficial retina layer. (E–H) Histogram of deep vascular density in normal and 
MI groups. DTMI Deeper total microvascular, DMAR Deeper macrovascular, DMIR Deep microvascular, R 
right, L left, S superior, I inferior, SR superior right, SL superior left, IR inferior right, IL inferior left.

Figure 5.  Conjunctival vascular density evaluation in the healthy control and MI groups. (A) Statistic analysis 
of conjunctival vascular density in two groups; (B) ROC curve analysis of conjunctival microvascular density 
between two groups.
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Relationship between macular and conjunctival vascular density
Analysis of the relationships between the densities of the vascular vessels in the conjunctiva and retina showed 
no correlations in either the MI or healthy control group.

Discussion
To our knowledge, this is the first published study on OCTA measurements of ocular microvascular changes in 
MI patients. The study found that both microvascular and macrovascular densities were lower in MI patients 
than in normal controls.

MI has been defined as a sudden reduction or cessation of blood flow through the coronary arteries, resulting 
in the ischemic necrosis of corresponding myocardial cells. MI is the most prevalent severe cardiologic condition 
and a major contributor to heart failure. The mortality rate from MI has increased over the past few  years21. MI 
occurs when plaque, cholesterol, and fat deposits narrow or block the coronary arteries, leading to blood clots 
that reduce blood flow to the heart. Atherosclerosis as a major risk factor for MI, significantly affecting both 
the main heart vessels and the microcirculation, including the retinal and choroid vascular systems, leading to 
vascular damage and blood flow restriction through the sparse capillary  network22.

Microvascular anomalies are increasingly recognized as important components of MI. Despite increased 
interest in the contribution of microvascular damage to MI, the methods currently available to directly depict 
microcirculation in the heart have some limitations, such as being invasive, time-consuming, operator depend-
ent, technically difficult, expensive, and not widely accessible. Examination of the retinal microcirculation may 
provide an alternative. OCTA has made possible the detailed evaluation of retinal structure and microcircula-
tory function. Cardiovascular conditions have been associated with alterations in the ocular micro-vessels23. 
For example, variations in retinal thickness and alterations in the characteristics of the retinal microvasculature 
were found to be associated with cardiovascular  health8,10. Hypertension was found to be significantly associ-
ated with an increase in foveal avascular area and a decrease in blood vessel density, changes that may be due 
to the chronic effects of high blood pressure caused by the microcirculation, resulting in ischemia and reduced 
retinal  thickness24.

The present study utilized OCTA to compare the retinal vascular density of MI patients with that of healthy 
controls. Software was used to divide the retina into two layers, the superficial and deep retinal layers, with the 
retina also segmented using several types of segmentation methods. The density of the superficial capillaries in 
the STMI, SMIR, SMAR, SL, IL, S, L, C1, C2, C5 and C6 regions was found to be significantly lower in MI patients 
than in healthy controls (P < 0.05 each). In addition, the density of deep capillaries in the DMIR, DTMI, SL, IL, 
L, C1, C2 and C6 regions was found to be significantly lower in MI patients than in healthy control individuals.

The present findings, showing that low superficial and deep retinal layer capillary plexus vascular density 
was associated with MI, were in agreement with previous findings. Cardiovascular disorders in general may be 
associated with lower vessel density, suggesting that retinal microvascular abnormalities may be associated with 
cardiovascular risk profiles. The density of Superficial capillary plexus (SCP) vascular density was found to be 
significantly lower in children with than without chronic heart  failure25. In addition, vessel density throughout 
the entire retina, including both the superficial and deep plexuses, was found to be significantly lower in patients 

Figure 6.  (A) ROC curve analysis of quadrantal, sectorial, and annular microvessel densities in the superficial 
layers. (B) ROC curve analysis of quadrantal, sectorial, and annular microvessel densities in the deep layers. 
STMI Superficial total microvascular, SMAR Superficial macrovascular, SMIR Superficial microvascular, DTMI 
Deeper total microvascular, DMAR Deeper macrovascular, DMIR Deep microvascular. Partition methods of the 
retinal microvascular. R right, L left, S superior, I inferior, SR superior right, SL superior left, IR inferior right, IL 
inferior left.
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with than without coronary heart disease (p < 0.001)26. Furthermore, results from the EYE-Myocardial Infarction 
study showed that VD in SP was lower in patients with than without acute coronary  syndrome27. Microvascular 
networks in different layers of the retina may act as surrogate indicators of microvascular function, with retinal 
microcirculatory damage being an indicator of systemic macrovascular  disorders28.

The retina is composed of ten different anatomical layers and supplied with blood by two  sources29,30. Fundus 
blood vessels are divided into those of the inner retina (divided into superficial and deep capillary layers), the 
outer retina and the choroidal vascular plexus. The inner retinal vascular system is located in the ganglion cell 
layer, whereas the outer retinal vascular system is located in the core  layer31. OCTA has confirmed that the retina 
has two sets of relatively independent blood vessel networks, one in the superficial layer and the other in the deep 
layer, with vertical blood vessels providing communications between these  networks32. The SCP is a network of 
blood vessels that is joined to the retinal arteries and veins. The SCP consists of both bigger and smaller blood 
vessels that supply downstream capillary clusters. The contraction and relaxation of smooth muscle and endothe-
lial cells in the retinal arteries and arterioles is the primary mechanism through which blood perfusion in SCP 
is self-regulated. The deep capillary plexus (DCP) consists of finer and more uniform retinal capillaries, without 
larger blood vessels connecting the capillary plexus, with each capillary unit consisting of a continuous layer of 
endothelial cells surrounded by  pericytes33. The structure and function of the retina are complex, resulting in 
a high demand for oxygen, correctly regulated hemodynamics and delivery of metabolic  substrates34. Vascular 
diseases result in mechanical damage, deterioration of the efficiency of the endothelial barrier, and impaired 
capillary function. Neural activity and energy production in the retina result in the release of nitric oxide, lactate, 
and arachidonic acid metabolites by neurons and glial cells, with interactions of these metabolites optimizing 
blood flow. During the development of microvascular disease, the interactions of these metabolic processes are 
altered by impairments in retinal neuronal tissue and endothelium, resulting in a disordered control of blood 
 flow35. Furthermore, retinal endothelial cells are more vulnerable to oxidative stress, due to an imbalance between 
superoxide and superoxide dismutase in these cells. Because the development of MI involves reactive oxygen 
species (ROS)36, MI has an impact on the retinal endothelium. To maintain the autoregulation of blood flow 
in the retina, retinal arterioles adapt to changes in perfusion pressure (pressure autoregulation) and metabolic 
demands (metabolic autoregulation)37,38. Anatomically, the superficial capillary plexus consists of smooth muscle 
cells, whereas the deep capillary plexus contains capillaries composed of endothelial cells, basement membrane, 
and  pericytes39. Because pericytes are more susceptible to hypoxia, the deep capillaries are more susceptible to 
ischemia and circulatory abnormalities than the superficial  capillaries40.

Cardiovascular risk may also be associated with retinal microvascular abnormalities. This may result in the 
development of the early phases of epicardial and non-endothelium-dependent microangiopathy, resulting in 
the gradual depletion of the coronary  reserve41. Many risk factors for MI, such as smoking, hypertension, and 
dyslipidemia, are also major precursors of microvascular abnormalities. Although retinal microvascular abnor-
malities have been associated with cardiovascular diseases, the underlying pathogenesis of the link between small 
and large vascular diseases remains poorly understood. After adjusting for other risk factors, retinal arteriolar 
stenosis was found to be an independent predictor of new coronary heart disease, suggesting that damage to 
the retinal arterioles may result from microvascular damage induced by conditions such as diabetes, intimal 
thickening, and excessive blood  pressure42. A study assessing the associations between retinal vascular diameter 
and several cardiovascular risk factors found that both higher homocysteine concentrations and hypertension 
correlated with lower retinal arteriolar diameter. Diabetes, smoking, obesity, dyslipidemia, and inflammatory 
indicators, including C-reactive protein and fibrinogen, were all linked to larger  venules43. Evaluation by static 
fundus color photography of retinal artery changes in cardiovascular disease patients with multiple risk factors 
found that, after adjusting for these risk factors, the structure and function of the retinal microvessels were 
strongly correlated with endothelial  dysfunction44. Endothelial malfunction is the initial vascular damage caused 
by inflammation and oxidative  stress45. Age, hypertension, diabetes, smoking, obesity, dyslipidemia, and other 
cardiovascular disease risk factors can harm vascular endothelial cells, leading to vascular endothelial dysfunc-
tion and microvascular injury, including structural abnormalities like reduced vascular density and limited 
microvascular constriction and dilation. Both pericytes and endothelial cells have contractile characteristics that 
control blood flow in the capillary  plexus43. Endothelial function also affects the occurrence and development 
of systemic  arteriosclerosis46. Endothelial dysfunction may result in poor capillary blood flow control, which 
ultimately causes microcirculation ischemia, resulting in microvascular thinning, with OCTA showing reduced 
blood vessel density. These alterations all indicate microvascular diseases.

The conjunctival microcirculation can also be evaluated in clinical settings. The conjunctiva is the only 
part of the body surface where the entire microcirculatory process can be observed. The bulbo-conjunctival 
microcirculation has been reported to be altered in patients with  diabetes47,  hypertension48, and systemic lupus 
 erythematosus49, suggesting that evaluation of the microcirculation may be diagnostic of these diseases.

The present study found that the density of the conjunctival microvasculature was considerably higher in 
MI patients than in normal controls. Increased spontaneous VEGF-A production following acute myocardial 
ischemia has been reported to induce compensatory angiogenesis by stimulating the ROS stress autophagy axis 
in vascular endothelial  cells50.

The present study had several limitations. First, patients with MI were not categorized based on electrocardio-
graphic alterations. In addition, this study included small numbers of MI patients and normal controls. Further 
research in larger cohorts of MI patients is required to determine the associations between MI and the retinal 
microvasculature, as well as the clinical applications of OCTA in these patients.
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Conclusions
The present study used OCTA to assess ocular microvascular alterations in patients with MI. Conjunctival micro-
vascular density was found to be higher and macular microvascular density (in both the superficial and deep 
retinal layers) was found to be lower in MI patients than in normal controls. These alterations in microvascular 
densities indicate that OCTA is a promising technique for distinguishing MI-affected from healthy eyes. OCTA 
is a rapid, quantitative, noninvasive, and easily performed method, suggesting that it may be helpful in clinical 
practice for MI patients.

Data availability
The datasets used and/or analyzed during the present study are available from the corresponding author on 
reasonable request.

Received: 3 October 2023; Accepted: 18 December 2023

References
 1. Thygesen, K., Alpert, J. S. & White, H. D. Universal definition of myocardial infarction. J. Am. Coll. Cardiol. 50, 2173–2195. https:// 

doi. org/ 10. 1016/j. jacc. 2007. 09. 011 (2007).
 2. Frangogiannis, N. G. Comprehensive Physiology 1841–1875 (Wiley, 2015).
 3. Lu, L., Liu, M., Sun, R., Zheng, Y. & Zhang, P. Myocardial infarction: Symptoms and treatments. Cell. Biochem. Biophys. 72, 865–867. 

https:// doi. org/ 10. 1007/ s12013- 015- 0553-4 (2015).
 4. Lisowska, A., Makarewicz-Wujec, M. & Filipiak, K. J. Risk factors, prognosis, and secondary prevention of myocardial infarction 

in young adults in Poland. Kardiol. Pol. 74, 1148–1153. https:// doi. org/ 10. 5603/ KP. a2016. 0098 (2016).
 5. Liew, G. & Wang, J. J. Retinal vascular signs: A window to the heart?. Rev. Esp. Cardiol. 64, 515–521. https:// doi. org/ 10. 1016/j. 

recesp. 2011. 02. 014 (2011).
 6. Kawasaki, R. et al. Retinal microvascular signs and risk of stroke: The multi-ethnic study of atherosclerosis (MESA). Stroke 43, 

3245–3251. https:// doi. org/ 10. 1161/ strok eaha. 112. 673335 (2012).
 7. Seidelmann, S. B. et al. retinal vessel calibers in predicting long-term cardiovascular outcomes: The atherosclerosis risk in com-

munities study. Circulation 134, 1328–1338. https:// doi. org/ 10. 1161/ circu latio naha. 116. 023425 (2016).
 8. Matsuoka, S. et al. Association of retinal atherosclerosis assessed using Keith-Wagener-Barker system with incident heart failure 

and other atherosclerotic cardiovascular disease: Analysis of 319,501 individuals from the general population. Atherosclerosis 348, 
68–74. https:// doi. org/ 10. 1016/j. ather oscle rosis. 2022. 02. 024 (2022).

 9. Chua, J. et al. Relationship of quantitative retinal capillary network and myocardial remodeling in systemic hypertension. J. Am. 
Heart Assoc. 11, e024226. https:// doi. org/ 10. 1161/ jaha. 121. 024226 (2022).

 10. Zhong, P. et al. Retinal microvasculature impairments in patients with coronary artery disease: An optical coherence tomography 
angiography study. Acta Ophthalmol. 100, 225–233. https:// doi. org/ 10. 1111/ aos. 14806 (2022).

 11. Matulevičiūtė, I. et al. Retinal and choroidal thinning—a predictor of coronary artery occlusion?. Diagnostics 12, 2016. https:// 
doi. org/ 10. 3390/ diagn ostic s1208 2016 (2022).

 12. Spaide, R. F., Klancnik, J. M. Jr. & Cooney, M. J. Retinal vascular layers imaged by fluorescein angiography and optical coherence 
tomography angiography. JAMA Ophthalmol. 133, 45–50. https:// doi. org/ 10. 1001/ jamao phtha lmol. 2014. 3616 (2015).

 13. Riccardi, A., Siniscalchi, C. & Lerza, R. Embolic central retinal artery occlusion detected with point-of-care ultrasonography in 
the emergency department. J. Emerg. Med. 50, e183–e185. https:// doi. org/ 10. 1016/j. jemer med. 2015. 12. 022 (2016).

 14. de Carlo, T. E., Romano, A., Waheed, N. K. & Duker, J. S. A review of optical coherence tomography angiography (OCTA). Int. J. 
Retina Vitreous 1, 5. https:// doi. org/ 10. 1186/ s40942- 015- 0005-8 (2015).

 15. Saito, M., Ishibazawa, A., Kinouchi, R. & Yoshida, A. Reperfusion of the choriocapillaris observed using optical coherence tomog-
raphy angiography in hypertensive choroidopathy. Int. Ophthalmol. 38, 2205–2210. https:// doi. org/ 10. 1007/ s10792- 017- 0705-1 
(2018).

 16. Fursova, A. Z. et al. Optical coherence tomography angiography in the diagnosis of retinal microvascular changes in chronic 
kidney disease (clinical observations). Vestn. oftal’mol. 137, 97. https:// doi. org/ 10. 17116/ oftal ma202 11370 3197 (2021).

 17. Conigliaro, P. et al. Evaluation of retinal microvascular density in patients affected by systemic lupus erythematosus: An optical 
coherence tomography angiography study. Ann. Rheum. Dis. 78, 287–289. https:// doi. org/ 10. 1136/ annrh eumdis- 2018- 214235 
(2019).

 18. Salz, D. A. et al. Select features of diabetic retinopathy on swept-source optical coherence tomographic angiography compared 
with fluorescein angiography and normal eyes. JAMA Ophthalmol. 134, 644–650. https:// doi. org/ 10. 1001/ jamao phtha lmol. 2016. 
0600 (2016).

 19. Mirshahi, R. et al. Foveal avascular zone segmentation in optical coherence tomography angiography images using a deep learning 
approach. Sci. Rep. https:// doi. org/ 10. 1038/ s41598- 020- 80058-x (2021).

 20. Ye, L. et al. Retinal microvasculature alteration in active thyroid-associated Ophthalmopathy. Endocr. Pract. 24, 658–667. https:// 
doi. org/ 10. 4158/ ep- 2017- 0229 (2018).

 21. Virani, S. S. et al. Heart disease and stroke statistics-2021 update: A report from the American heart association. Circulation 143, 
e254–e743. https:// doi. org/ 10. 1161/ cir. 00000 00000 000950 (2021).

 22. Ziegler, T., Abdel Rahman, F., Jurisch, V. & Kupatt, C. Atherosclerosis and the capillary network pathophysiology and potential 
therapeutic strategies. Cells 9, 50. https:// doi. org/ 10. 3390/ cells 90100 50 (2019).

 23. Sun, C. et al. Systemic hypertension associated retinal microvascular changes can be detected with optical coherence tomography 
angiography. Sci. Rep. https:// doi. org/ 10. 1038/ s41598- 020- 66736-w (2020).

 24. Lee, W. H. et al. Retinal microvascular change in hypertension as measured by optical coherence tomography angiography. Sci. 
Rep. https:// doi. org/ 10. 1038/ s41598- 018- 36474-1 (2019).

 25. Rakusiewicz, K., Kanigowska, K., Hautz, W. & Ziółkowska, L. The impact of chronic heart failure on retinal vessel density assessed 
by optical coherence tomography angiography in children with dilated cardiomyopathy. J. Clin. Med. 10, 2659. https:// doi. org/ 10. 
3390/ jcm10 122659 (2021).

 26. Wang, J. et al. Retinal and choroidal vascular changes in coronary heart disease: An optical coherence tomography angiography 
study. Biomed. Opt. express 10, 1532–1544. https:// doi. org/ 10. 1364/ boe. 10. 001532 (2019).

 27. Arnould, L. et al. The EYE-MI pilot study: A prospective acute coronary syndrome cohort evaluated with retinal optical coherence 
tomography angiography. Invest. Ophthalmol. Vis. Sci. 59, 4299–4306. https:// doi. org/ 10. 1167/ iovs. 18- 24090 (2018).

 28. Rizzoni, D. et al. Relationships between coronary flow vasodilator capacity and small artery remodelling in hypertensive patients. 
J. Hypertens. 21, 625–631. https:// doi. org/ 10. 1097/ 00004 872- 20030 3000- 00030 (2003).

https://doi.org/10.1016/j.jacc.2007.09.011
https://doi.org/10.1016/j.jacc.2007.09.011
https://doi.org/10.1007/s12013-015-0553-4
https://doi.org/10.5603/KP.a2016.0098
https://doi.org/10.1016/j.recesp.2011.02.014
https://doi.org/10.1016/j.recesp.2011.02.014
https://doi.org/10.1161/strokeaha.112.673335
https://doi.org/10.1161/circulationaha.116.023425
https://doi.org/10.1016/j.atherosclerosis.2022.02.024
https://doi.org/10.1161/jaha.121.024226
https://doi.org/10.1111/aos.14806
https://doi.org/10.3390/diagnostics12082016
https://doi.org/10.3390/diagnostics12082016
https://doi.org/10.1001/jamaophthalmol.2014.3616
https://doi.org/10.1016/j.jemermed.2015.12.022
https://doi.org/10.1186/s40942-015-0005-8
https://doi.org/10.1007/s10792-017-0705-1
https://doi.org/10.17116/oftalma202113703197
https://doi.org/10.1136/annrheumdis-2018-214235
https://doi.org/10.1001/jamaophthalmol.2016.0600
https://doi.org/10.1001/jamaophthalmol.2016.0600
https://doi.org/10.1038/s41598-020-80058-x
https://doi.org/10.4158/ep-2017-0229
https://doi.org/10.4158/ep-2017-0229
https://doi.org/10.1161/cir.0000000000000950
https://doi.org/10.3390/cells9010050
https://doi.org/10.1038/s41598-020-66736-w
https://doi.org/10.1038/s41598-018-36474-1
https://doi.org/10.3390/jcm10122659
https://doi.org/10.3390/jcm10122659
https://doi.org/10.1364/boe.10.001532
https://doi.org/10.1167/iovs.18-24090
https://doi.org/10.1097/00004872-200303000-00030


10

Vol:.(1234567890)

Scientific Reports |         (2024) 14:4552  | https://doi.org/10.1038/s41598-023-50283-1

www.nature.com/scientificreports/

 29. Osborne, N. N. et al. Retinal ischemia: mechanisms of damage and potential therapeutic strategies. Prog. Retinal Eye Res. 23, 
91–147. https:// doi. org/ 10. 1016/j. prete yeres. 2003. 12. 001 (2004).

 30. Wangsa-Wirawan, N. D. & Linsenmeier, R. A. Retinal oxygen: Fundamental and clinical aspects. Arch. Ophthalmol. 121, 547–557. 
https:// doi. org/ 10. 1001/ archo pht. 121.4. 547 (2003).

 31. Song, S. J. & Wong, T. Y. Current concepts in diabetic retinopathy. Diabetes Metab. J. https:// doi. org/ 10. 4093/ dmj. 2014. 38.6. 416 
(2014).

 32. Savastano, M. C., Lumbroso, B. & Rispoli, M. In vivo characterization of retinal vascularization morphology using optical coher-
ence tomography angiography. Retina 35, 2196–2203. https:// doi. org/ 10. 1097/ iae. 00000 00000 000635 (2015).

 33. Gardiner, T. A., Archer, D. B., Curtis, T. M. & Stitt, A. W. Arteriolar involvement in the microvascular lesions of diabetic retinopathy: 
Implications for pathogenesis. Microcirculation 14, 25–38. https:// doi. org/ 10. 1080/ 10739 68060 10721 23 (2007).

 34. Cheng, R. W. et al. Relationship between retinal blood flow and arterial oxygen. J. Physiol. 594, 625–640. https:// doi. org/ 10. 1113/ 
jp271 182 (2016).

 35. Pournaras, C. J., Rungger-Brändle, E., Riva, C. E., Hardarson, S. H. & Stefansson, E. Regulation of retinal blood flow in health and 
disease. Prog. Retinal Eye Res. 27, 284–330. https:// doi. org/ 10. 1016/j. prete yeres. 2008. 02. 002 (2008).

 36. Mei, L. et al. Fibroblast growth factor 7 alleviates myocardial infarction by improving oxidative stress via PI3Kα/AKT-mediated 
regulation of Nrf2 and HXK2. Redox Biol. 56, 102468. https:// doi. org/ 10. 1016/j. redox. 2022. 102468 (2022).

 37. Luo, X., Shen, Y. M., Jiang, M. N., Lou, X. F. & Shen, Y. Ocular blood flow autoregulation mechanisms and methods. J. Ophthalmol. 
2015, 864871. https:// doi. org/ 10. 1155/ 2015/ 864871 (2015).

 38. Hanssen, H., Streese, L. & Vilser, W. Retinal vessel diameters and function in cardiovascular risk and disease. Prog. retinal eye Res. 
91, 101095. https:// doi. org/ 10. 1016/j. prete yeres. 2022. 101095 (2022).

 39. Fouquet, S., Vacca, O., Sennlaub, F. & Paques, M. The 3D retinal capillary circulation in pigs reveals a predominant serial organiza-
tion. Invest. Opthalmol. Vis. Sci. 58, 5754. https:// doi. org/ 10. 1167/ iovs. 17- 22097 (2017).

 40. Bell, R. D. et al. Pericytes control key neurovascular functions and neuronal phenotype in the adult brain and during brain aging. 
Neuron 68, 409–427. https:// doi. org/ 10. 1016/j. neuron. 2010. 09. 043 (2010).

 41. Sideri, A. M. et al. Correlation between coronary and retinal microangiopathy in patients with STEMI. Trans. Vis. Sci. Technol. 
12, 8. https:// doi. org/ 10. 1167/ tvst. 12.5.8 (2023).

 42. Wong, T. Y. et al. Retinal arteriolar narrowing and risk of coronary heart disease in men and women. The atherosclerosis risk in 
communities study. JAMA 287, 1153–1159. https:// doi. org/ 10. 1001/ jama. 287.9. 1153 (2002).

 43. Wong, T. Y. et al. Retinal vascular caliber, cardiovascular risk factors, and inflammation: The multi-ethnic study of atherosclerosis 
(MESA). Invest. Ophthalmol. Vis. Sci. 47, 2341–2350. https:// doi. org/ 10. 1167/ iovs. 05- 1539 (2006).

 44. Al-Fiadh, A. H. et al. Usefulness of retinal microvascular endothelial dysfunction as a predictor of coronary artery disease. Am. J. 
Cardiol. 115, 609–613. https:// doi. org/ 10. 1016/j. amjca rd. 2014. 12. 011 (2015).

 45. Houben, A., Martens, R. J. H. & Stehouwer, C. D. A. Assessing microvascular function in humans from a chronic disease perspec-
tive. J. Am. Soc. Nephrol. JASN 28, 3461–3472. https:// doi. org/ 10. 1681/ asn. 20170 20157 (2017).

 46. Wong, T. Y. et al. Retinopathy and risk of congestive heart failure. JAMA 293, 63–69. https:// doi. org/ 10. 1001/ jama. 293.1. 63 (2005).
 47. Stuebiger, N., Smiddy, W., Wang, J., Jiang, H. & DeBuc, D. C. Assesment of conjunctival microangiopathy in a patient with diabetes 

mellitus using the retinal function imager. J. Clin. Exp. Ophthalmol. https:// doi. org/ 10. 4172/ 2155- 9570. 10004 00 (2015).
 48. Jung, F. et al. Microcirculation in hypertensive patients. Biorheology 50, 241–255. https:// doi. org/ 10. 3233/ bir- 130645 (2013).
 49. Liu, R. et al. Retinal thickness and microvascular alterations in the diagnosis of systemic lupus erythematosus: A new approach. 

Quant. imaging Med. Surg. 12, 823–837. https:// doi. org/ 10. 21037/ qims- 21- 359 (2022).
 50. Zou, J. et al. VEGF-A promotes angiogenesis after acute myocardial infarction through increasing ROS production and enhancing 

ER stress-mediated autophagy. J. Cell. Physiol. 234, 17690–17703. https:// doi. org/ 10. 1002/ jcp. 28395 (2019).

Author contributions
All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1016/j.preteyeres.2003.12.001
https://doi.org/10.1001/archopht.121.4.547
https://doi.org/10.4093/dmj.2014.38.6.416
https://doi.org/10.1097/iae.0000000000000635
https://doi.org/10.1080/10739680601072123
https://doi.org/10.1113/jp271182
https://doi.org/10.1113/jp271182
https://doi.org/10.1016/j.preteyeres.2008.02.002
https://doi.org/10.1016/j.redox.2022.102468
https://doi.org/10.1155/2015/864871
https://doi.org/10.1016/j.preteyeres.2022.101095
https://doi.org/10.1167/iovs.17-22097
https://doi.org/10.1016/j.neuron.2010.09.043
https://doi.org/10.1167/tvst.12.5.8
https://doi.org/10.1001/jama.287.9.1153
https://doi.org/10.1167/iovs.05-1539
https://doi.org/10.1016/j.amjcard.2014.12.011
https://doi.org/10.1681/asn.2017020157
https://doi.org/10.1001/jama.293.1.63
https://doi.org/10.4172/2155-9570.1000400
https://doi.org/10.3233/bir-130645
https://doi.org/10.21037/qims-21-359
https://doi.org/10.1002/jcp.28395
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ocular microvascular alteration in patients with myocardial infarction—a new OCTA study
	Materials and methods
	Research subjects
	Inclusion criteria
	Exclusion criteria
	Ethical considerations
	OCTA imaging
	Macular retinal segmentation method
	Statistical analysis

	Results
	Superficial macular vascular density
	Deep macular vascular density
	Conjunctival blood vessel densities
	ROC analysis of retinal (superficial and deep) and conjunctival vessel densities
	Relationship between macular and conjunctival vascular density

	Discussion
	Conclusions
	References


