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Abstract: Objective: To investigate whether retinal arteriolar-to-venular ratio (AVR) and N-terminal pro-B-type natri-
uretic peptide (NT-proBNP) assessed at 42 days postpartum can predict cardiac complications within 6 months in 
women with hypertensive disorders of pregnancy (HDP), and to evaluate whether NT-proBNP mediates the associa-
tion between AVR and cardiac complications. Methods: This retrospective cohort study enrolled 386 women with 
HDP and 105 normotensive controls between March 2021 and March 2024. At 42 days postpartum, participants 
underwent cardiac assessment (NT-proBNP, echocardiography) and retinal microvascular measurement (central 
retinal arteriolar equivalent, central retinal venular equivalent, AVR). Cardiac complications were defined as heart 
failure or persistent/recurrent hypertension within 6 months postpartum. Logistic regression, receiver operating 
characteristic (ROC) curve analysis, and mediation analysis were performed. Results: Compared with controls, wom-
en with HDP showed higher NT-proBNP, larger left ventricular end-diastolic diameter, and lower AVR (all P<0.05). 
These parameters worsened progressively with HDP severity. During follow-up, 97 women (25.1%) developed car-
diac complications. Elevated NT-proBNP and reduced AVR were independent predictors of complications. The com-
bined model achieved greater AUC than AVR alone. Mediation analysis indicated NT-proBNP partially mediated the 
AVR-complication relationship. Conclusions: Women with HDP exhibit early postpartum cardiac dysfunction and 
retinal microvascular impairment. Lower AVR, partly mediated through NT-proBNP, may help identify those at higher 
risk of cardiac complications.

Keywords: Hypertensive disorders of pregnancy, preeclampsia, retinal microvasculature, arteriolar-to-venular 
ratio, NT-proBNP, postpartum cardiac complications

Introduction

Hypertensive disorders of pregnancy (HDP) are 
a major cause of maternal morbidity and mor-
tality worldwide, and their incidence has been 
rising in recent years. Epidemiological surveys 
across different countries indicate that HDP 
complicate approximately 8-10% of pregnan-
cies [1], with preeclampsia (PE) accounting for 
2-8% and remaining a leading contributor to 
severe maternal complications. Recent figures 
indicate that nearly 76,000 maternal deaths 
and 500,000 perinatal deaths annually world-
wide are attributable to PE [2]. The effects of 
HDP extend beyond pregnancy. Women with a 
history of HDP remain at increased risk of car-

diovascular disease after delivery. Several sys-
tematic reviews and cohort studies have dem-
onstrated that HDP are linked to persistent 
postpartum hypertension, myocardial remodel-
ing, heart failure, and earlier cardiovascular 
events [3-5]. Therefore, early identification of 
women at high cardiovascular risk during the 
postpartum period is of great importance. 

N-terminal pro-B-type natriuretic peptide (NT- 
proBNP) is a well-established biomarker of 
myocardial stress and pressure overload, and 
is widely used in the evaluation of cardiac struc-
ture, function, and prognosis. Previous studies 
in PE have shown that NT-proBNP remains high 
during late pregnancy and early postpartum 
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period, closely associating with disease se- 
verity and structural cardiac lesions [6]. As 
NT-proBNP mainly reflects established myocar-
dial pressure overload, it is not suitable to iden-
tify early microcirculatory or endothelial dam-
age. Consequently, alternative markers capa-
ble of identifying systemic microvascular distur-
bances at an earlier stage are needed.

Since retinal microcirculation shares anatomi-
cal and physiological characteristics with the 
systemic microvasculature, it is considered a 
non-invasive ‘window’ into the microvascular 
state [7]. Advances in modern digital fundus 
imaging allow quantitative assessment of the 
central retinal arteriolar equivalent, central reti-
nal venular equivalent, and the derived arterio-
lar-to-venular ratio (AVR) [8]. Large population-
based studies have demonstrated that a lower 
AVR, which reflects combined arteriolar narrow-
ing and venular dilatation, is independently 
associated with hypertension, cardiovascular 
events, and heart failure [9]. In the context  
of HDP, multiple reports between 2020 and 
2023 have likewise documented that women 
with PE exhibit pronounced microvascular  
constriction, venular widening, and reduced 
AVR, consistent with endothelial dysfunction 
and generalized microvascular injury [10, 11]. 
Nevertheless, it remains uncertain whether 
such retinal microvascular changes are relat- 
ed to postpartum cardiac complications, whe- 
ther their predictive value is independent of 
NT-proBNP, and whether interaction or media-
tion effects exist between these metrics.

Emerging evidence suggests that cardiac 
remodeling and microvascular abnormalities in 
HDP may stem from shared pathological pro-
cesses, including endothelial injury, inflamma-
tory activation, imbalance of vasoactive fac-
tors, and disrupted microcirculatory regulation 
[12, 13]. Within this context, retinal microvas-
cular phenotype and cardiac load indicators 
such as NT-proBNP may evolve in a synergistic 
manner, although this hypothesis has not been 
systematically tested with respect to postpar-
tum cardiac complications. 

To address these gaps, this study was designed 
to systematically compare cardiac function and 
retinal microvascular characteristics between 
healthy controls and women with different HDP 
subtypes (gestational hypertension, mild PE, 
severe PE). We additionally compared baseline 

parameters and changes in physiological indi-
ces between those who developed postpartum 
cardiac complications and those who did not. 
Independent predictive value of NT-proBNP and 
AVR was evaluated using multivariable logistic 
regression, and their overall discriminative per-
formance was assessed using receiver operat-
ing characteristic (ROC) curves. Finally, poten-
tial interactions between AVR, severe pre-
eclampsia, and NT-proBNP were analyzed, and 
mediation analysis was used to test whether 
NT-proBNP partly transmits the effect of AVR 
on cardiac complications, as a basis for devel-
oping a precise, non-invasive strategy for post-
partum cardiac risk stratification.

Methods and materials

Sample size calculation

Sample size was calculated using the single-
proportion formula: N = Z2 × [P × (1-P)]/E2, 
where Z represents the Z-value for a two-sided 
α=0.05 (Z=1.96), P denotes the expected inci-
dence of the study endpoint, and E indicates 
the allowable error. Based on the 29% inci-
dence of postpartum hypertension at 1-year 
follow-up in women with prior preeclampsia 
reported by Neuman et al.’s [14] - a rate broadly 
consistent with estimates from other interna-
tional cohorts and adopted here as a reason-
able approximation given the absence of large-
scale Chinese-specific data - we set P=0.29 
and E=0.05, yielding a required sample size of 
approximately 317 cases. The final sample 
included in this study met this requirement.

Study population and ethics approval

This single-center retrospective cohort study 
enrolled postpartum women first diagnosed 
with HDP at or after 20 weeks of gestation at 
our institution between March 2021 and March 
2024. All included patients completed sys- 
tematic examination at 42 days postpartum 
(baseline timepoint) and were followed continu-
ously until 6 months postpartum for the occur-
rence of cardiac complications. Women without 
HDP during pregnancy who completed routine 
42-day postpartum examination during the 
same period were selected as the controls. The 
study protocol was approved by the Medical 
Ethics Committee of Baoji People’s Hospital 
and was conducted in accordance with the 
Declaration of Helsinki. Given the retrospective 
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nature of this study, the requirement for 
informed consent was waived.

Inclusion and exclusion criteria

Inclusion criteria: (1) singleton pregnancy; (2) 
completion of a systematic examination at  
42 days postpartum; (3) diagnosis of gestation-
al hypertension (GH) or PE according to the 
2020 American College of Obstetricians and 
Gynecologists (ACOG) guidelines [15]; and (4) 
complete clinical data.

Exclusion criteria: (1) pre-existing chronic hy- 
pertension, diabetes, or congenital heart dis-
ease; (2) systemic autoimmune diseases; (3) 
other severe obstetric complications during 
pregnancy, including placental abruption or 
HELLP syndrome (hemolysis, elevated liver 
enzymes, and low platelet count); (4) missing 
data (incomplete clinical, laboratory, or imaging 
data); (5) inadequate fundus image quality.

Clinical data collection

Clinical data were collected from both study 
and control groups, including: (1) General infor-
mation: age, residence, ethnicity, parity, deliv-
ery mode, postpartum body mass index (BMI), 
gestational age at delivery, and HDP classifica-
tion (GH, mild PE, severe PE); (2) Cardiac func-
tion indicators: NT-proBNP, left ventricular end-
diastolic diameter (LVEDD), left ventricular ejec-
tion fraction (LVEF); (3) Retinal microvascular 
parameters: central retinal arteriolar equiva-
lent (CRAE), central retinal venular equivalent 
(CRVE), and AVR; (4) Cardiac complications: 
heart failure and persistent or recurrent post-
partum hypertension, as determined from med-
ical records and follow-up data collected within 
6 months postpartum.

Measurement methods

Laboratory measurements: Fasting venous 
blood samples were collected at 42 days post-
partum. NT-proBNP was measured using elec-
trochemiluminescence immunoassay with orig-
inal reagent kits (Roche Diagnostics, Germany) 
on the Roche Cobas e801 platform.

Echocardiographic measurement: LVEDD and 
LVEF were measured by two experienced cardi-
ac ultrasonographers with associate chief phy-
sician level or above using the Philips EPIQ 7C 

ultrasound system (Philips Healthcare, USA). 
LVEF was calculated using the biplane Simpson 
method.

Retinal microvascular parameter measure-
ment: At 42 days postpartum, ophthalmolo-
gists captured standard retinal images cen-
tered around the macula were obtained using a 
non-mydriatic fundus camera (Topcon, Japan; 
TRC-NW400). CRAE, CRVE, and AVR were mea-
sured using the validated semi-automated 
Interactive Vessel Analysis (IVAN) software 
(University of Wisconsin). All analyses were 
independently performed by two trained image 
readers, with mean values used as final results.

Definition of cardiac complications

Heart failure: Diagnosed by specialists based 
on the presence of typical heart failure symp-
toms or signs combined with abnormal ultra-
sound or cardiac biomarkers (e.g., elevated 
NT-proBNP), according to European Society of 
Cardiology (ESC)/American Heart Association 
(AHA) guidelines.

Postpartum hypertension: Systolic blood pres-
sure ≥140 mmHg and/or diastolic blood pres-
sure ≥90 mmHg (two independent measure-
ments) occurring between 42 days and 6 
months postpartum. Persistent hypertension 
was defined as gestational hypertension that 
continued postpartum without normalization, 
whereas recurrent hypertension referred to 
blood pressure re-elevation after normalizing 
at 42 days postpartum.

Study outcomes

Primary outcome: Occurrence of any of the fol-
lowing events (composite outcome) during the 
follow-up period from 42 days to 6 months 
postpartum: heart failure diagnosed according 
to ESC/AHA guidelines based on symptoms, 
signs, and imaging/biomarker evidence; per-
sistent or recurrent postpartum hypertension 
(≥140/90 mmHg on at least two measure-
ments) [16, 17].

Secondary outcomes: (1) Changes in NT- 
proBNP, LVEDD, and LVEF; (2) Alterations in  
retinal microvascular indicators (CRAE, CRVE, 
AVR); (3) Differences in cardiac function and 
microvascular indicators among different HDP 
subtypes (GH, mild PE, severe PE); (4) Corre- 
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lations between NT-proBNP and retinal micro-
vascular parameters; (5) Mediating effects and 
interactions of NT-proBNP with AVR.

Statistical analysis

Statistical analyses were performed using R 
4.5.1 and SPSS 27.0. The normality of continu-
ous variables was assessed using the Shapiro-
Wilk test. Continuous variables conforming to a 
normal distribution were expressed as mean ± 
standard deviation and compared using inde-
pendent samples t-test; those not conforming 
to a normal distribution were expressed as 
median [interquartile range] and compared 
using Mann-Whitney U test. Categorical vari-
ables were expressed as numbers or percent-
ages (n, %) and analyzed using χ2 test or Fisher’s 
exact test, as appropriate. Correlations were 
assessed using Spearman’s rank correlation 
analysis. Before multivariate analysis, candi-
date variables underwent variance inflation fac-
tor (VIF) testing. CRAE and CRVE showed signifi-
cant collinearity with AVR (VIF>10). Therefore, 
AVR was retained in the multivariable models 
instead of its individual components for the fol-
lowing reasons: (1) AVR, as a ratio of arteriolar 
to venular caliber, provides an integrated index 
reflecting the balance between arteriolar nar-
rowing and venular dilation, both of which are 
hallmarks of microvascular dysfunction in 
hypertensive disorders; (2) AVR has been more 
extensively validated as an independent pre-
dictor of cardiovascular outcomes in epidemio-
logical studies, facilitating comparison with 
existing literature; and (3) retaining AVR rather 
than separate CRAE and CRVE values avoids 
introducing highly correlated variables into  
the model while preserving the essential clini-
cal information. Alternative approaches, such 
as principal component analysis (PCA) were 
considered; however, AVR already represents  
a clinically meaningful composite indicator, 
whereas PCA-derived components would be 
less intuitive for clinical application. Other clini-
cal variables showed no obvious collinearity. 
Considering that LVEDD and LVEF might lie on 
the potential mediating pathway linking HDP to 
cardiac load and subsequent complications, 
these variables were not included as confound-
ers in the multivariate logistic regression model 
to avoid overadjustment and potential collider 
bias; instead, they were only used to describe 
cardiac function phenotype. The final model 

included age, postpartum BMI, parity, delivery 
mode, severe preeclampsia, NT-proBNP, and 
AVR to screen independent factors. ROC cur- 
ves were constructed for NT-proBNP, AVR, and 
their combined model, with areas under the 
curve (AUCs) compared using the DeLong test. 
The net reclassification index (NRI) was calcu-
lated to evaluate reclassification performance. 
Mediation analysis was conducted using the 
mediation package in R to estimate the aver-
age causal mediation effect (ACME) and aver-
age direct effect (ADE). Given the observational 
study design, mediation results were interpret-
ed as statistical mediation rather than strict 
causal relationships. A two-sided P value <0.05 
was considered statistically significant.

Results

Comparison of baseline characteristics be-
tween the control and HDP groups

Significant differences were observed in post-
partum BMI (P<0.001), gestational age at deliv-
ery (P<0.001), gestational age stratification 
(P<0.001), parity (P<0.001), mode of delivery 
(P<0.001), gestational hypertension (P<0.001), 
preeclampsia (P<0.001), and severe preec- 
lampsia (P<0.001) between the control and 
HDP groups. Other variables such as age, resi-
dence, and ethnicity showed no statistical dif-
ferences between the two groups (all P>0.05) 
(Table 1).

Comparison of cardiac function and retinal 
microvascular indicators between the control 
and HDP groups

The cardiac function and retinal microvascular 
parameters were compared between the con-
trol and HDP groups. Patients in the HDP group 
showed higher NT-proBNP (P<0.001), larger 
LVEDD (P<0.001), lower LVEF (P<0.001), re- 
duced CRAE (P<0.001), increased CRVE (P= 
0.026), and lower AVR compared with the con-
trol group (P<0.001) (Table 2).

Comparison of cardiac function and retinal 
microvascular indicators among different HDP 
subtypes

Among the three subgroups (GH, mild PE, and 
severe PE), significant differences were ob- 
served in NT-proBNP, LVEDD, CRAE, CRVE, and 
AVR (all P<0.01; Table 3), with progressive 
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changes corresponding to increasing disease 
severity. Specifically, NT-proBNP, LVEDD, and 
CRVE demonstrated stepwise increases, wh- 
ereas CRAE and AVR progressively decreased 
across the three subgroups. In contrast, LVEF 
showed no significant difference among the 
three groups (P=0.948).

Correlation analysis of cardiac function and 
retinal microvascular indicators in the DHP 
group

Correlation analysis demonstrated significant 
associations between NT-proBNP and both reti-
nal microvascular and cardiac structural mea-

Table 1. Comparison of baseline characteristics between the control and HDP groups
Variable Total Control Group (n=105) HDP Group (n=386) Statistic P-value
Age 31.00 [28.00, 33.00] 31.00 [28.00, 33.00] 30.00 [29.00, 32.00] 0.094 0.925
Postpartum BMI 25.08±3.35 25.42±3.34 23.86±3.07 4.295 <0.001
Gestational age at delivery 39.00 [36.00, 40.00] 38.00 [36.00, 39.75] 39.00 [38.00, 40.00] 4.899 <0.001
Residence 0.003 0.96
    Urban 319 (64.97%) 251 (65.03%) 68 (64.76%)
    Rural 172 (35.03%) 135 (34.97%) 37 (35.24%)
Ethnicity 0.005 0.946
    Han 467 (95.11%) 367 (95.08%) 100 (95.24%)
    Others 24 (4.89%) 19 (4.92%) 5 (4.76%)
Gestational age stratification 22.173 <0.001
    ≥38 weeks 321 (65.38%) 232 (60.10%) 89 (84.76%)
    <38 weeks 170 (34.62%) 154 (39.90%) 16 (15.24%)
Parity 11.212 <0.001
    Primipara 333 (67.82%) 276 (71.50%) 57 (54.29%)
    Multipara 158 (32.18%) 110 (28.50%) 48 (45.71%)
Mode of delivery 24.655 <0.001
    Vaginal delivery 209 (42.57%) 142 (36.79%) 67 (63.81%)
    Cesarean section 282 (57.43%) 244 (63.21%) 38 (36.19%)
Gestational hypertension
    Yes 386 (78.6%) 0 (0%) 386 (100%)
    No 105 (21.4%) 105 (100%) 0 (0%)
Preeclampsia
    Yes 154 (31.4%) 0 (0%) 154 (39.9%)
    No 337 (68.6%) 105 (100%) 232 (60.1%)
Severe preeclampsia
    Yes 58 (11.8%) 0 (0%) 58 (15.0%)
    No 433 (88.2%) 105 (100%) 328 (85.0%)
Note: HDP, hypertensive disorders of pregnancy; BMI, body mass index.

Table 2. Comparison of cardiac function and retinal microvascular parameters between the control 
and HDP groups
Variable Total Control Group (n=105) HDP Group (n=386) Statistic P-value
NT-proBNP (pg/mL) 124.00 [75.50, 189.50] 65.00 [51.00, 81.00] 153.50 [104.25, 210.75] -12.209 <0.001
LVEDD (cm) 4.83±0.40 4.60±0.32 4.89±0.39 -7.821 <0.001
LVEF (%) 61.52±5.90 65.36±3.73 60.47±5.95 10.328 <0.001
CRAE (µm) 161.00 [151.00, 171.00] 168.00 [160.00, 177.00] 159.00 [148.25, 169.00] 6.061 <0.001
CRVE (µm) 214.96±17.14 211.53±17.79 215.90±16.87 -2.253 0.026
AVR 0.75±0.09 0.80±0.09 0.74±0.09 6.562 <0.001
Note: HDP, hypertensive disorders of pregnancy; NT-proBNP, N-terminal pro-B-type natriuretic peptide; LVEDD, left ventricular end-diastolic diam-
eter; LVEF, left ventricular ejection fraction; CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, arteriolar-to-
venular ratio.
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sures. NT-proBNP was positively correlated 
with LVEDD and CRVE (both P<0.001) and 
inversely correlated with CRAE and AVR (both 
P<0.001), indicating that higher cardiac load 
tends is accompanied by a retinal pattern of 
arteriolar constriction and venular widening. 

AVR itself showed a strong positive correlation 
with CRAE (P<0.001) and a strong negative cor-
relation with CRVE (P<0.001), highlighting inter-
nal consistency among these microvascular 
markers. Although CRAE and CRVE were weakly 
negatively correlated (P=0.008), the effect size 
was small. 

Regarding cardiac parameters, LVEDD exhibit-
ed a moderate inverse correlation with LVEF 
(P<0.001), consistent with the expected rela-
tionship between larger ventricular cavity size 
and lower ejection fraction. NT-proBNP also 
showed weak negative correlation with LVEF 
(P=0.025), suggesting mild association be- 
tween cardiac stress level and systolic func-
tion. In addition, LVEDD showed weak negative 
correlation with AVR (P=0.044), but with small 
effect size. Apart from these relationships, 
other microvascular indicators (CRAE, CRVE, 
AVR) showed no significant correlations with 
LVEF (all P>0.05). Overall, correlations among 
retinal microvascular structural indicators were 
stronger than those microvascular parameters 
and cardiac systolic function (Figure 1).

Comparison of baseline characteristics be-
tween patients with and without cardiac com-
plications

Significant differences were observed in mode 
of delivery (P=0.035), presence of PE (P< 
0.001), severe PE (P<0.001), NT-proBNP levels 
(P<0.001), CRAE (P<0.001), CRVE (P<0.001), 
and AVR (P<0.001) between women who devel-

oped cardiac complications and those who did 
not during follow-up (Table 4). Other baseline 
variables, including age, postpartum BMI, ges-
tational age at delivery, residence, ethnicity, 
gestational age stratification, and parity, sh- 
owed no statistical differences between the 
two groups (all P>0.05).

Multicollinearity diagnostics

Multicollinearity diagnostics were conducted 
among variables showing statistical signifi-
cance baseline comparisons. Age, postpartum 
BMI, parity, mode of delivery, severe PE, and 
NT-proBNP showed no obvious collinearity and 
were retained for subsequent regression analy-
sis. Among retinal microvascular parameters, 
CRAE, CRVE, and AVR showed strong collinear-
ity. CRAE and CRVE were excluded from the 
model, while AVR, after processing, no longer 
exhibited collinearity and was included in the 
final model (Table 5).

Univariate and multivariate logistic regression 
analysis of cardiac complications

In univariate analysis, mode of delivery 
(P=0.036), severe preeclampsia (P<0.001), 
NT-proBNP (P<0.001), and AVR (P<0.001) were 
significantly correlated with the occurrence of 
cardiac complication. After adjustment in the 
multivariate model, NT-proBNP (P<0.001) and 
AVR (P<0.001) remained independently associ-
ated with cardiac complications, while mode of 
delivery (P=0.232) and severe PE (P=0.744) no 
longer showed statistical significance (Table 6).

ROC curve analysis and AUC comparison of 
indicators and combined model

ROC curve analysis showed that the combined 
risk model incorporating NT-proBNP and AVR 

Table 3. Comparison of cardiac function and retinal microvascular parameters among different HDP 
subtypes
Variable Total GH (n=232) Mild PE (n=99) Severe PE (n=55) Statistic P-value
NT-proBNP (pg/mL) 153.50 [104.25, 210.75] 124.72±53.31 206.38±76.14 245.53±78.48 111.909 <0.001

LVEDD (cm) 4.89±0.39 4.83±0.36 4.96±0.45 5.01±0.42 6.629 0.001

LVEF (%) 60.47±5.95 60.65 [57.10, 64.75] 60.70 [56.45, 65.60] 60.50 [56.40, 65.00] 0.107 0.948

CRAE (µm) 159.00 [148.25, 169.00] 165.50 [156.00, 172.00] 151.00 [143.00, 158.00] 144.00 [135.00, 156.50] 106.235 <0.001

CRVE (µm) 215.90±16.87 213.31±15.57 217.29±16.83 224.87±19.20 11.509 <0.001

AVR 0.74±0.09 0.77 [0.72, 0.83] 0.69 [0.64, 0.74] 0.64 [0.58, 0.73] 89.564 <0.001
Note: HDP, hypertensive disorders of pregnancy; GH, gestational hypertension; PE, preeclampsia; NT-proBNP, N-terminal pro-B-type natriuretic peptide; LVEDD, left ven-
tricular end-diastolic diameter; LVEF, left ventricular ejection fraction; CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, arteriolar-
to-venular ratio.
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demonstrated superior discriminatory ability 
compared to individual indicators. DeLong test 
results indicated significant difference in AUC 
between the combined risk model and AVR 
alone (P=0.007), while the difference between 
the combined risk model and NT-proBNP  
alone was not statistically significant (P>0.05). 
Additionally, the discriminatory ability differ-

ence between NT-proBNP and AVR was not sta-
tistically significant (P>0.05) (Figure 2).

Reclassification analysis of NT-proBNP and 
AVR prediction models

Univariate logistic regression models were con-
structed separately using NT-proBNP and AVR, 

Figure 1. Correlation analysis between cardiac function and retinal microvascular parameters in the HDP group. 
Note: HDP, hypertensive disorders of pregnancy; NT-proBNP, N-terminal pro-B-type natriuretic peptide; LVEDD, left 
ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; CRAE, central retinal arteriolar equivalent; 
CRVE, central retinal venular equivalent; AVR, arteriolar-to-venular ratio.

Table 4. Comparison of baseline characteristics between patients with and without cardiac complica-
tions
Variable Total Complication Group Non-complication Group Statistic P-value
Age 31.00 [28.00, 33.00] 31.00 [28.00, 33.00] 30.00 [27.00, 33.00] 0.94 0.347
Postpartum BMI 25.42±3.34 25.46±3.38 25.40±3.34 -0.142 0.887
Gestational age at delivery 38.00 [36.00, 39.75] 38.00 [36.00, 39.00] 38.00 [36.00, 40.00] 0.865 0.387
Residence 2.235 0.135
    Urban 251 (65.03%) 57 (58.76%) 194 (67.13%)
    Rural 135 (34.97%) 40 (41.24%) 95 (32.87%)
Ethnicity 0.022 0.882
    Han 367 (95.08%) 93 (95.88%) 274 (94.81%)
    Others 19 (4.92%) 4 (4.12%) 15 (5.19%)
Gestational age stratification 0.005 0.943
    ≥38 weeks 232 (60.10%) 58 (59.79%) 174 (60.21%)
    <38 weeks 154 (39.90%) 39 (40.21%) 115 (39.79%)
Parity 1.283 0.257
    Primipara 276 (71.50%) 65 (67.01%) 211 (73.01%)
    Multipara 110 (28.50%) 32 (32.99%) 78 (26.99%)
Mode of delivery 4.465 0.035
    Vaginal delivery 142 (36.79%) 27 (27.84%) 115 (39.79%)
    Cesarean section 244 (63.21%) 70 (72.16%) 174 (60.21%)
Preeclampsia 73.004 <0.001
    Yes 146 (37.82%) 72 (74.23%) 74 (25.61%)
    No 240 (62.18%) 25 (25.77%) 215 (74.39%)
Severe preeclampsia 14.083 <0.001
    Yes 55 (14.25%) 25 (25.77%) 30 (10.38%)
    No 331 (85.75%) 72 (74.23%) 259 (89.62%)
Heart failure
    Yes 7 (1.81%) 7 (7.22%)
    No 379 (98.19%) 90 (92.78%)
Postpartum hypertension
    Persistent 64 (65.98%) 64 (65.98%)
    Recurrent 33 (34.02%) 33 (34.02%)
NT-proBNP (pg/mL) 153.50 [104.25, 210.75] 212.00 [155.00, 257.00] 136.00 [98.00, 182.00] 6.216 <0.001
CRAE (µm) 158.56±13.97 151.70±12.66 160.86±13.65 5.819 <0.001
CRVE (µm) 215.90±16.87 222.26±17.17 213.76±16.24 -4.394 <0.001
AVR 0.74±0.09 0.69±0.09 0.76±0.09 6.79 <0.001
Note: BMI, body mass index; NT-proBNP, N-terminal pro-B-type natriuretic peptide; CRAE, central retinal arteriolar equivalent; CRVE, central retinal 
venular equivalent; AVR, arteriolar-to-venular ratio.
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respectively. Predicted probabilities from the 
two models were compared using reclassifica-
tion analysis. Scatter plot distribution showed 
that predicted probabilities from both models 
followed generally consistent overall trends, 
although obvious deviations were observed in 
some cases. Using tertiles as risk stratification 
thresholds to calculate net reclassification 
index, results indicated that compared with the 
NT-proBNP model, reclassification directions in 
the AVR model largely offset each other among 
both cases and controls. Overall NRI was close 
to zero without statistical significance (P>0.05), 
suggesting that in the current cohort, AVR did 
not provide significant reclassification benefit 
relative to NT-proBNP (Figure 3).

Interaction of AVR with severe PE and NT-
proBNP stratification in cardiac complication 
risk

After adjusting for covariates including age, 
postpartum BMI, parity, and delivery mode, 

increased AVR showed a consistent declining 
trend with cardiac complication risk. This nega-
tive association was relatively consistent in 
subgroups with and without severe PE. No sta-
tistically significant interaction was detected 
between AVR and severe PE (P>0.05), sug- 
gesting that severe PE does not significantly 
modify the association between AVR and car-
diac complication risk. After stratification by 
NT-proBNP tertiles, AVR similarly showed a pat-
tern of decreasing risk with increasing AVR 
across subgroups with different NT-proBNP lev-
els. Although the curve in the high NT-proBNP 
group showed steeper decline, the interaction 
effect between AVR and NT-proBNP grouping 
did not reach statistical significance (P>0.05) 
(Figure 4).

Mediation effect analysis of AVR on cardiac 
complications

With AVR as exposure and cardiac complica-
tions as outcome, log NT-proBNP, postpartum 

Table 5. Variance inflation factor analysis of variables included in the model

Variable
Before Exclusion After Exclusion

Assignment
VIF Interpretation VIF Interpretation

Age (years) 1.022 Low 1.017 Low ≥30=1, <30=0
Postpartum BMI (kg/m2) 1.025 Low 1.024 Low ≥23.81=1, <23.81=0
Parity 1.051 Low 1.050 Low Primipara =1, Multipara =0
Mode of delivery 1.042 Low 1.038 Low Vaginal =1, Cesarean =0
Severe preeclampsia 1.366 Low 1.316 Low Yes=1, No=0
NT-proBNP (pg/mL) 1.233 Low 1.213 Low ≥173.5=1, <173.5=0
CRAE (µm) 64.145 High
CRVE (µm) 49.753 High
AVR 119.580 High 1.155 Low ≥0.68=1, <0.68=0
Note: BMI, body mass index; NT-proBNP, N-terminal pro-B-type natriuretic peptide; CRAE, central retinal arteriolar equivalent; 
CRVE, central retinal venular equivalent; AVR, arteriolar-to-venular ratio; VIF, variance inflation factor.

Table 6. Univariate and multivariate logistic regression analyses for cardiac complications

Variable
Univariate Analysis Multivariate Analysis

OR P-value 95% CI OR P-value 95% CI
Age (years) 1.027 0.375 0.969-1.088
Postpartum BMI (kg/m2) 1.005 0.887 0.938-1.077
Parity 0.751 0.258 0.457-1.234
Delivery mode 0.584 0.036 0.353-0.965 0.716 0.232 0.41-1.229
Severe preeclampsia 2.998 <0.001 1.659-5.416 0.887 0.744 0.428-1.804
NT-proBNP (pg/mL) 1.009 <0.001 1.006-1.012 1.007 <0.001 1.003-1.01
AVR <0.001 <0.001 <0.001-0.002 <0.001 <0.001 0-0.011
Note: BMI, body mass index; NT-proBNP, N-terminal pro-B-type natriuretic peptide; AVR, arteriolar-to-venular ratio; OR, odds 
ratio; CI, confidence interval.
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BMI, and age were separately included in medi-
ation models. Multivariable mediation analysis 
results showed that log NT-proBNP demon-
strated significant indirect effects between AVR 
and cardiac complications. Both ACME and 
mediation proportion were statistically signifi-
cant (both P<0.001), suggesting that part of 
the effect of AVR on cardiac complications was 
transmitted through NT-proBNP levels, although 
the mediated proportion was relatively small 
(Figure 5A). In contrast, when postpartum BMI 
or age served as mediators, neither ACME nor 

the proportion mediated reached statistical 
significance (all P > 0.05) (Figure 5B, 5C). Both 
the average direct effect (ADE) and the total 
effect of AVR stayed significant in every model 
(all P<0.001), implying that most of the associ-
ation between AVR and cardiac complications 
was attributable to its direct effect.

Discussion

We conducted a single-center retrospective 
cohort study to evaluate cardiac function and 

Figure 2. ROC curves and DeLong test results for NT-proBNP, AVR, and Combined Risk Model. A: ROC curve for NT-
proBNP. B: ROC curve for AVR. C: ROC curve for combined risk model. D: Comparison matrix of AUC from DeLong 
test. Note: NT-proBNP, N-terminal pro-B-type natriuretic peptide; AVR, arteriolar-to-venular ratio; ROC, receiver oper-
ating characteristic; AUC, area under the curve.
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Figure 3. Comparison of predicted probabilities and reclassification performance between NT-proBNP and AVR models. A: Scatter plot comparing predicted probabil-
ities between NT-proBNP model and AVR model. B: Bar chart showing NRI based on tertile risk stratification. C: Box plots showing predicted probability distributions 
for both models in control and patient groups. Note: NT-proBNP, N-terminal pro-B-type natriuretic peptide; AVR, arteriolar-to-venular ratio; NRI, net reclassification 
improvement.
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retinal microvascular features at 42 days post-
partum in women with HDP and to determine 
how these measures relate to cardiac compli-
cations over the subsequent 6 months. Com- 
pared with normotensive controls, women with 
HDP still exhibited markedly increased cardiac 
load and pronounced microcirculatory struc-
tural abnormalities in the early postpartum 
period, manifested by elevated NT-proBNP, 
enlarged LVEDD, reduced CRAE, dilated CRVE, 
and decreased AVR. Prior work has highlighted 
the substantial global burden of HDP, affecting 
about one in ten pregnancies [18]. Narang et al. 

[19] reported a stepwise rise in HDP incidence 
with fetal number, rising from 6.5% in singleton 
pregnancies to 12.7% in twin pregnancies. In a 
large Chinese nationwide cohort, Yang et al. 
[20] demonstrated that all major HDP subtypes 
were strongly associated with adverse fetal 
outcomes, with the highest risk seen in women 
with PE with a background of chronic hyperten-
sion. Our results are consistent with these 
observations that cardiac load and retinal 
microvascular abnormalities intensified pro-
gressively from gestational hypertension to 
mild and then severe PE. Within the 6-month 

Figure 4. Interaction analysis of AVR with cardiac complication risk. A: Relationship curves between AVR and cardiac 
complication probability, stratified by presence of severe preeclampsia. Shaded areas represent confidence inter-
vals. B: Relationship curves between AVR and cardiac complication probability, plotted by NT-proBNP tertile groups. 
Different curves represent different NT-proBNP levels. Note: AVR, arteriolar-to-venular ratio; NT-proBNP, N-terminal 
pro-B-type natriuretic peptide.

Figure 5. Mediation effect analysis of AVR on cardiac complication risk. A: Mediation analysis results using log (NT-
proBNP) as mediator, showing significant mediation effect. B: Mediation analysis results using postpartum BMI as 
mediator, showing no significant mediation effect. C: Mediation analysis results using age as mediator, showing no 
significant mediation effect. Note: NT-proBNP, N-terminal pro-B-type natriuretic peptide; AVR, arteriolar-to-venular 
ratio; BMI, body mass index; ACME, average causal mediation effect; ADE, average direct effect.
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follow-up, approximately 1/4 of participants 
experienced cardiac complications. Similarly, 
Sweeney et al. [21] reported that the coexis-
tence of chronic hypertension and HDP confers 
the greatest burden of adverse maternal and 
neonatal outcomes, underscoring the early 
postpartum period as a critical window for car-
diovascular risk reassessment.

Both elevated NT-proBNP and reduced AVR 
independently identified women at increased 
risk for postpartum cardiac complications. 
NT-proBNP, as a sensitive indicator of myocar-
dial stress and pressure overload, showed a 
robust association with adverse outcomes, 
aligning with previous studies that link PE to 
subsequent heart failure after childbirth. No- 
tably, LVEF remained largely preserved across 
gestational hypertension, mild PE, and severe 
PE, whereas LVEDD and NT-proBNP rose across 
this spectrum. This pattern suggests the pres-
ence of myocardial stress and subclinical ven-
tricular remodeling rather than established sys-
tolic failure, consistent with emerging evidence 
of early postpartum cardiovascular dysfunction 
in women with HDP.

Our data also underscore substantial retinal 
microvascular impairment in women with HDP. 
Compared with controls, AVR was significantly 
lower in the HDP group, with values declining 
progressively from gestational hypertension 
(0.77) to mild PE (0.69) and severe PE (0.64). 
This pattern of arteriolar narrowing coupled 
with venular dilation aligns with prior reports. 
For instance, Wali et al. [22] demonstrated  
that the prevalence and severity of hyperten-
sive retinopathy increase with HDP severity and 
correlate with adverse perinatal outcomes. 
Similarly, arteriolar narrowing has been identi-
fied as the dominant fundus abnormality in 
pregnancy-induced hypertension, with retinal 
changes paralleling disease severity and fetal 
growth restriction [23]. Brückmann et al. [24] 
documented persistent retinal microvascular 
endothelial dysfunction in women with PE dur-
ing pregnancy and postpartum. Using OCTA, 
Tang et al. [25] further confirmed reduced reti-
nal vascular density even in cases of mild PE 
without evident retinopathy. Phillipos et al. [26] 
reported arteriolar narrowing across gestation-
al hypertension and other pregnancy complica-
tions, supporting a systemic microvascular 
mechanism. Work by Chandran et al. [27] and 

others [28] further indicated that retinal find-
ings can serve as objective markers of HDP 
severity. Erkan Pota et al. [29] also demonstrat-
ed reduced vascular density in both superficial 
and deep capillary plexuses in PE, while Zhang 
et al. [30] provided normative OCTA data in 
healthy pregnant women, offering a useful 
benchmark for comparison.

Importantly, our findings extend existing evi-
dence by demonstrating that retinal microvas-
cular abnormalities measured at 42 days post-
partum independently predict cardiac compli-
cations within 6 months. The underlying mech-
anisms may involve persistent endothelial dys-
function and impaired microvascular autoregu-
lation that persist beyond the resolution of 
overt hypertension. PE is characterized by sys-
temic endothelial injury driven by anti-angio-
genic factors and oxidative stress, potentially 
causing sustained microvascular damage [24, 
25]. Our observation that reduced AVR pre- 
dicts cardiac complications independently of 
NT-proBNP suggests that microvascular injury 
contributes to cardiovascular risk through path-
ways other than pressure overload alone, pos-
sibly including impaired vascular resistance 
regulation and subclinical target-organ dam-
age. The retina, sharing embryological and 
physiological characteristics with cerebral and 
coronary microcirculation, may thus serve as 
an accessible window reflecting systemic 
microvascular health.

Our multivariable results showed that both AVR 
and NT-proBNP remained independently asso-
ciated with cardiac complications when mod-
eled simultaneously, indicating that NT-proBNP 
does not fully account for the risk captured by 
AVR and that these two variables represent dif-
ferent pathophysiological signals. The com-
bined prediction model achieved an AUC higher 
than that of AVR alone, although its discrimina-
tive performance was only modestly improved 
compared with NT-proBNP alone. This pattern 
suggests that integrating retinal microvascular 
indices with cardiac biomarkers may still be 
clinically meaningful. The NRI failed to show a 
significant reclassification benefit, which may 
be due to the relatively small number of events 
and the predominance of postpartum hyper-
tension rather than overt heart failure in the 
outcome definition. Even so, the observed over-
all trends support the use of AVR, where avail-
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able, as an additional assessment tool to com-
plement NT-proBNP and broaden the spectrum 
of risk assessment.

Mediation analysis further demonstrated a  
statistically significant indirect effect on NT- 
proBNP in the association between AVR and 
cardiac complications, implying that part of the 
risk associated with reduced AVR may be con-
veyed through increased cardiac pressure load. 
Ma et al. [31] previously demonstrated that 
carotid artery stenosis in hypertensive patients 
can lead to hypoperfusion of the retinal and 
choroidal microcirculation, supporting the idea 
that large-vessel lesions and microvascular 
abnormalities are pathophysiologically inter-
connected. Nevertheless, the mediated frac-
tion in our models was small, and the direct 
effect of AVR remained robust, suggesting that 
microcirculatory damage may influence cardio-
vascular outcomes through mechanisms be- 
yond pressure overload alone. These mecha-
nisms may include impaired blood pressure 
regulation, generalized endothelial dysfunction, 
or a reduced capacity of the microcirculation  
to adapt to systemic hemodynamic stress. 
Asıkgarip et al. [32] further showed that an- 
giotensin-converting enzyme inhibitor therapy 
can rapidly improve retinal vessel diameter in 
hypertensive patients, indicating partial revers-
ibility of microvascular alterations. As this study 
used an observational design, mediation analy-
sis can only indicate potential biological routes 
and does not establish a firm causal relation-
ship. Moreover, several key assumptions under-
lying causal mediation analysis - such as the 
absence of unmeasured confounding between 
exposure, mediator, and outcome - cannot be 
fully verified in observational data. Additionally, 
the cross-sectional measurement of AVR and 
NT-proBNP at 42 days postpartum precludes 
definitive establishment of temporal sequence. 
Therefore, our findings should be interpreted as 
hypothesis-generating evidence of potential 
mechanistic pathways rather than confirmation 
of causal mediation.

In practice, our results argue that the 42-day 
postpartum visit should be regarded as a criti-
cal time point for cardiovascular risk re-evalua-
tion rather than the end of follow-up. Including 
both NT-proBNP and retinal microvascular 
measurements at this postpartum visit may 
help identify women with persistent pressure 
overload or substantial microvascular injury, 

providing a basis for closer blood pressure  
surveillance, earlier repeat echocardiographic 
evaluation, and timely initiation of lifestyle 
interventions. Asiedu et al. [33] reviewed evi-
dence indicating that conjunctival and re- 
tinal microcirculation imaging can provide 
microvascular hemodynamic insight in mul- 
tiple ocular and systemic diseases, suppor- 
ting the clinical relevance of microcirculation 
assessment. However, limited access to re- 
tinal imaging and variability in image quality 
may constrain its generalizability. Prospective 
follow-up and cost-effectiveness analyses are 
still needed to establish its role as a screening 
tool.

Several limitations of this study should be 
acknowledged. As a single-center retrospective 
study, residual confounding and selection bias 
cannot be excluded, and causal inference is 
inherently constrained. Specifically, selection 
bias may have arisen from the inclusion of only 
women who attended the 42-day postpartum 
follow-up visit, potentially excluding those with 
more severe complications requiring hospital-
ization as well as those with milder disease 
who did not return for follow-up. Additionally, 
several potential confounders were not acc- 
ounted for, including antihypertensive medica-
tion use during and after pregnancy, family his-
tory of cardiovascular disease, pre-pregnancy 
BMI, and lifestyle factors (e.g., smoking, alco-
hol consumption, and physical activity). These 
unmeasured variables may have influenced 
both retinal microvascular parameters and car-
diac outcomes, thereby limiting the compre-
hensiveness of our risk prediction model. 
Furthermore, the composite outcome was 
largely driven by persistent or recurrent hyper-
tension, with only a small number of heart fail-
ure events; therefore, any conclusions regard-
ing heart failure risk should be interpreted with 
caution. Several continuous variables were 
dichotomized or grouped according to pre-
defined cut-offs, which may have reduced the 
amount of information carried by these vari-
ables, and the limited event count introduces a 
potential risk of overfitting in the multivariable 
models. Future multicenter studies with larger 
samples and longer-term follow-up are required 
to confirm the predictive performance of AVR 
and NT-proBNP and to determine whether 
incorporating them with other target-organ 
markers can support more comprehensive car-
diovascular risk prediction.
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Conclusion

Women with HDP remain at elevated cardiovas-
cular risk in the early postpartum period, char-
acterized by increased cardiac load and persis-
tent microvascular structural remodeling. Both 
decreased AVR and elevated NT-proBNP are 
independently associated with cardiac compli-
cations within 6 months. Their combined app- 
lication can improve risk identification com-
pared with single markers alone. Retinal micro-
vascular imaging, as a non-invasive and repro-
ducible assessment method, may serve as a 
useful adjunct to postpartum cardiovascular 
risk assessment in women with HDP, though its 
clinical application still requires further valida-
tion through prospective research.
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