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Abstract
Background

Coronary slow flow (CSF) after percutaneous coronary intervention (PCl) for acute myocardial infarction
(AMI) may coexist with microvascular abnormalities beyond the epicardial coronary circulation. We
examined whether retinal and choroidal features measured by ultra-widefield swept-source optical
coherence tomography angiography (SS-OCTA) were associated with post-PCI CSF.

Methods

In this prospective cross-sectional study, 103 patients with AMI who underwent successful PCI were
classified by corrected thrombolysis in myocardial infarction frame count (CTFC) into the CSF group (n =
58) and normal coronary flow (NCF) group (n = 45). SS-OCTA was performed 2-3 days after PCI.
Between-group comparisons incorporated false discovery rate (FDR) correction. Exploratory correlations
were assessed using Spearman rank correlation, and factors associated with CSF were evaluated using
multivariable logistic regression. Model discrimination was assessed using receiver operating
characteristic curves and area under the curve; calibration was assessed using 1,000 bootstrap
resamples; and clinical utility was explored using decision curve analysis.

Results

After FDR correction, patients with CSF had lower deep capillary plexus vessel density (VD-DCP),
choroidal vascularity index (CVI), and choroidal vascular volume (CVV) than patients with NCF. In
multivariable logistic regression, higher white blood cell count (WBC; odds ratio [OR] = 1.491, 95%
confidence interval [Cl]: 1.184-1.878, P < 0.001) and neutrophil-to-platelet ratio (NPR; OR=2.017, 95% ClI:
1.160-3.508, P = 0.013) were associated with higher odds of CSF. Higher VD-DCP 0-12 mm (OR = 0.791,
95% Cl: 0.699-0.896, P <0.001) and CVI 0-12 mm (OR =0.739, 95% Cl: 0.617-0.886, P = 0.001) were
inversely associated with CSF. The integrated model combining WBC, NPR, VD-DCP 0-12 mm, and CVI
0-12 mm had an apparent area under the curve of 0.910.

Conclusions

Post-PCI CSF in patients with AMI was associated with systemic inflammatory measures and selected
retinal and choroidal microvascular features. The integrated model showed promising apparent
discrimination, calibration, and clinical utility, but the cross-sectional, single-center findings require
external and longitudinal validation.

1. Introduction
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Acute myocardial infarction (AMI) remains a major global cause of morbidity and mortality [1, 2]. Primary
percutaneous coronary intervention (PCl) is central to restoring epicardial coronary flow and limiting
myocardial injury [3, 4, 5]. Nevertheless, angiographically successful reperfusion does not ensure
adequate tissue-level perfusion, and coronary microvascular dysfunction may persist after PCI [6, 7].
Microvascular abnormalities may also occur across vascular beds in association with systemic
inflammation and endothelial dysfunction. It therefore remains uncertain whether post-PCl coronary
slow flow (CSF) is solely a coronary angiographic phenomenon or is accompanied by a broader
microvascular phenotype.

The retinal and coronary circulations share small-vessel anatomical and physiological characteristics
and may respond to overlapping vascular and inflammatory stresses [8, 9, 10]. Fundus photography has
identified retinal microvascular abnormalities in coronary artery disease [11]. Optical coherence
tomography angiography (OCTA) provides non-invasive, depth-resolved visualization and quantitative
assessment of retinal and choroidal perfusion without dye injection [12, 13]. Previous OCTA studies have
reported retinal microvascular differences in patients with coronary artery disease [10, 28]., and
chorioretinal microvascular differences have also been reported in patients with the coronary slow-flow
phenomenon. However, whether similar ocular alterations are present specifically in patients with post-
PCI CSF following AMI, and whether they involve coordinated changes in the deep retinal and choroidal
circulations across different spatial regions, remains unclear. The retinal and choroidal vascular beds
have distinct anatomical organization and regulatory characteristics [14, 15]. Ultra-widefield swept-
source OCTA (SS-OCTA) extends assessment beyond the central macula and permits concurrent
characterization of retinal and choroidal vascular and structural parameters [16].

We hypothesized that patients with AMI and post-PCI CSF would exhibit retinal and choroidal features
distinct from those of patients with normal coronary flow (NCF). This study therefore aimed to
characterize SS-OCTA-derived ocular phenotypes associated with CSF and to explore whether ocular
parameters added information to clinical measures for discriminating CSF from NCF. Because the study
was cross-sectional, all analyses were interpreted as associations rather than causal effects.

2. Methods
2.1 Study design and participants

This prospective, single-center, cross-sectional study was conducted in the Cardiology Intensive Care
Unit of the Second Affiliated Hospital of Chongging Medical University between April 1 and December 31,
2025. The Ethics Committee of the Second Affiliated Hospital of Chongqging Medical University approved
the study (approval no. (2023)738). All participants provided written informed consent before enroliment,
and the study was conducted in accordance with the Declaration of Helsinki.

Hemodynamically stable patients who underwent successful revascularization by primary PCI for AMI
were consecutively enrolled during the study period. The study size was determined by the number of
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eligible participants enrolled during this prespecified period. Coronary flow was assessed on the final
angiographic images obtained at the end of PCI. Ultra-widefield SS-OCTA (VG200S; SVision Imaging,
Henan, China) and a basic ophthalmic examination—including best-corrected visual acuity, intraocular
pressure measurement, slit-lamp biomicroscopy, and dilated fundus examination—were performed 2-3
days after PCI by the same experienced ophthalmologist. For each participant, one eye was randomly
selected as the study eye for SS-OCTA analysis. Exclusion criteria were (1) angiographic quality
inadequate for CTFC measurement; (2) hemodynamic instability or severe systemic disease; (3) poor-
quality SS-OCTA images in the selected study eye; or (4) glaucoma, retinal disease, or another ocular
condition in the selected study eye that could affect image interpretation.

2.2 Coronary angiography and corrected thrombolysis in
myocardial infarction frame count

Coronary angiography was performed through the femoral or radial approach using standard Judkins
techniques and a digital subtraction angiography system (GE Healthcare, Chicago, IL, USA). Post-PCl
coronary flow was quantified using CTFC as described by Gibson et al. [17]. The first frame was the
frame in which contrast entered the artery with near-complete ostial opacification and antegrade
movement; the final frame was the frame in which contrast first reached the prespecified distal
landmark. The left anterior descending artery count was divided by 1.7. Because angiograms were
acquired at 7.5 frames/s, a raw frame count > 7 in the target artery after successful PCl—equivalent to a
corrected CTFC > 28 at 30 frames/s—defined CSF [17, 18]. CTFC was treated as an angiographic
measure of contrast transit rather than a direct measurement of microvascular dysfunction. Two
cardiologists with more than 5 years of clinical experience independently assessed CTFC while blinded
to clinical characteristics and OCTA findings; disagreements were resolved by consensus with a third
senior cardiologist. Detailed measurement procedures are provided in the Supplementary Methods.

2.3 Cardiovascular data collection

Trained research assistants extracted cardiovascular data from the hospital registration system.
Recorded demographic and clinical variables included age, sex, blood pressure, heart rate, hypertension,
diabetes mellitus, hyperlipidemia, and chronic kidney disease. Laboratory variables included troponin |,
triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), lipoprotein(a) [Lp(a)], N-terminal pro-B-type
natriuretic peptide (NT-proBNP), serum creatinine (Scr), lactic acid, glycated hemoglobin (HbA1c), white
blood cell count (WBC), monocyte count, triglyceride-glucose (TyG) index, and neutrophil-to-platelet ratio
(NPR). Procedural variables included operation time, heparin dose, iodixanol dose, and culprit artery.

2.4 SS-OCTA acquisition and image assessment

The swept-source OCT/OCTA system (VG200S; SVision Imaging, Henan, China) used a central
wavelength of approximately 1050 nm and a scanning rate of 200,000 A-scans/s [19]. Axial resolution,
lateral resolution, and scan depth were 5 um, 13 ym, and 3 mm, respectively. SS-OCTA imaging was
performed on the randomly selected study eye of each participant. According to the prespecified
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imaging protocol, volume data were acquired using a raster scanning protocol consisting of 1024
horizontal and 1024 vertical B-scans, repeated four times and averaged.

The system provided quantitative vascular and structural measurements across the retinal and choroidal
layers. Vascular parameters included superficial vascular plexus vessel density (VD-SVP), deep capillary
plexus vessel density (VD-DCP), superficial vascular complex (SVC), radial peripapillary capillary plexus
(RPCP), skeletonized vessel density of the superficial vascular complex (SVD-SVC), skeletonized vessel
density of the radial peripapillary capillary plexus (SVD-RPCP), choroidal vascularity index (CVI), and
choroidal vascular volume (CVV). Structural parameters included full retinal thickness, outer retinal
thickness, retinal nerve fiber layer (RNFL) thickness, ganglion cell layer—inner plexiform layer (GCL + IPL)
thickness, combined RNFL + GCL+IPL thickness, and choroidal thickness. These 14 parameters were
evaluated within three nested, fovea-centered circular regions with diameters of 3, 12, and 21 mm,
referred to as the 0-3 mm, 0—-12 mm, and 0-21 mm regions, respectively.

Only scans meeting the modified OSCAR-IB image-quality criteria were included in the analysis; scans
with a signal strength <7 were excluded.

2.5 Statistical analysis

Analyses were performed using SPSS Statistics version 27.0 (IBM, Armonk, NY, USA) and R version 4.3.2.
Normality of continuous variables was assessed using the Shapiro—Wilk test. Normally distributed
variables are presented as mean (standard deviation [SD]); non-normally distributed variables as median
linterquartile range (IQR)]; and categorical variables as n (%). Between-group comparisons used
Student's t test or the Mann—Whitney U test for continuous variables and the chi-square test or Fisher's
exact test for categorical variables, as appropriate. Baseline P values were unadjusted and were
interpreted descriptively.

Exploratory associations between clinical measures and SS-OCTA-derived parameters within the CSF
group were assessed using Spearman rank correlation. Raw P values from these correlations were
reported only as exploratory signals. The Benjamini—Hochberg false discovery rate (FDR) procedure was
used to address multiple comparisons in the prespecified ocular-imaging comparison families and in the
exploratory correlation matrix; raw and FDR-adjusted correlation results are reported in Supplementary
Table S1.

Univariable and multivariable logistic regression were used to evaluate factors associated with CSF.
Candidate variables with P < 0.10 in univariable analysis or clinical relevance were considered, and
stepwise selection used entry and removal criteria of 0.05 and 0.10, respectively. CSF was coded as 1
and NCF as 0. Associations are reported as odds ratios (ORs) with 95% confidence intervals (Cls);
variance inflation factors (VIFs) were used to assess multicollinearity. Model discrimination was
evaluated using receiver operating characteristic (ROC) curves and area under the curve (AUC). A
nomogram was derived from the final model. Calibration was assessed by apparent and bias-corrected
calibration curves using 1,000 bootstrap resamples. Decision curve analysis (DCA) explored clinical
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utility by comparing net benefit with treat-all and treat-none strategies across threshold probabilities. All
tests were two-sided, and P < 0.05 was considered statistically significant except where FDR-adjusted P
values governed interpretation.

3. Results
3.1 Baseline characteristics

A total of 103 patients with AMI were enrolled: 58 (56.3%) in the CSF group and 45 (43.7%) in the NCF
group. Participant selection is shown in Fig. 1. Age and sex distributions were comparable between
groups (Table 1), and no significant differences in comorbidities were reported. As determined by the
grouping definition, CTFC values were higher in the CSF group than in the NCF group for the left anterior
descending, left circumflex, and right coronary arteries (all P <0.001).

In descriptive comparisons, the CSF group had higher Scr (P = 0.007), LDL-C (P = 0.007), WBC (P < 0.001),
and NPR (P = 0.014) than the NCF group. Troponin | (P =0.027), TG (P = 0.022), and TyG index (P =0.001)
were lower in the CSF group. Systolic blood pressure and pulse pressure were also lower (P =0.020 and
P =0.007, respectively), and operation time was longer. No significant differences were observed for
heparin dose, iodixanol dose, NT-proBNP, Lp(a), lactic acid, HbA1c, monocyte count, heart rate, or
diastolic blood pressure (all P >0.05). Baseline P values were unadjusted and are provided for
descriptive purposes only.
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Table 1

Baseline characteristics of study participants

Variable

Age (years)
Sex
Female
Male

Operation time (min)
Heparin dose (IU)
lodixanol dose (mg I)
Scr (umol/L)
NT-proBNP (pg/mL)

Troponin | (ng/mL)
Lp(a) (mg/L)

LDL-C (mmol/L)

TG (mmol/L)

Lactic acid (mmol/L)
HbA1c (%)

WBC (10°/L)
Monocyte (10°/L)

Heart rate
(beats/min)

Systolic blood
pressure (mmHg)

Diastolic blood
pressure (mmHg)

Demographic and clinical characteristics

Overall,
N=103"
61.17 (10.02)

37 (35.92%)
66 (64.08%)

90.00 [68.50,
129.50]

7,000.00 [6,500.00,
8,000.00]

150.00 [120.00,
210.00]

84.30 [71.45,
98.80]

588.00 [276.50,
1,220.00]

0.94[0.11, 4.35]

153.50 [93.70,
326.10]

2.42 (0.96)

1.57 [1.30, 2.29]
2.89 [2.04, 3.89]
6.20 [5.90, 7.25]
9.0[7.5,11.0]
0.54[0.45, 0.70]

74.00 [63.50,
84.00]

122.23 (16.95)

76.19 (12.21)

CSF
N =58 (56%)"
61.78 (10.36)

17 (29.31%)
41 (70.69%)

96.00 [75.00,
141.50]

8,000.00 [6,000.00,
8,000.00]

180.00 [120.00,
210.00]

88.15[74.60,
102.35]

489.00 [370.75,
999.25]

0.27[0.05, 3.13]

132.30 [85.48,
276.55]

2.65 (1.01)

1.52[1.21, 2.00]
2.65 [2.03, 3.96]
6.10 [5.83, 6.90]
10[8.33, 12.64]
0.54 [0.45, 0.68]

73.50 [62.00,
81.00]
118.67 (18.00)

75.67 (13.02)
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NCF
N = 45 (44%)"
60.38 (9.63)

20 (44.44%)
25 (55.56%)

74.00 [59.00,
115.00]

7,000.00 [7,000.00,
8,000.00]

140.00 [120.00,
160.00]

79.40 [64.80,
89.80]

610.00 [258.00,
1,790.00]

1.50[0.42, 5.90]

170.40 [128.40,
330.40]

2.12 (0.80)

1.68 [1.50, 2.40]
3.18[2.17,3.74]
6.30 [5.90, 7.50]
7.87 [6.65, 9.44]
0.58 [0.44, 0.70]

75.00 [65.00,
85.00]

126.82 (14.43)

76.87 (11.19)

valuet

0.481
0.167

0.025

0.943

0.074

0.007

0.798

0.027
0.168

0.007
0.022
0.410
0.161
<0.001
0.729
0.336

0.020

0.618




Variable Demographic and clinical characteristics
Overall, CSF NCF P
valuet
N=103" N =58 (56%)" N = 45 (44%)*
Pulse pressure 46.04 (13.27) 43 (11) 49.96 (13.93) 0.007
(mmHg)
NPR 2.5[1.9,3.4] 2.92[2.04, 3.97] 2.18[1.72,2.63] 0.001
TyG index 8.95[8.71,9.34] 8.86[8.63,9.15] 9.06 [8.80,9.52] 0.014

CSF, coronary slow flow; NCF, normal coronary flow; Scr, serum creatinine; NT-proBNP, N-terminal pro-B-
type natriuretic peptide; Lp(a), lipoprotein(a); LDL-C, low-density lipoprotein cholesterol; TG, triglyceride;
HbA1c, glycated hemoglobin; WBC, white blood cell count; NPR, neutrophil-to-platelet ratio; TyG,
triglyceride-glucose. Data are mean (SD), median [IQR], or n (%), as appropriate. Continuous variables
were compared using Student's t test or the Mann—Whitney U test; categorical variables were compared
using the chi-square test or Fisher's exact test. P values are unadjusted and descriptive.

Flow diagram showing the numbers assessed, excluded, enrolled, and classified by post-PCI CTFC,
followed by clinical, laboratory, and ophthalmic assessments. Arrows indicate participant progression
through the study. CSF was defined as a raw frame count > 7 at 7.5 frames/s, equivalent to corrected
CTFC > 28 at 30 frames/s.

AMI, acute myocardial infarction; PCI, percutaneous coronary intervention; CTFC, corrected thrombolysis
in myocardial infarction frame count; CSF, coronary slow flow; NCF, normal coronary flow; SS-OCTA,
swept-source optical coherence tomography angiography; ROC, receiver operating characteristic; DCA,
decision curve analysis.

3.2 Retinal and choroidal microvascular phenotypes

Table 2 summarizes retinal and choroidal microvascular parameters across the predefined
measurement regions. As illustrated in Fig. 2, after FDR correction, the CSF group had lower VD-DCP in
the 0-12 mm and 0—21 mm regions than the NCF group. CVI was lower in the CSF group across the 0-3
mm, 0—-12 mm, and 0—21 mm regions, with all comparisons remaining significant after FDR correction.
CVV in the 0—3 mm region was also lower in the CSF group after FDR correction. No other SS-OCTA
parameters differed significantly between groups after FDR correction (all FDR-adjusted P > 0.05).
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Retinal and choroidal microvascular parameters in the CSF and NCF groups

Table 2

Variable

VD-SVP 0-3, %
VD-SVP 0-12,
%

VD-SVP 0-21,
%

VD-DCP 0-3, %
VD-DCP 0-12,
%

VD-DCP 0-21,
%

CVI0-3, %
CVI0-12, %

CVI0-21,%
CVV 0-3, mm?
CVV 0-12,
mm?3

CVV 0-21,
mm?3

SVC 0-3, %
SVC0-12, %
SVC 0-21, %

RPCP 0-3, %

RPCP 0-12, %

Microvasculature Changes

Overall
N=103
62.13[55.89,
66.87]

42.69 [40.39,
45.75]

33.48 (3.03)
7.32 [4.63,
11.68]

21.23[16.01,
25.86]

24.13 [20.37,
27.08]

33.0[28.0,37.0]
31.0[28.0,33.0]

29.0[27.0,32.0]
0.59[0.41,0.76]

8.01[6.79, 9.50]
22.10[17.95,

26.21]

58.23 [51.74,
63.23]

60.32 [56.36,
65.22]

41.92 [39.35,
45.08]

5.20 [3.49,
10.68]

45.13 (6.65)

CSF
N = 58 (56%)
60.88 [55.44,
66.38]

42.69 [40.98,
45.97]

33.50 (2.89)
6.71[4.02,
10.24]

18.94[13.34,
23.04]

22.65[18.83,
26.77]

31.0[27.0,35.0]
29.0[26.0,32.0]

28.0[26.0,31.0]
0.42[0.36,0.71]

7.81[6.04,9.17]
19.42[17.22,

25.10]

57.90 [52.99,
63.40]

60.56 [57.45,
64.91]

41.94 [39.28,
44.22]

5.83[3.78,
10.80]

45.23 (5.39)
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NCF
N = 45 (44%)
64.02 [58.34,
67.04]

42.69 [40.26,
45.37]

33.46 (3.23)
7.61[5.52,
12.58]

22.49 [20.41,
26.58]

25.32[23.17,
27.43]

36.0[31.0,39.0]
32.0[30.0,34.0]

31.0[27.0,34.0]
0.69 [0.59, 0.81]

8.13[7.42,9.74]
22.76 [20.77,

27.41]

58.87 [47.13,
62.34]

59.76 [55.62,
65.54]

41.35[39.87,
45.61]

4.98 [3.35,
10.11]

44.99 (8.04)

value

0.217
0.760
0.942
0.052
<

0.001
0.008

<
0.001

<
0.001
0.002

<
0.001
0.037

0.035
0.552
0.868
0.661
0.460

0.865

FDR-
adjusted

P value

0.454

0.887

0.942

0.182

0.008**

0.042*

0.008**

0.008**

0.012*
0.008**

0.141

0.141

0.737

0.933

0.793

0.644

0.933




Variable Microvasculature Changes
Overall CSF NCF P FDR-
value adjusted
N=103 N =58 (56%) N =45 (44%)
P value
RPCP 0-21, % 32.04 [29.94, 32.04 [30.24, 32.04[29.67, 0.839 0.933
35.98] 35.75] 36.50]
SVD-SVC 0-3, 25.64 [23.99, 25.34[24.13, 26.37 [23.84, 0.237 0.454
% 27.43] 26.81] 27.93]
SVD-SVC 0-12, 18.94[17.62, 18.70 [17.59, 19.20 [18.34, 0.342 0.521
% 19.82] 19.67] 19.84]
SVD-SVC 0-21, 17.65[16.01, 17.86 [15.79, 17.45[16.29, 0.931 0.942
% 19.41] 19.39] 19.45]
SVD-RPCP 0- 3.54[2.20,7.17] 4.27[2.32,7.19] 3.33[1.82,6.41] 0.238 0.454
3, %
SVD-RPCP 0- 12.65 (2.43) 12.98 (2.19) 12.23 (2.68) 0.134 0.331
12, %
SVD-RPCP 0- 12.39[10.84, 12.70[11.09, 12.37[10.41, 0.361 0.523
21, % 14.28] 14.29] 14.23]

CSF, coronary slow flow; NCF, normal coronary flow; VD-SVP, superficial vascular plexus vessel density;
VD-DCP, deep capillary plexus vessel density; CVI, choroidal vascularity index; CVV, choroidal vascular
volume; SVC, superficial vascular complex; RPCP, radial peripapillary capillary plexus; SVD-SVC,
skeletonized vessel density of the superficial vascular complex; SVD-RPCP, skeletonized vessel density
of the radial peripapillary capillary plexus; FDR, false discovery rate. Data are mean (SD) or median [IQR].
Comparisons used Student's t test or the Mann—Whitney U test, as appropriate. P values were adjusted
using the Benjamini—Hochberg FDR method. *FDR-adjusted P < 0.05; **FDR-adjusted P < 0.01.

A Heatmap of standardized between-group differences (CSF minus NCF); blue indicates lower and red
indicates higher values in CSF. B-D Raincloud plots for VD-DCP 0—-12 mm, CVI 0—12 mm, and CVV 0-3
mm. Points represent individual participants, density shapes show distributions, boxes show
interquartile ranges, and center lines show medians. Between-group P values were calculated using the
Mann—-Whitney U test and adjusted using the Benjamini—Hochberg FDR method. Brackets and asterisks
denote FDR-adjusted significance.

CSF, coronary slow flow; NCF, normal coronary flow; VD-SVP, superficial vascular plexus vessel density;
VD-DCP, deep capillary plexus vessel density; CVI, choroidal vascularity index; CVV, choroidal vascular
volume; SVC, superficial vascular complex; RPCP, radial peripapillary capillary plexus; SVD-SVC,
skeletonized vessel density of the superficial vascular complex; SVD-RPCP, skeletonized vessel density
of the radial peripapillary capillary plexus; FDR, false discovery rate. *FDR-adjusted P < 0.05; **FDR-
adjusted P < 0.01; ***FDR-adjusted P <0.001.
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3.3 Retinal and choroidal thickness changes

Table 3 summarizes retinal and choroidal thickness parameters. After FDR correction, the CSF group had
lower full retinal thickness in the 0—3 mm region than the NCF group (FDR-adjusted P = 0.012) and lower
choroidal thickness in the 0—3 mm region (FDR-adjusted P = 0.008). Choroidal thickness in the 0—-12 mm
region was lower before correction (P = 0.016), but the comparison did not remain significant after FDR
correction (FDR-adjusted P = 0.075). No remaining retinal or choroidal thickness parameter differed
significantly between groups after FDR correction.
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Retinal and choroidal thickness parameters in the CSF and NCF groups

Table 3

Variable

Retina 0—3 mm

Retina 0—12 mm

Retina 0—21 mm

Choroid 0—-3 mm

Choroid 0—-12
mm

Choroid 0—21
mm

Outer retina 0—-3
mm

Outer retina 0—-12

mm

Outer retina 0—21

mm
RNFL 0-3 mm
RNFL 0-12 mm
RNFL 0-21 mm
GCL+IPLO-3
mm
GCL+IPL0-12
mm

GCL + IPL 0—-21
mm

RNFL + GCL+IPL

0-3 mm

Thickness changes

Overall,

N =103"

319.97 (12.51)

262.31 [256.23,
272.83]

212.34 [203.01,
222.57]

250.39 [166.58,
320.40]

213.78 [172.52,
265.51]

206.05 [162.78,
242.57]

175.84 [167.63,
180.28]

128.93 [126.70,
134.52]

116.13 [112.68,
120.58]

25.11 [23.83,
26.61]

65.17 [61.95,
68.31]

39.48 [36.73,
42.84]

78.19 [74.19,
82.56]

38.42[36.02,
40.45]

28.76 (3.45)

103.01 [99.29,
108.75]

CSF

N =58 (56%)"

316.23 (10.11)

261.26 [255.78,
272.67]

210.49 [202.82,
219.96]

214.56 [131.41,
291.07]

202.00 [144.48,
254.77]

198.09 [160.88,
238.14]

175.63 [166.58,
179.98]

128.77 [122.95,
135.76]

115.42 [109.08,
120.36]

25.17 [24.36,
26.76]

65.15[61.69,
68.36]

38.91 [36.82,
41.28]

78.20 [75.25,
82.71]

38.23 [35.98,
39.91]

28.42 (3.41)

103.48 [99.89,
109.33]
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NCF

N = 45 (44%)"

324.79 (13.72)

262.85[257.81,
272.83]

215.30 [203.04,
223.98]

277.67 [221.44,
384.71]

231.93 [199.55,
280.36]

220.14[187.16,
252.84]

177.34[169.01,
180.35]

129.72 [127.59,
133.61]

117.83[114.18,
120.63]

24.79 [23.14,
26.44]

65.32 [62.31,
67.54]

39.68 [35.79,
44.01]

77.66 [71.28,
81.92]

38.77 [36.12,
40.91]

29.19 (3.47)

102.73 [95.71,
108.56]

value
0.002
0.579
0.304
<

0.001
0.016
0.112
0.304
0.347
0.122
0.338
0.889
0.103
0.197
0.576
0.271

0.101

FDR-
adjusted

P value
0.012*
0.737

0.511

0.008**

0.075

0.314

0.511

0.521

0.320

0.521

0.933

0.309

0.435

0.737

0.495

0.309




Variable Thickness changes

Overall, CSF NCF P FDR-
value adjusted
= t = % t = % t

N=103 N =58 (56%) N =45 (44%) P value
RNFL + GCL+IPL 102.59 [98.29, 102.45 [98.25, 104.58[100.32, 0.616  0.761
0-12 mm 108.77] 109.17] 108.29]
RNFL + GCL+IPL 68.28 [63.15, 68.41 [63.87, 68.11 [62.03, 0.193 0.435
0-21 mm 74.15] 70.42] 74.96)

CSF, coronary slow flow; NCF, normal coronary flow; RNFL, retinal nerve fiber layer; GCL + IPL, ganglion
cell layer—inner plexiform layer complex; RNFL + GCL+IPL, combined retinal nerve fiber layer, ganglion
cell layer, and inner plexiform layer; FDR, false discovery rate. Thickness is reported in ym as mean (SD)
or median [IQR]. Comparisons used Student's t test or the Mann—Whitney U test, as appropriate. P values
were adjusted using the Benjamini—Hochberg FDR method. *FDR-adjusted P < 0.05; **FDR-adjusted P <
0.01; ***FDR-adjusted P < 0.001.

3.4 Exploratory correlation analysis

In exploratory Spearman analyses restricted to patients with CSF (n = 103), several nominal associations
were observed between clinical measures and ocular imaging parameters. Scr was correlated with VD-
SVP in the 0—12 mm region (Spearman p = -0.32, P = 0.001) and the 0—-3 mm region (Spearman p =
-0.30, P =0.002). TG and TyG index were positively correlated with CVI in the 0—3 mm region (p =0.30, P
=0.002; p =0.30, P =0.002, respectively), and WBC was inversely correlated with CVI in the 0-21 mm
region (p = -0.29, P =0.003). These raw P values are reported only as exploratory signals; none of the
correlations remained statistically significant after Benjamini—Hochberg FDR correction. The complete
matrix of raw and FDR-adjusted P values is provided in Supplementary Table S1.

3.5 Independent factors associated with CSF

Univariable logistic regression identified WBC, NPR, VD-DCP 0—12 mm, and CVI 0—12 mm as factors
associated with CSF. These variables were retained in the final multivariable logistic regression model
(Table 4).

In the multivariable analysis, higher WBC was associated with higher odds of CSF (OR =1.491, 95% ClI:
1.184-1.878, P <0.001), as was higher NPR (OR =2.017,95% Cl: 1.160-3.508, P = 0.013). Higher VD-
DCP 0-12 mm (OR=0.791, 95% CI: 0.699-0.896, P <0.001) and CVI 0-12 mm (OR = 0.739, 95% CI:
0.617-0.886, P = 0.001) were inversely associated with CSF. All VIF values were < 1.5.
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Table 4
Univariable and multivariable logistic regression analyses of factors associated with CSF

Variable Univariable OR P value Multivariable OR P value VIF
(95% CI) (95% CI)

WBC 1.427 (1.192-1.710)  <0.001***  1.491(1.184-1.878) <0.001** 1.161

NPR 2.027 (1.326-3.101)  0.001** 2.017 (1.160-3.508) 0.013* 1.136

VD-DCP 0-12 0.861(0.796-0.933) <0.001***  0.791(0.699-0.896) <0.001*** 1.447

CVI0-12 0.827 (0.741-0.924)  0.007** 0.739(0.617-0.886)  0.0071** 1.402

CSF, coronary slow flow; OR, odds ratio; Cl, confidence interval; VIF, variance inflation factor; WBC, white
blood cell count; NPR, neutrophil-to-platelet ratio; VD-DCP, deep capillary plexus vessel density; CVI,
choroidal vascularity index. CSF was coded as 1 and NCF as 0; continuous-variable ORs are per one-unit
increase. Stepwise multivariable logistic regression used entry and removal criteria of 0.05 and 0.10. *P
<0.05;**P < 0.01; ***P < 0.001.

3.6 Integrated model performance

ROC analysis assessed the apparent discrimination of the independent factors and integrated model.
Individual AUCs ranged from 0.679 to 0.748: WBC, 0.748 (95% Cl: 0.655-0.842); VD-DCP 0—12 mm,
0.709 (95% CI: 0.610-0.808); NPR, 0.697 (95% Cl: 0.596—-0.799); and CVI 0—12 mm, 0.679 (95% CI:
0.574-0.784). The integrated model incorporating WBC, NPR, VD-DCP 0—-12 mm, and CVI 0-12 mm had
the highest apparent discrimination, with an AUC of 0.910 (95% CI: 0.854-0.966) (Fig. 3A).

A nomogram based on these four variables was constructed to estimate the probability of CSF (Fig. 3B).
Bootstrap internal validation with 1,000 resamples showed acceptable calibration, with the bias-
corrected curve close to the ideal line (Fig. 3C).

DCA suggested that the integrated model provided greater net benefit than the treat-all and treat-none
strategies across the displayed threshold-probability range (Fig. 3D). This clinical-utility assessment was
exploratory and internally evaluated.

A ROC curves for WBC, NPR, VD-DCP 0-12 mm, CVI 0-12 mm, and the integrated model; the diagonal
line denotes chance discrimination.

B Nomogram derived from the final multivariable logistic regression model; variable-specific points are
summed to obtain the estimated probability of CSF.

C Calibration curve after 1,000 bootstrap resamples; the solid line is bias-corrected calibration, the
dotted line is apparent calibration, and the dashed line is ideal calibration.
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D Decision curve analysis; the solid line represents the integrated model, the dashed line the treat-all
strategy, and the dotted horizontal line the treat-none strategy. Net benefit is shown across threshold
probabilities.

CSF, coronary slow flow; NCF, normal coronary flow; WBC, white blood cell count; NPR, neutrophil-to-
platelet ratio; VD-DCP, deep capillary plexus vessel density; CVI, choroidal vascularity index; ROC, receiver
operating characteristic; AUC, area under the curve.

4. Discussion

This prospective cross-sectional study evaluated retinal and choroidal vascular and structural features in
patients with AMI after successful PCI. Post-PCI CSF was associated with higher WBC and NPR and with
lower VD-DCP and CVI in the final multivariable model. Selected deep retinal and choroidal measures
also differed between CSF and NCF groups after FDR correction. An integrated model combining two
inflammatory measures and two ocular parameters showed promising apparent discrimination,
calibration, and exploratory clinical utility. These findings describe an ocular—coronary association but
do not establish that ocular changes are caused by, predict, or directly measure CSF.

Post-PCI CSF is a heterogeneous angiographic phenotype that may reflect inflammatory activation,
thrombotic processes, distal embolization, endothelial dysfunction, and increased microvascular
resistance [16]. In descriptive comparisons, WBC, NPR, LDL-C, and Scr were higher in the CSF group.
NPR captures information from neutrophils and platelets and may reflect aspects of the inflammation-
thrombosis axis [20]. The cross-sectional associations observed here are compatible with, but do not
prove, a contribution from systemic inflammatory or thrombotic processes.

The higher LDL-C and Scr values in the CSF group may also identify differences in cardiometabolic and
renal profiles [21]. Because baseline comparisons were unadjusted and descriptive, these variables
should not be interpreted as independent determinants of CSF. More broadly, the coexistence of
coronary-flow, inflammatory, metabolic, renal, and ocular differences is consistent with a systemic
microvascular framework, while alternative explanations remain possible.

TG and TyG index were lower in the CSF group. This finding should be interpreted cautiously because
measurements obtained during acute illness may be influenced by acute-phase metabolic changes and
periprocedural treatment [22]. The observation does not resolve the relation between insulin resistance
and CSF.

Systolic blood pressure and pulse pressure were also lower in the CSF group [23]. These descriptive,
cross-sectional differences cannot distinguish effects of the acute clinical state, treatment, ventricular
function, or other hemodynamic factors. Accordingly, they should not be taken as evidence that CSF
caused systemic hypoperfusion. The pattern is nevertheless relevant to proposed hemodynamic and
microvascular mechanisms in coronary disease [24, 25].
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The retina permits direct, non-invasive visualization of the microcirculation. Retinal and coronary small
vessels share selected anatomical and physiological features, providing a rationale for studying ocular
measures alongside coronary phenotypes [26]. These similarities support an association-based
oculomic approach, not equivalence between retinal and coronary microvascular function.

After FDR correction, the CSF group had lower VD-DCP, CVI, and central CVV, whereas superficial retinal
measures were not significantly different. One possible interpretation is that the deep capillary plexus
and choroid may be more sensitive to acute systemic hemodynamic or inflammatory conditions, but the
present design cannot establish mechanism [22, 27]. A multicenter study by MozafaryBazargany et al.
also reported lower deep capillary plexus vessel density in coronary slow flow [29]. The deep capillary
plexus occupies a metabolically active retinal region [30], and the choroid is a densely vascularized
tissue with high perfusion demand [31]; these features provide biological plausibility for the observed
associations.

Vascular and structural findings were not fully concordant. VD-DCP was lower in CSF, whereas retinal
thickness differences were limited. This cross-sectional pattern does not establish that perfusion
abnormalities precede structural change. By contrast, central choroidal vascular and thickness measures
changed in the same direction, with lower CVI, CVV, and central choroidal thickness [31].

Differences between retinal and choroidal patterns may relate to their distinct vascular organization and
autoregulatory characteristics [32, 33]. In a prospective cross-sectional study of 236 patients with
coronary artery disease and 78 controls, Zheng et al. reported lower choroidal thickness and volume and
greater discrimination in the inner 6 mm region [34]. Together with the present findings, that study
supports further evaluation of regional choroidal measures in coronary disease, while differences in
populations and imaging protocols limit direct comparison.

In the final multivariable model, WBC and NPR were positively associated with CSF, whereas VD-DCP 0-
12 mm and CVI 0—-12 mm were inversely associated with CSF. Their combination had greater apparent
discrimination than any individual measure. The nomogram, bootstrap calibration, and DCA provide an
initial description of model performance and potential clinical utility. However, stepwise development
and evaluation in the same small cohort can produce optimism; without external validation, the model is
hypothesis-generating and should not be used for clinical risk stratification [27, 35, 36].

Several limitations should be considered. First, the single-center design and modest sample size may
limit generalizability. Second, the cross-sectional design and the 2—-3-day interval between PCl and OCTA
preclude causal or temporal inference and cannot distinguish pre-existing ocular traits from changes
associated with the acute event or procedure. Third, although bootstrap validation assessed calibration,
the model lacks external validation. Fourth, OCTA measures may be affected by image quality,
segmentation error, axial length, and ocular perfusion-related factors. Finally, the absence of serial post-
PCl imaging prevents assessment of longitudinal microvascular change.

5. Conclusions

Page 17/24



Post-PCI CSF in patients with AMI was associated with systemic inflammatory measures and selected
deep retinal and choroidal microvascular features. Ultra-widefield SS-OCTA may provide complementary
phenotypic information, and the integrated model showed promising internal performance. Larger,
externally validated, longitudinal studies are required before these ocular measures or the model can be
considered for clinical assessment.
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Study design and participant flow
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Figure 1

Participant selection and study design
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Figure 2

Between-group patterns of retinal and choroidal microvascular parameters
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Figure 3

Discrimination, calibration, and clinical utility of the integrated model
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