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Abstract

Background and Objectives: To evaluate the association between the newly defined
cerebroplacental-renal ratio (CPRR) and adverse perinatal outcome (APO) in pregnancy-
induced hypertension (PIH), and to compare its discriminative performance with the cere-
broplacental ratio (CPR) and cerebroplacental-uterine ratio (CPUR). Materials and Methods:
This prospective, single-center cohort study included 105 women with PIH (preeclampsia,
n = 63; gestational hypertension, n = 42). Doppler assessment was performed at >34 + 0
weeks and within 7 days before delivery. CPR was calculated as middle cerebral artery
pulsatility index (PI)/umbilical artery PI, CPUR as CPR/mean uterine artery PI, and CPRR
as CPR/right renal artery PI. APO was defined by the presence of any of the following:
non-reassuring fetal status, a 5 min Apgar score <7, neonatal intensive care unit admission,
or neonatal death. Receiver operating characteristic analysis and multivariable logistic
regression adjusted for gestational age at ultrasound assessment and diagnosis group were
performed. Results: APO occurred in 37 pregnancies (35.2%). CPUR and CPRR were signif-
icantly lower in the APO group, whereas CPR did not differ significantly. CPRR showed
a higher apparent AUC for APO than CPR and CPUR (AUC 0.786, 95% CI 0.698-0.875),
with significantly higher AUCs on pairwise DeLong comparisons. After adjustment, CPRR
was the only Doppler index independently associated with APO (adjusted OR 1.423 per
0.1-unit decrease; 95% CI 1.162-1.743; p = 0.001). Conclusions: CPRR was independently
associated with APO in PIH and showed higher discriminative performance than CPR
and CPUR; however, these findings require validation in independent, multicenter studies
before clinical application.

Keywords: renal artery;

pregnancy complications

pre-eclampsia; ultrasonography; pregnancy outcome;

terms and conditions of the Creative

Commons Attribution (CC BY) license.

Medicina 2026, 62, 1806 https:/ /doi.org/10.3390/medicina62091806


https://crossmark.crossref.org/dialog?doi=10.3390/medicina62091806&domain=pdf&date_stamp=2026-09-23
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/medicina
https://www.mdpi.com
https://orcid.org/0000-0003-4597-2922
https://orcid.org/0000-0001-8204-2375
https://orcid.org/0000-0001-7651-3409
https://orcid.org/0000-0002-3478-0098
https://orcid.org/0000-0002-5563-2887
https://orcid.org/0000-0002-8149-6348
https://orcid.org/0000-0003-1325-6294
https://orcid.org/0000-0003-0169-1651
https://orcid.org/0000-0002-5654-7967
https://doi.org/10.3390/medicina62091806

Medicina 2026, 62, 1806

20f17

1. Introduction

Pregnancy-induced hypertension (PIH), encompassing preeclampsia and gestational
hypertension, is a major obstetric complication closely associated with uteroplacental
dysfunction and adverse perinatal outcomes [1,2]. It affects approximately 5-10% of
pregnancies and may lead to life-threatening maternal multiorgan involvement and fetal
compromise [3,4]. Abnormal placentation, followed by placental ischemia and systemic
endothelial dysfunction, underlies this disease spectrum [5,6]. These mechanisms con-
comitantly impair uteroplacental perfusion and fetal oxygenation, thereby increasing both
maternal and perinatal risk.

Antenatal Doppler assessment is a principal tool for monitoring uteroplacental in-
sufficiency and fetal hemodynamic adaptation. The cerebroplacental ratio (CPR) is an
established Doppler index that reflects fetal blood flow redistribution and the brain-sparing
pattern that develops in response to placental dysfunction [7]. In PIH cohorts, CPR is fre-
quently used to predict adverse perinatal outcome (APO) [8,9]. However, this index largely
confines the assessment to fetal circulatory redistribution and placental vascular resistance.

The cerebroplacental-uterine ratio (CPUR), first described by MacDonald et al., incor-
porates maternal uteroplacental vascular resistance into the assessment of fetoplacental
hemodynamic adaptation [10]. CPUR has been reported to show greater discriminative
performance than CPR in predicting APO among cases of PIH [11]. Because uterine artery
Doppler measurements primarily reflect local uteroplacental perfusion, they may not fully
represent the systemic maternal vascular component of the disease.

In contrast, preeclampsia is a systemic endothelial disorder whose vascular involve-
ment extends beyond the uteroplacental unit to maternal organs, including the kidneys [12].
Renal glomerular endotheliosis disrupts capillary perfusion and reduces renal plasma
flow [13]. Consistent with this pathophysiology, maternal renal artery (RA) Doppler
indices—particularly peak systolic velocity and pulsatility index (PI)—have been shown to
be significantly higher in pregnancies complicated by PIH than in normotensive pregnan-
cies [14,15]. However, the available evidence remains heterogeneous. A systematic review
and meta-analysis found no consistent overall difference in renal arterial RI or PI between
preeclamptic and healthy pregnancies, although some venous renal Doppler parameters
appeared to show more consistent alterations [16]. Despite this heterogeneity, maternal
renal Doppler may still provide systemic information distinct from, and complementary
to, the uteroplacental signal, thereby supporting its integration with fetoplacental indices
rather than its use in isolation.

In this context, we defined the cerebroplacental-renal ratio (CPRR) as a novel Doppler
index that integrates fetal cerebroplacental adaptation with maternal renal vascular resis-
tance. Our primary objective was to investigate the association between this index and
APO in pregnancies complicated by PIH. The secondary objective was to compare the
discriminative performance of CPRR with that of CPR and CPUR. We hypothesized that
CPRR would be associated with APO and that this association might be stronger than the
associations observed for CPR and CPUR.

2. Materials and Methods
2.1. Study Design and Setting

We conducted this prospective, single-center observational cohort study at the Perina-
tology Clinic of Basaksehir Cam ve Sakura City Hospital, a tertiary referral center. Data
collection was performed between June 2025 and May 2026. The research protocol was
developed in accordance with the Declaration of Helsinki and approved by the local
ethics committee (Approval No. KAEK-11/26.03.2025.112). Written informed consent was
obtained from all participants before clinical data collection and ultrasonographic examina-
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tions. In addition, the methodological design and reporting adhered to the Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE) guidelines [17].

2.2. Participants

The study cohort comprised consecutive pregnant women diagnosed with PIH during
the study period, including cases of preeclampsia and gestational hypertension. Gesta-
tional hypertension was defined as systolic blood pressure > 140 mmHg and/or diastolic
blood pressure > 90 mmHg on two measurements obtained at least four hours apart after
20 weeks of gestation in a previously normotensive pregnant woman, in the absence of pro-
teinuria or signs of maternal organ dysfunction attributable to preeclampsia. Preeclampsia
was defined as the presence of proteinuria (=>300 mg/24 h, a protein/creatinine ratio > 0.3,
or dipstick > 2+ when quantitative methods were unavailable) accompanying these hy-
pertensive criteria, or, in the absence of proteinuria, new-onset hypertension accompanied
by at least one of the following: thrombocytopenia (platelet count < 100,000/ uL), renal
dysfunction (serum creatinine > 1.1 mg/dL or a doubling of the baseline serum creatinine
concentration in the absence of other renal disease), impaired liver function (elevation
of transaminases to more than twice the upper limit of normal), pulmonary edema, a
new-onset headache that was unresponsive to medication and could not be explained by
alternative diagnoses, or visual symptoms [18].

Patients were included if they had a live singleton pregnancy complicated by
preeclampsia or gestational hypertension, underwent Doppler assessment at >34 + 0 weeks
of gestation, and delivered within 7 days of the Doppler assessment. Exclusion criteria
comprised structural or chromosomal fetal anomalies; multiple gestation; suspected con-
genital infection; abnormal ductus venosus (DV) Doppler findings or umbilical artery
absent/reversed end-diastolic flow detected during follow-up; a history of chronic sys-
temic disease, including chronic hypertension, chronic kidney disease, and pregestational
diabetes mellitus; other pregnancy complications, such as premature rupture of membranes,
chorioamnionitis, or intrahepatic cholestasis; smoking, alcohol use, or substance use; and
incomplete clinical or follow-up data.

2.3. Variables

APO, the primary outcome, was defined as at least one of the following: non-
reassuring fetal status, a 5 min Apgar score < 7, neonatal intensive care unit (NICU)
admission, or neonatal death. For the analyses, cases were categorized into “with APO”
and “without APO” groups according to the presence of APO.

The main predictor variable was CPRR, which was defined in the present study. For
comparative evaluation, CPR and CPUR were analyzed as secondary Doppler predictors.
In addition, umbilical artery pulsatility index (UA PI), middle cerebral artery pulsatility
index (MCA PI), mean uterine artery pulsatility index (UtA PI), and right renal artery
pulsatility index (RA PI) were recorded as Doppler variables.

Maternal demographic and clinical variables included age, gravidity, parity, number
of previous cesarean deliveries, body mass index, PIH subtype, and laboratory parameters.
Laboratory variables comprised serum creatinine, aspartate aminotransferase, alanine
aminotransferase, and platelet count. Obstetric and neonatal variables included gestational
age (GA) at ultrasound (US) assessment, GA at delivery, mode of delivery, indication for
delivery, neonatal sex, birth weight, 1 and 5 min Apgar scores, and NICU admission.

2.4. Data Sources and Measurements

Maternal demographic and clinical data were prospectively recorded on the study
case report form. Laboratory parameters from maternal blood samples obtained closest to
delivery and perinatal outcome data were retrieved from the hospital database after delivery.
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Birth weight percentiles were calculated according to the INTERGROWTH-21st newborn
size standards, and neonates with a birth weight below the 10th percentile were classified
as small for gestational age (SGA) [19]. Ultrasonographic and Doppler examinations
were performed on an ARIETTA 850 system (Hitachi Medical Corporation, Tokyo, Japan)
equipped with a 3.5 MHz convex transducer. During follow-up, Doppler assessments were
repeated weekly, and for each case, the last measurement before delivery—the most recent
assessment obtained within 7 days before birth—was included in the analyses. GA at US
was defined as the gestational age at this last Doppler assessment included in the analyses.

Fetal Doppler examinations, including UA PI, MCA PI, UtA PI, and DV Doppler
measurements, were performed in accordance with the guidelines of the International
Society of Ultrasound in Obstetrics and Gynecology (ISUOG), using pulsed-wave Doppler
during fetal quiescence [20]. UA PI was calculated from technically adequate consecutive
waveforms obtained from a free loop of the umbilical cord. MCA PI was measured from the
proximal segment of the vessel after color Doppler visualization of the circle of Willis in the
transthalamic plane, with the angle of insonation kept as close to 0° as possible. Right and
left UtA PI were obtained transabdominally distal to the external iliac artery crossover, and
their mean was calculated. As part of the exclusion screening, DV flow was first identified
with color Doppler, and waveforms were obtained in a fetal abdominal midsagittal plane
with a narrow sample gate and low wall filter. CPR was derived by dividing MCA PI by
UA PJ, and the resulting values were assigned percentiles according to the Fetal Medicine
Foundation (FMF) reference charts [21]. CPUR was calculated by dividing CPR by mean
UtA PL

Maternal RA Doppler assessment was performed transabdominally with the patient
in the lateral decubitus position. Because the enlarged uterus in late gestation may hinder
visualization of the left kidney and left RA, measurements were standardized using the
right RA. After color Doppler demonstration of right RA flow, pulsed-wave sampling was
performed at the interlobar artery along the border of the medullary pyramids. Throughout
this study, the term ‘right RA PI’ denotes the pulsatility index recorded at this interlobar
level. During spectral Doppler recording, the sample gate was set at 2 mm, the wall filter
at 100 Hz, and the angle of insonation at <60°. Measurements were obtained from at least
three uniform consecutive Doppler waveforms during transient maternal breath-holding.
Right RA PI was automatically calculated by the ultrasound system from the recorded
waveforms. CPRR, as defined in this study, was formulated by dividing CPR by right
RAPL

2.5. Bias

Selection bias was addressed through consecutive recruitment of all eligible pregnant
women and uniform application of the prespecified eligibility criteria. Measurement consis-
tency was enhanced by assigning every Doppler examination to the same experienced inves-
tigator (YK), who used one US system and transducer and followed a uniform acquisition
protocol. Regarding outcome ascertainment, non-reassuring fetal status was determined
by cardiotocographic assessment according to standard clinical criteria. The study-derived
indices evaluated in the present analysis, including CPR, CPUR, and CPRR, were not used
to guide decisions regarding the timing or mode of delivery. To reduce confounding bias
when evaluating the association between CPRR and APO, clinically relevant potential
confounding variables were included in the multivariable logistic regression models.

2.6. Study Size

Sample size was calculated a priori using G*Power version 3.1.9.4 [22]. The effect
size was set at 0.708 based on the CPUR parameter reported by Karabay et al. [23]. For a
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two-tailed independent-samples t test, assuming « = 0.05, power = 0.80, and an allocation
ratio (n2/n1) of 1.44, the minimum required sample size was 68 cases in total (28 and 40,
respectively). The final cohort included 37 patients with APO and 68 patients without
APO, thereby exceeding the a priori minimum. Because CPRR was a newly defined
index without prior data at the design stage, the closest available comparator, CPUR, was
used for this calculation. We acknowledge that this a priori estimate was pragmatic and
indirect and does not directly correspond to the primary ROC or multivariable logistic
regression analyses.

2.7. Statistical Analysis

Statistical analyses were conducted using SPSS 26.0 (IBM Corp., Armonk, NY, USA).
The primary analyses focused on the association between CPRR and APO and the discrimi-
native performance of CPRR for APO. Comparisons with CPR and CPUR were considered
secondary comparative analyses, whereas subgroup and sensitivity analyses were inter-
preted as exploratory. Continuous variables were tested for normality with the Shapiro—
Wilk test. Data are expressed as mean =+ standard deviation, median (minimum-maximum),
or number (%), as appropriate. Continuous variables were compared using Student’s t-test,
Welch'’s t-test, or the Mann—-Whitney U test, whereas categorical variables were analyzed us-
ing the chi-square or Fisher’s exact test. For multicategory variables, Bonferroni-corrected
post hoc analysis based on adjusted standardized residuals was performed to identify the
source of within-variable group differences. Spearman correlation analysis was used to
assess the relationships among CPR, right RA PI, and CPRR. The discriminative ability
of CPR, CPUR, and CPRR for APO was evaluated using receiver operating characteristic
(ROC) analysis. All 105 analyzed pregnancies had complete Doppler measurements and
APO status; therefore, no case was excluded from the ROC analyses because of missing
data and no imputation was required. The area under the curve (AUC) and its 95% confi-
dence interval (CI) were estimated using the standard nonparametric ROC procedure, with
tied predictor values handled within this analysis. The optimal cutoff was defined as the
value maximizing the Youden index, calculated as sensitivity + specificity — 1, and was
reported with apparent sensitivity and specificity as derivation-cohort estimates. Pairwise
comparisons of correlated ROC curves for CPR, CPUR, and CPRR were performed using
DeLong’s test in Python (version 3.13.5). Internal validation of ROC performance was
performed using 1000 bootstrap resamples to estimate optimism-corrected AUC values for
each Doppler index in Python. Stratified analyses according to diagnosis group were per-
formed for CPRR using Mann-Whitney U testing and ROC analysis and were interpreted
descriptively because of limited subgroup event counts. Univariable and multivariable
binary logistic regression analyses were performed to evaluate factors associated with APO,
and the results were presented as crude odds ratio (OR) and adjusted odds ratio (aOR),
respectively, along with 95% CI. To avoid multicollinearity and overfitting, CPR, CPUR,
and CPRR were entered into separate multivariable models. Adjustment variables were
prespecified; each primary model included GA at US assessment, diagnosis group, and one
Doppler index. The role of birth-weight-based SGA status was additionally explored in
a supplementary multivariable model including CPRR, GA at US assessment, diagnosis
group, and SGA status. Exploratory analyses according to birth-weight-based SGA status
included comparisons of Doppler indices between SGA and non-SGA pregnancies and,
within the non-SGA subgroup, comparisons of CPR, CPUR, and CPRR between cases with
and without APO using distribution-appropriate group comparison tests. Discrimination
for APO within the non-SGA subgroup was evaluated using ROC analysis. Model calibra-
tion, collinearity among predictors, and explanatory performance were examined using the
Hosmer-Lemeshow test, variance inflation factor (VIF), and Nagelkerke R?, respectively.
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The Akaike information criterion (AIC) was calculated to compare the balance between
model fit and parsimony across models. Statistical significance was set at p < 0.05.

3. Results

During the study period, 146 pregnant women were assessed for eligibility; of these,
41 were excluded, leaving 105 in the final analysis (Figure 1). Of these cases, 37 (35.2%)
constituted the with APO group, whereas 68 (64.8%) comprised the without APO group.
The median interval between Doppler examination and delivery was 4 days (range 0-7);
between laboratory testing and delivery, 3 days (range 0-7); and between laboratory testing
and Doppler examination, 1 day (range 0—4).

[ Assessed for eligibility (n = 146) ]

ﬁ(cluded (n=41) \

* Structural/chromosomal anomalies (n = 2)

e Multiple pregnancy (n = 7)

* Abnormal DV Doppler or UA-AEDF/UA-
REDF during follow-up (n =4)

* Suspected congenital infection (n = 1)

e Chronic systemic disease (n=11)
(Includes chronic hypertension, chronic kidney
disease, and pregestational diabetes mellitus)

* Other pregnancy complications (n = 5)
(Includes premature rupture of membranes,
chorioamnionitis, and intrahepatic cholestasis)

* Smoking, alcohol, or substance use (n = 2)
* Incomplete clinical or follow-up data (n=9)

\

Y
[ Final analysis set (n = 105) ]

\ Y

With APO Without APO
(n=37) (n=68)

Figure 1. Flow chart of participant selection and exclusion reasons. Abbreviations: APO, adverse

perinatal outcome; DV, ductus venosus; UA-AEDF, umbilical artery absent end-diastolic flow; UA-
REDF, umbilical artery reversed end-diastolic flow.

The demographic, clinical, and delivery characteristics of the study cohort are pre-
sented in Table 1. Maternal demographics, obstetric history, laboratory parameters, GA
at US and delivery, and mode of delivery were comparable between the groups. The
frequency of preeclampsia was higher in the APO group (86.5% vs. 45.6%; p < 0.001),
whereas gestational hypertension was less frequent (13.5% vs. 54.4%; p < 0.001). Birth
weight was lower in the APO group (2210 g vs. 2682 g; p = 0.005). No neonatal deaths
occurred in the cohort; therefore, although neonatal death was included as a predefined
component of APO, it contributed no events to the endpoint. SGA, defined as birth weight
below the 10th percentile, was more frequent in the APO group than in the non-APO
group (51.4% vs. 27.9%; p = 0.017). Within the preeclampsia subgroup, birth-weight-based
SGA was present in 28 of 63 cases (44.4%) and was numerically more frequent among
APO-positive than APO-negative cases (56.3% vs. 32.3%; p = 0.055). In exploratory analyses
according to SGA status, SGA pregnancies had lower CPR (1.37 & 0.23 vs. 1.49 + 0.23;
p =0.013), lower CPUR (1.30 £ 0.32 vs. 1.51 &+ 0.29; p = 0.001), lower CPRR (1.35 £ 0.27
vs. 1.50 £ 0.35; p = 0.022), and higher UA PI (1.00 & 0.12 vs. 0.95 £ 0.12; p = 0.045) than
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non-SGA pregnancies, whereas MCA PI, mean UtA PI, and right RA PI did not differ
significantly. Among non-SGA pregnancies (1 = 67), CPRR remained significantly lower in
APO-positive than APO-negative cases (1.27 &= 0.25 vs. 1.59 £ 0.34; p = 0.001) and showed
apparent discrimination for APO (AUC 0.784; 95% CI 0.662-0.906; p < 0.001), whereas CPR
and CPUR did not significantly discriminate APO in this subgroup.

Table 1. Baseline demographic, clinical, and delivery characteristics of the study cohort according to

the occurrence of adverse perinatal outcome.

Variable Total Cohort With APO Without APO p
(n =105) (n=37) (n = 68)
Maternal demographic characteristics
Maternal age (years) 33 (18-47) 34 (18-46) 33 (19-47) 0.846
BMI (kg/m?) 33.8+53 346 £5.3 334+52 0.240
Gravidity 4 (1-13) 4 (1-10) 4 (1-13) 0.224
Parity 1 (0-8) 1 (0-8) 1 (0-8) 0.747
Nulliparity 39 (37.1) 12 (32.4) 27 (39.7) 0.461
Number of previous cesareans 0 (0-5) 0(04) 0 (0-5) 0.052
Clinical characteristics at US assessment
Preeclampsia 63 (60.0) 32 (86.5) 31 (45.6)
Gestational hypertension 42 (40.0) 5(13.5) 37 (54.4) <0.001
GA at US assessment (weeks) 36.0 (34.0-38.3) 35.8 (34.0-37.6) 36.0 (34.1-38.3) 0.322
Laboratory parameters
Serum creatinine (mg/dL) 0.71 £ 0.16 0.70 £+ 0.18 0.71 £ 0.15 0.738
Aspartate aminotransferase (U/L) 33.7 +£10.3 33.8+10.8 33.6 +10.1 0.892
Alanine aminotransferase (U/L) 323+95 33.1+104 31.8 £ 89 0.494
Platelet (103 /puL) 2434 +75.3 233.6 +78.5 248.7 +73.5 0.328
Delivery characteristics
GA at delivery (weeks) 36.7 (34.1-39.0) 36.2 (34.1-37.9) 36.8 (34.4-39.0) 0.317
Mode of delivery 0.946
Vaginal delivery 15 (14.3) 5(13.5) 10 (14.7)
Elective cesarean section 27 (25.7) 9 (24.3) 18 (26.5)
Non-elective cesarean section 63 (60.0) 23 (62.2) 40 (58.8)
Indication for delivery <0.001
Non-reassuring fetal status 2 19 (18.1) 19 (51.4) 0(0)
Reached planned GA 29 (27.6) 9 (24.3) 20 (29.4)
syndsrivnieofiehcelj?pm' HELLP 57 (54.3) 9 (24.3) 48 (70.6)
Perinatal outcome
Birth weight (g) 2505 (1280-4310) 2210 (1280-3985) 2682 (1700-4310) 0.005
SGA (Birth weight < 10 percentile) 38 (36.2) 19 (51.4) 19 (27.9) 0.017
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Table 1. Cont.
Variable Total Cohort With APO Without APO
(1 = 105) (n=37) (n = 68) P
Male sex 53 (50.5) 17 (45.9) 36 (52.9) 0.493
Apgar score at 1 min 7 (3-9) 6 (3-9) 7 (5-9) 0.009
Apgar score at 5 min 9 (5-10) 9 (5-10) 9 (8-10) 0.319
Apgar score < 7 at 5 min 3(2.9) 3(8.1) 0(0) 0.041
NICU admission 18 (17.1) 18 (48.6) 0 (0) <0.001

Data are presented as mean =+ standard deviation, median (minimum-maximum), or number (per-
centage), as appropriate. Bold values indicate statistical significance (p < 0.05). ® Denotes a significant
between-group difference within the indication for delivery category based on Bonferroni-corrected
post hoc adjusted standardized residual analysis. Indication for delivery should be interpreted
descriptively because non-reassuring fetal status was included as a component of APO. No cases of
abnormal amniotic fluid volume or neonatal death were observed in the study cohort. Abbreviations:
APO, adverse perinatal outcome; BMI, body mass index; GA, gestational age; HELLP, hemolysis,
elevated liver enzymes, and low platelet count; NICU, neonatal intensive care unit; US, ultrasound.

Doppler parameters and derived Doppler indices are shown in Table 2. UA PI was
higher in the APO group (1.00 &= 0.12 vs. 0.95 £ 0.12; p = 0.041). No significant between-
group differences were observed in MCA PI, CPR, or CPR percentile. Mean UtA PI and
right RA PI were higher in the APO group (p = 0.034 and p = 0.002, respectively). CPUR
was lower in the APO group (1.30 £ 0.35 vs. 1.50 £ 0.27; p = 0.002). CPRR was also lower
in the APO group (1.24 + 0.21 vs. 1.55 £ 0.32; p < 0.001).

Table 2. Doppler parameters and derived Doppler indices according to adverse perinatal outcome

status.
Variable With APO Without APO p
(n=37) (n = 68)

UAPI 1.00 £0.12 0.95 + 0.12 0.041
MCA PI 1.38 £ 0.16 1.38 £0.23 0.917
CPR 1.39 £ 0.22 1.46 £0.23 0.131
CPR percentile 6 (1-49) 9 (1-57) 0.128
Mean UtA PI 1.07 (0.77-1.70) 0.98 (0.52-1.64) 0.034
Right RA PI 1.14 (0.78-1.45) 0.92 (0.69-1.44) 0.002
CPUR 1.30 £ 0.35 1.50 £ 0.27 0.002
CPRR 1.24 £0.21 1.55 £ 0.32 <0.001

Data are presented as mean =+ standard deviation or median (minimum-maximum), as appropriate.
Bold values indicate statistical significance (p < 0.05). Abbreviations: APO, adverse perinatal outcome;
CPR, cerebroplacental ratio; CPRR, cerebroplacental-renal ratio; CPUR, cerebroplacental-uterine
ratio; MCA, middle cerebral artery; PI, pulsatility index; RA, renal artery; UA, umbilical artery; UtA,
uterine artery.

In the overall cohort, CPRR showed a weak positive correlation with CPR (p = 0.258;
p = 0.008) and a strong inverse correlation with right RA PI (p = —0.738; p < 0.001), whereas
CPR and right RA PI were moderately correlated (p = 0.410; p < 0.001).

Doppler indices and perinatal outcomes were compared between the preeclampsia
(n = 63) and gestational hypertension (n = 42) subgroups (Table 3). Compared with the
gestational hypertension group, the preeclampsia group had higher median UA PI (1.05
vs. 0.86; p < 0.001), and right RA PI did not differ significantly (p = 0.878). In contrast,
CPR (1.34 £ 0.18 vs. 1.58 £ 0.23; p < 0.001), CPR percentile (5 vs. 15; p < 0.001), CPUR
(1.29 £ 0.29 vs. 1.63 £ 0.23; p < 0.001), and CPRR (1.28 [0.85-2.00] vs. 1.53 [1.01-2.41];
p < 0.001) were significantly lower in the preeclampsia group. MCA PI and mean UtA
PI were comparable between the subgroups. Women with preeclampsia delivered earlier
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than those with gestational hypertension (p = 0.028), whereas birth weight did not differ
significantly between the subgroups (p = 0.079). NICU admission occurred only in the
preeclampsia subgroup (28.6% vs. 0%; p < 0.001). In a stratified analysis by diagnosis
group, CPRR remained significantly lower in APO-positive than APO-negative cases within
the preeclampsia subgroup (median 1.21 vs. 1.48; p < 0.001), with an apparent AUC of
0.781 (95% CI 0.663-0.898; p < 0.001). In the gestational hypertension subgroup, CPRR did
not significantly discriminate APO (AUC 0.565; 95% CI 0.329-0.801; p = 0.641), although
interpretation was limited by the small number of APO events (n = 5).

Table 3. Comparison of Doppler indices and perinatal outcomes between the preeclampsia and
gestational hypertension subgroups.

. Preeclampsia GHT

Variable (1 = 63) (n = 42) P
GA at US assessment 360 (34.0-377) 361 (34.1-38.3) 0.056
(weeks)

UAPI 1.05 (0.69-1.32) 0.86 (0.67-1.28) <0.001
MCA PI 1.40 (0.93-1.73) 1.34 (0.99-2.15) 0.799
CPR 1.34 £0.18 1.58 +0.23 <0.001
CPR percentile 5 (1-47) 15 (1-57) <0.001
Mean UtA PI 1.04 (0.64-1.70) 0.97 (0.52-1.63) 0.056
Right RA PI 1.03 (0.69-1.45) 1.06 (0.69-1.44) 0.878
CPUR 1.29 + 0.29 1.63 +0.23 <0.001
CPRR 1.28 (0.85-2.00) 1.53 (1.01-2.41) <0.001
GA at delivery (weeks) 36.5 (34.1-37.9) 36.8 (34.9-39.0) 0.028
Birth weight (g) 2335 (1280-4240) 2705 (1750-4310) 0.079
Apgar score < 7 at 5 min 3 (4.8) 0(0) 0.273
NICU admission 18 (28.6) 0(0) <0.001

Data are presented as mean =+ standard deviation, median (minimum-maximum), or number (per-
centage), as appropriate. Statistically significant values (p < 0.05) are highlighted in bold. Abbre-
viations: CPR, cerebroplacental ratio; CPRR, cerebroplacental-renal ratio; CPUR, cerebroplacental—-
uterine ratio; GA, gestational age; GHT, gestational hypertension; MCA, middle cerebral artery;
NICU, neonatal intensive care unit; PI, pulsatility index; RA, renal artery; UA, umbilical artery; US,
ultrasound; UtA, uterine artery.

In the ROC analysis performed to evaluate discriminative performance for APO, the
AUC values were 0.584 for CPR (95% CI 0.470-0.697; p = 0.158), 0.683 for CPUR (95% CI
0.571-0.796; p = 0.002), and 0.786 for CPRR (95% CI 0.698-0.875; p < 0.001) (Table 4, Panel A;
Figure 2). Pairwise DeLong comparisons showed that the AUC of CPRR was significantly
higher than that of CPR (AAUC = 0.203; 95% CI 0.082-0.324; z = 3.28; p = 0.001) and CPUR
(AAUC = 0.103; 95% CI 0.002-0.204; z = 2.00; p = 0.046), whereas the difference between
CPUR and CPR was not statistically significant (AAUC = 0.100; 95% CI —0.016 to 0.215;
z =1.69; p = 0.091) (Table 4, Panel B). Bootstrap internal validation using 1000 resamples
showed no meaningful optimism for CPRR (optimism <0.001), with an apparent AUC of
0.786 and an optimism-corrected AUC of 0.787. The optimism-corrected AUC values were
0.682 for CPUR and 0.572 for CPR. The Youden-derived cutoff for CPRR was 1.40, yielding
a sensitivity of 81.1% and specificity of 67.6% in the derivation cohort.
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Table 4. Receiver operating characteristic analysis and pairwise DeLong comparisons of CPR, CPUR,
and CPRR for predicting adverse perinatal outcome.

(A) Receiver operating characteristic analysis.

Variable Cutoft AuC st Semsitivity - Specificity p
CPR 1.56 0.584 0.470-0.697 86.5 29.4 0.158
CPUR 1.37 0.683 0.571-0.796 67.6 70.6 0.002
CPRR 1.40 0.786 0.698-0.875 81.1 67.6 <0.001
(B) Pairwise DeLong comparisons of correlated ROC curves.

Comparison AAUC SE 95% CI z Statistic P

CPRR versus 0.203 0.062 0.082-0.324 3.28 0.001

CPR

CPRR versus

CPUR 0.103 0.051 0.002-0.204 2.00 0.046

CPUR versus —0.016 to

CPR 0.100 0.059 0215 1.69 0.091

Panel A presents the area under the receiver operating characteristic curve for each index, with the
Youden-derived optimal cutoff, sensitivity, and specificity. Panel B presents pairwise comparisons of
the correlated ROC curves performed using DeLong’s test. Bold values indicate statistical significance
(p < 0.05). Abbreviations: AUC, area under the curve; CI, confidence interval; CPR, cerebroplacental
ratio; CPRR, cerebroplacental-renal ratio; CPUR, cerebroplacental-uterine ratio; AAUC, difference in

area under the curve; SE, standard error.

08

08 | [

04 f

Sensitivity

0.2

0.0
0.0 0.2 0.4 0.6

1 - Specificity

CPR
CPUR
CPRR
— Reference Line

0.8 1.0

Figure 2. ROC curves of CPR, CPUR, and CPRR for predicting adverse perinatal outcome. CPRR
showed an AUC of 0.786, compared with 0.683 for CPUR and 0.584 for CPR. The diagonal line
represents the reference line indicating no discriminative ability. Abbreviations: AUC, area under the

receiver operating characteristic curve; CPR, cerebroplacental ratio; CPRR, cerebroplacental-renal

ratio; CPUR, cerebroplacental-uterine ratio; ROC, receiver operating characteristic.

Univariable and multivariable logistic regression results are summarized in Table 5
and Figure 3. In the univariable analysis, UA PI, mean UtA P, right RA PI, CPUR, CPRR,
and preeclampsia were associated with APO, whereas GA at US assessment and CPR

were not. In the multivariable analysis, each Doppler index was entered into a separate

model adjusted for GA and diagnosis group. Following multivariable adjustment, neither
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CPR (aOR 0.919; 95% CI 0.731-1.155; p = 0.471) nor CPUR (aOR 1.090; 95% CI 0.927-1.281;
p = 0.296) remained statistically significant. CPRR remained independently associated
with APO (aOR 1.423 per 0.1-unit decrease; 95% CI 1.162-1.743; p = 0.001); in the same
model, preeclampsia also remained significant (aOR 4.518; p = 0.010). Among the compared
prespecified models, the CPRR-based model had a higher Nagelkerke R? (0.377) and a lower
AIC (110.647) than the CPR- and CPUR-based models. An exploratory model additionally
including SGA status, together with CPRR, GA at US assessment, and diagnosis group,
showed that CPRR remained independently associated with APO (adjusted OR 1.410 per
0.1-unit decrease; 95% CI 1.148-1.732; p = 0.001). All three models demonstrated acceptable
calibration according to the Hosmer—Lemeshow test (p > 0.05), and no multicollinearity
was detected (all VIF < 2.5).

Table 5. Univariable and multivariable logistic regression analyses for adverse perinatal outcome,
with odds ratios for CPR, CPUR, and CPRR expressed per 0.1-unit decrease.

Variable/Model

Crude OR

p Adjusted OR
(95% CI

(95% CI) 14 Model Statistics

Univariable analysis

GA at US

0.842 (0.600-1.183) 0.322

Preeclampsia

7.639 (2.656-21.970) <0.001

UATI

1.419 (1.009-1.995) 0.044

Mean UtA PI

1.224 (1.030-1.454) 0.022

Right RA PI

1.335 (1.106-1.610) 0.003

CPR

1.149 (0.959-1.378) 0.133

CPUR

1.237 (1.070-1.430) 0.004

CPRR

1.510 (1.239-1.840) <0.001

Multivariable analysis

Model 1: CPR-based model

Nagelkerke
R2 = 0.226;
AIC =125.410

GA at US

0.957 (0.653-1.402) 0.820

Preeclampsia

9.310 (2.687-32.249) <0.001

CPR

0.919 (0.731-1.155) 0.471

Model 2: CPUR-based model

Nagelkerke
R% =0.233;
AIC =124.815

GA atUS

0.968 (0.660-1.421) 0.869

Preeclampsia

5.716 (1.763-18.529) 0.004

CPUR

1.090 (0.927-1.281) 0.296

Model 3: CPRR-based model

Nagelkerke
R? = 0.377;
AIC =110.647

GA atUS

0.911 (0.602-1.379) 0.661

Preeclampsia

4.518 (1.443-14.147) 0.010

CPRR

1.423 (1.162-1.743) 0.001

Bold values indicate statistical significance (p < 0.05). All multivariable models were adjusted for
gestational age at ultrasound assessment and diagnosis group. Odds ratios for GA at US refer to
each 1-week increase. Odds ratios for UA PI, mean UtA PI, and right RA PI refer to each 0.1-unit
increase, whereas odds ratios for CPR, CPUR, and CPRR refer to each 0.1-unit decrease. Gestational
hypertension was used as the reference category for preeclampsia. AIC was calculated as —2
log likelihood + 2k, where k represents the number of estimated model parameters, including
the intercept. Abbreviations: AIC, Akaike information criterion; CI, confidence interval; CPR,
cerebroplacental ratio; CPRR, cerebroplacental-renal ratio; CPUR, cerebroplacental-uterine ratio;
GA, gestational age; OR, odds ratio; PI, pulsatility index; RA, renal artery; UA, umbilical artery; US,
ultrasound; UtA, uterine artery.
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Figure 3. Forest plot of univariable and multivariable odds ratios for CPR, CPUR, and CPRR
in predicting adverse perinatal outcome. Squares indicate odds ratios, and horizontal error bars
represent 95% CI. Multivariable models were adjusted for gestational age at ultrasound assessment
and diagnosis group. Odds ratios for CPR, CPUR, and CPRR refer to each 0.1-unit decrease. The
vertical dashed red line indicates the line of no effect (OR = 1.0). Abbreviations: CI, confidence interval;
CPR, cerebroplacental ratio; CPRR, cerebroplacental-renal ratio; CPUR, cerebroplacental-uterine
ratio; OR, odds ratio.

4. Discussion

In this prospective cohort, we examined whether the newly defined CPRR was associ-
ated with APO in PIH and compared its discriminative performance with that of CPR and
CPUR. Among cases that developed APO, maternal right RA PI and mean UtA PI were
higher, whereas CPUR and CPRR were lower. In ROC analysis, CPRR showed higher ap-
parent discrimination than CPUR and CPR, and this difference was supported by pairwise
DeLong comparisons. After adjustment for GA and diagnosis group, CPR and CPUR lost
statistical significance, whereas CPRR remained the only Doppler index independently
associated with APO (aOR 1.423 per 0.1-unit decrease; p = 0.001). The CPRR-based model
also had more favorable model-fit indices than the CPR- and CPUR-based models. In
addition, subgroup analyses showed lower CPR, CPUR, and CPRR values in pregnan-
cies with preeclampsia than in those with gestational hypertension, whereas right RA PI
was comparable.

Among the evaluated Doppler indices, CPRR retained an independent association
with APO and showed greater discriminative performance than CPR and CPUR within this
cohort, a pattern that may reflect its integration of fetal cerebroplacental adaptation and ma-
ternal renal vascular resistance. This formulation was chosen because lower CPR and higher
right RA PI represent unfavorable fetal and maternal hemodynamic directions, respectively;
therefore, lower CPRR values reflect the coexistence of these two unfavorable features.
Consistent with this formulation, CPRR showed only a weak positive correlation with
CPR but a strong inverse correlation with right RA PI, suggesting that the renal Doppler
component substantially influences the behavior of the index. Nevertheless, because CPRR
is mathematically derived from CPR and right RA PI, this correlation pattern should be
interpreted descriptively rather than as proof of an independent physiological mechanism.
The ROC-based difference in favor of CPRR was further supported by pairwise DeLong
comparisons, which showed significantly higher AUCs for CPRR than for both CPR and
CPUR. Together, these observations raise the possibility that CPRR captured a more consis-
tent integrated hemodynamic signal than CPR and CPUR in this selected PIH population.
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Because the present analysis was a single-cohort model-development study, the proposed
cutoff should be regarded as exploratory and requires confirmation in independent cohorts
before it can be applied as a clinical threshold. Furthermore, the stratified analysis showed
that CPRR remained lower in APO-positive cases within the preeclampsia subgroup, sug-
gesting that the observed association was not solely driven by the preeclampsia—gestational
hypertension distinction; however, residual disease-severity-related confounding remains
possible. Overall, these results should be interpreted as evidence of an associative statistical
relationship and cohort-specific discriminative performance rather than proof of causality,
clinically meaningful incremental predictive value, clinical superiority over established
indices, or a validated clinical marker for APO.

CPR is a well-recognized fetal Doppler marker of fetal blood flow redistribution
and placental insufficiency. Low CPR values have been associated with the risk of still-
birth and perinatal loss, as well as with adverse perinatal outcomes in hypertensive
pregnancies [7,24]. In contrast, CPR’s lack of significant discrimination for APO and failure
to remain independent suggest that assessment of fetoplacental circulation alone may
be limited in this patient group. The fact that measurements were performed close to
delivery and at >34 weeks of gestation, together with the inclusion of only PIH cases, may
partly explain this observation; this result reflects the limitation of using CPR alone in this
context rather than questioning its overall clinical value. Indeed, although CPR has shown
high diagnostic accuracy for predicting perinatal outcomes in some studies, other reports
have found its discriminative ability to be more limited or have failed to demonstrate a
significant association with adverse neonatal outcomes [8,9,23].

CPUR evaluates fetoplacental and uteroplacental circulation by adding mean UtA PI
information to CPR. In PIH cohorts, evidence supports its potential to predict perinatal
outcomes [11,23,25]. Consistent with these data, CPUR showed a higher AUC than CPR
in the ROC analysis and was associated with APO in the univariable analysis. However,
the loss of CPUR independence after adjustment indicates that, although the uterine
artery component may add information, it may not sufficiently capture APO-associated
hemodynamic variability on its own. This finding also appears consistent with studies
reporting that, even in low-risk term pregnancies, adding uterine Doppler information to
CPR in late pregnancy may not always significantly improve the prediction of perinatal
outcomes [26,27].

PIH, and particularly preeclampsia, is regarded as a disease spectrum that begins
with placental processes but is associated with systemic endothelial dysfunction and renal
microvascular involvement [6,13]. Maternal renal hemodynamics may therefore provide
complementary information from a vascular compartment distinct from the uteroplacental
circulation. Previous studies suggest that maternal renal Doppler parameters may vary
in these cases and may reflect vascular impedance [28]. However, the literature is not
entirely consistent regarding the clinical role of renal Doppler parameters; a meta-analysis
reported that RA resistive index and PI did not differ significantly between preeclamptic
and healthy pregnancies, that significant associations were mainly observed for venous
parameters, and that the role of these indices in clinical practice remains unclear [16]. In
this context, the higher right RA PI observed in the APO group may offer a biologically
plausible explanation for the more consistent association of CPRR compared with CPR and
CPUR. These data position renal Doppler measurements not as direct indicators of PIH
severity but as complementary signals of the systemic vascular component of the disease.

A notable finding in the multivariable analysis was that CPRR retained an indepen-
dent association with APO despite the persistence of preeclampsia as a significant predictor
in the same model. Although this pattern may suggest that CPRR provides hemodynamic
information complementary to diagnosis group, it should be viewed as a possible hemo-
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dynamic contribution rather than a direct explanation of preeclampsia-related risk or a
stand-alone representation of the disease process. Because multiple Doppler indices and
separate multivariable models were evaluated, the findings should not be overinterpreted,
and uncertainty from multiple analyses should be considered. Thus, the independent asso-
ciation observed for CPRR in this cohort does not establish it as a validated tool that can be
used alone in clinical decision-making; rather, it suggests that CPRR may be considered a
complementary investigational parameter that jointly assesses fetoplacental and maternal
renal hemodynamic information.

The relationship between CPRR and fetal growth warrants specific consideration.
CPRR was lower in SGA than in non-SGA pregnancies, indicating sensitivity to growth-
related hemodynamic changes. Importantly, however, CPRR remained significantly lower
among APO-positive cases within the birth-weight-based non-SGA subgroup, whereas
CPR and CPUR did not significantly discriminate APO in this subgroup. In the exploratory
multivariable model including SGA status, CPRR remained independently associated with
APO, whereas SGA status itself was not statistically significant. These findings suggest
that the association between CPRR and APO may not be confined to pregnancies with
birth-weight-based SGA. They should nonetheless be interpreted cautiously, as the analyses
were exploratory and SGA was defined postnatally; residual confounding by unmeasured
antenatal growth restriction cannot be excluded, and the independent relationship be-
tween CPRR, fetal growth status, and APO cannot be definitively established from the
present data.

This study has several strengths. Its prospective design, consecutive enrollment of
eligible pregnant women, and predefined eligibility criteria helped limit selection bias. The
use of the same US system, a standardized protocol, and a single experienced investigator
for all Doppler measurements improved internal consistency. Using the last Doppler
assessment before delivery, with all measurements within 7 days before birth, allowed for
evaluation of the temporal relationship between antenatal hemodynamics and perinatal
outcomes within a standardized interval. In addition, focusing exclusively on PIH enabled
a comparative assessment of CPR, CPUR, and the newly defined CPRR within a high-risk,
well-defined disease spectrum. Evaluating each Doppler index in a separate adjusted
model, with assessment of model fit and multicollinearity, strengthened the analytical
approach. To our knowledge, this is among the first studies to evaluate CPRR, which adds
a maternal renal Doppler component to fetoplacental hemodynamic information, in the
context of APO among cases of PIH.

However, several limitations of this study should be considered. First, the single
tertiary-center setting may have increased the representation of severe or complex PIH
cases, limiting generalizability to broader obstetric populations. In addition, the relatively
limited sample size may have affected statistical power, particularly in subgroup analyses.
In particular, because only 37 APO events occurred, the multivariable regression estimates
remain susceptible to overfitting, model instability, and imprecision; although the primary
models were deliberately restricted to a small number of prespecified predictors, these
concerns cannot be entirely eliminated in a cohort of this size. Although Bonferroni-
corrected post hoc testing was applied for multicategory variables, no global multiplicity
correction was applied across all non-primary analyses; therefore, non-primary findings
should be interpreted cautiously because of the potential for type I error inflation. The
APO endpoint was mainly driven by non-reassuring fetal status and NICU admission,
both of which may be influenced by clinical decision-making, institutional practice, and
GA. However, non-reassuring fetal status was determined by cardiotocography, and the
study-derived Doppler indices were not used to guide delivery management; a sensitivity
analysis excluding non-reassuring fetal status yielded results consistent with the primary

https://doi.org/10.3390/medicina62091806


https://doi.org/10.3390/medicina62091806

Medicina 2026, 62, 1806

15 of 17

analysis. Nevertheless, residual ascertainment and management-related bias cannot be fully
excluded. A further limitation is that quantitative blood pressure and proteinuria values,
detailed disease-severity markers, antenatal fetal biometry (estimated fetal weight and
abdominal circumference percentiles), and antenatal fetal growth-restriction status were not
recorded as separate variables for modeling. The absence of standardized antenatal fetal
biometry and antenatal fetal growth-restriction status therefore precluded formal antenatal
growth-restriction phenotyping. Although adjustment for diagnosis group partly captures
the underlying disease phenotype, unmeasured confounding may persist. Birth-weight-
based SGA status was reported descriptively and additionally examined in an exploratory
model; however, as a postnatal measure, it cannot fully substitute for antenatal growth-
restriction phenotyping. Doppler assessment in this study was restricted to >34 weeks’
gestation, and the analyzed measurement for each case was obtained within 7 days before
birth. Because cerebroplacental and maternal renal Doppler indices may vary with GA, both
the observed associations and the proposed CPRR cutoff may not be transferable to earlier
gestations or screening settings and must be evaluated separately before being applied in
those contexts. Another important limitation is that maternal renal Doppler assessment
was performed only using right RA PI by a single experienced investigator for technical
standardization. Although this approach may improve measurement consistency and
feasibility in late pregnancy, it did not allow for bilateral renal hemodynamic evaluation,
and formal intraobserver and interobserver reproducibility was not assessed.

Because the present study did not include uncomplicated pregnancies, CPRR values
in physiologically normal pregnancies could not be characterized; therefore, future studies
should include such pregnancies to define GA-specific CPRR reference ranges and improve
interpretability. Formal reproducibility assessment should be incorporated into subsequent
studies. Although bootstrap internal validation indicated no meaningful optimism in the
AUC estimate for CPRR, this internal procedure does not confirm calibration or external
validity. Ultimately, before CPRR or the proposed cutoff can be translated into clinical
use, they should be validated in larger, multicenter prospective studies including different
gestational ages and independent validation cohorts. Within such studies, standardized
antenatal fetal biometry, including estimated fetal weight and abdominal circumference per-
centiles, and formal antenatal fetal growth-restriction classification should be incorporated.
Adequately powered multivariable models should then be used to address residual con-
founding and to determine whether CPRR provides incremental risk information beyond
fetal growth status, established Doppler indices, and clinical variables.

5. Conclusions

In this prospective cohort study, CPRR, which integrates fetal cerebroplacental adapta-
tion with maternal renal Doppler information, was independently associated with APO in
pregnancies diagnosed with PIH, with higher apparent discrimination than CPR and CPUR
in this cohort. Although these findings suggest that CPRR may be a noteworthy hemody-
namic marker in this hypertensive pregnancy cohort, they should not be interpreted as
indicating that the index is superior or sufficient to guide patient management. Translation
of these results into a clinical tool suitable for routine use will require comprehensive
validation through independent, multicenter prospective studies.
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