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An integrated predictive model for reduced renal perfusion in pediatric
patients following congenital heart defect repair

Abstract

Introduction. The early postoperative period after surgical repair of congenital heart defects in children is
accompanied by hemodynamic instability, systemic inflammatory response, and significant perfusion fluctua-
tions, which increase the risk of organ dysfunction. The kidneys are among the most sensitive target organs,
and reduced renal perfusion (RRP) serves as an early marker of an unfavorable course of the postoperative
period.

Aim. To develop and internally validate an integral model for predicting reduced renal perfusion in children
after surgical repair of congenital heart defects.

Materials and Methods. A retrospective analysis of 206 children after repair of congenital heart defects us-
ing cardiopulmonary bypass (CPB) was performed. A multivariate logistic regression model was constructed,
including clinical, laboratory, echocardiographic, and phenotypic indicators. Hourly diuresis was standardized
by age using the Z-score. Internal validation was performed using the bootstrap method (1.000 resamples).

Results. Independent predictors of RRP were the use of CPB (OR=2.41), decrease in Z-diuresis (OR=0.59),
decrease in left ventricular ejection fraction (OR=0.97), changes in hemoglobin (AHb) and WBC count (AWBC),
diagnostic category, and presence of connective tissue dysplasia (CTD) phenotype (OR=2.51). The model dem-
onstrated high discriminative ability (AUC=0.94), good calibration, and stability.

Conclusions. RRP in children after surgical repair of congenital heart defects is the result of a complex interac-
tion of perfusion, age-related, cardiac, laboratory, and phenotypic factors. The proposed model allows effective
prediction of RRP risk and can be used for personalization of postoperative management in children.

Keywords: cardiac surgery; Z-diuresis; left ventricular ejection fraction; postoperative hemodynamics; early
organ dysfunction.

Introduction. Renal dysfunction and acute kidney in-
jury (AKI) are frequent complications efin the early post-

use [5,6,8,10]. In children, these processes are intensified
by age-related immaturity of regulatory mechanisms and

operative period after surgical repair of congenital heart
defects (CHD) in children and are associated with worse
clinical outcomes [1,2,8,10,11,13]. Their development
is based on a combination of perfusion stress, systemic
inflammatory response, hemodilution, microcirculatory
disturbances, and fluctuations in cardiac output, espe-
cially in the context of cardiopulmonary bypass (CPB)

© 2026 The Authors. Amosov national scientific center of
cardiovascular surgery and hereditary pathology of the NAMS of
Ukraine. This is an open access article under the CC BY-SA license.
(https://creativecommons.org/licenses/by-sa/4.0/).

high variability in hemodynamic responses [2,5,9].

Early detection of renal perfusion impairment re-
mains difficult, as traditional biochemical markers are
late indicators of injury [6,7,9]. Hourly diuresis is con-
sidered an accessible early indicator of perfusion status;
however, its interpretation in children is limited by age-
related variability [3,7]. This justifies the need for its age
standardization.

Most modern predictive models focus on AKI and
insufficiently consider early perfusion changes, cardiac
function, and phenotypic characteristics of the patient
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[8,10,11]. At the same time, data on connective tissue
vulnerability suggest its potential influence on hemody-
namic adaptation and vascular reactivity [4,12].

In this regard, it is relevant to create an integral model
for predicting reduced renal perfusion (RRP) in children
after CHD repair, considering clinical, laboratory, echo-
cardiographic, and phenotypic factors.

Aim. To develop and internally validate a multivariate
model for predicting RRP in children after surgical repair
of CHD and to create a simplified integral index for clini-
cal risk stratification.

Materials and Methods. The study was conducted as
aretrospective analysis of clinical data from 206 children
after surgical repair of CHD, operated on between 2015
and 2023 in the Department of Cardiovascular Surgery of
the Odesa Regional Children’s Clinical Hospital. Patients
were stratified into five age groups: neonates (n=18), in-
fants (n=101), 1-3 years (n=25), 3-7 years (n=30), and
7-14 years (n=32).

The primary endpoint was defined as RRP occurring
within the first 48 hours after surgery. Clinical, labora-
tory, and echocardiographic parameters were analyzed,
including the use of cardiopulmonary bypass (CPB), age,
left ventricular ejection fraction (LVEF), AHb, AWBC, CHD
diagnostic cluster, and connective tissue dysplasia (CTD)
phenotype.

Hourly urine output was standardized by age using a
Z-score (based on proprietary empirical data), allowing
for correct comparison between age groups.

The CTD phenotype was assessed using a binary indi-
cator (CTD_pos) based on the Beighton score and clinical
criteria (Beighton 25/9, 22 phenotypic features, aortic
root dilation, or mitral valve prolapse).

A logistic regression model was constructed, includ-
ing clinically justified predictors (CPB, Z-diuresis, age,
LVEF, AHb, AWBC, CHD cluster, CTD). Nonlinear relation-
ships were modeled using restricted cubic splines, and
interactions with CTD_pos were additionally evaluated.

Internal validation was performed using bootstrap-
ping (1.000 resamples). Discrimination was assessed by
AUC, calibration by slope and intercept, and accuracy by
the Brier score.

Based on significant predictors, a simplified integral
index (IPI-RRP) was developed for clinical application.
Calculations were performed using IBM SPSS Statistics
and Microsoft Excel.

The study was conducted on de-identified data in ac-
cordance with ethical principles and was approved by
the Bioethics Commission (Protocol No. 01 dated Janu-
ary 14, 2026).

Results. To analyse risk factors for an unfavourable
course of the early postoperative period in 206 children
after surgical repair of CHD, a multivariable prediction
model for RRP was developed and internally validated.
This endpoint was chosen because renal hypoperfusion
is an early and sensitive marker of systemic hemody-
namic instability after surgery, especially in the context
of CPB use, systemic inflammatory response, and age-
related vulnerability of target organs. The model enabled
a transition from describing intergroup differences to a
quantitative assessment of individual risk. A key compo-
nent of the model was hourly urine output, analyzed as
a standardized parameter, since its absolute values have
different clinical significance in children of different ages.
Age-specific reference values were derived from propri-
etary empirical data (Table 1).

The use of Z-diuresis allowed it to be interpreted as a
dimensionless marker of perfusion status: values (Z=0)
corresponded to the age norm, (Z<-1) were considered
an early sign of RRP, (Z<-2) indicated a pronounced per-
fusion deficit with a high risk of renal dysfunction, and
(Z>+1) - a possible variant of recovery after ischemia, os-
motic diuresis, or hyperperfusion response. Such stand-
ardization increased comparability between age groups
and made the model pathophysiologically appropriate
for a pediatric population.

A separate block of analysis included phenotypic
manifestations of CTD as a potential modifier of post-
operative hemodynamic and renal vulnerability. Con-
nective tissue dysplasia was identified using a unified
phenotypic protocol combining somatic, orthopedic,
vascular-autonomic, and echocardiographic features.
Two predictors were formed: CTD_pos - a binary indi-
cator of clinically significant CTD phenotype, and CTD_
burden - an ordinal scale from 0 to 3 points. In the final
model, CTD_pos was used. It was considered positive if
at least one of the following criteria was present: Beig-
hton score = 5/9, at least two phenotypic components,
aortic root dilation (Z>2), or mitral valve prolapse. Clin-
ically, CTD was regarded not as a background character-
istic but as a systemic factor that could exacerbate vas-
cular and hemodynamic vulnerability under conditions

Table 1
Age-specific norms of hourly diuresis for calculation of the Z-score
Age group Mean (p) SD (o) Formula
1-28 days 25.42857 2.225395 Z=(x-2542857)/2.225395
1-12 months 2578218 2.520333 Z=(x-25.78218)/2.520333
1-3 years 25.66667 2.697288 Z=(x-25.66667)/2.697288
3-7 years 39.83333 5.540343 Z=(x-39.83333)/5.540343
7-14 years 39.37500 6.163106 Z=(x-39.37500) / 6.163106
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of perfusion stress. The operationalization criteria are
presented in Table 2.

A logistic regression model with a logit link function
was constructed. The dependent variable was the pres-
ence or absence of RRP occurring within the first 48
hours after surgery. Clinically justified predictors were
included: use of CPB, Z-diuresis, age, LVEE, changes in
hemoglobin (AHb) and WBC count (AWBC), diagnostic
category of CHD, and CTD phenotype indicators. Given
the non-linear nature of age and Z-diuresis effects, these
variables were modeled using restricted cubic splines.
Interactions between CPB x CTD_pos, LVEF x CTD_pos,
and age x CTD_pos were additionally analyzed, which al-
lowed the assessment of the modifying effect of CTD on
the body’s hemodynamic response.

The generalized form of the model was:

Logit (P)=B,+B,-CPB+B,-age+f (age)+B,-Z+f (Z)+
B, LVEF+B.-AHb+B ,-AWBC+f_-diagnostic category +
B4CTD_pos + B,-(CPB x CTD_pos) +
B,, (LVEF x CTD_pos)+B,,-(agexCTD_pos)

where f, (age) and f,(Z) are spline transformations for age
and Z-diuresis, respectively.

In the multivariate analysis, it was found that the risk
of developing RRP in children after surgical repair of CHD
is determined by a combination of perfusion-related,
age-related, cardiac, laboratory, and phenotypic factors.
The most significant predictors were the use of CPB, re-
duced Z-diuresis, decreased LVEF, unfavorable labora-
tory deltas, the diagnostic CHD cluster, and the presence
of a clinically significant CTD phenotype.

The use of CPB significantly increased the risk of RRP:
=0.88; OR=2.41; 95 % CI 1.36-4.25; p=0.002. One of the
key independent predictors was Z-normalized diuresis:
as this parameter decreased, the risk of RRP signifi-
cantly increased ($=-0.52; OR=0.59; 95 % CI 0.42-0.84;
p=0.006). Thus, lower Z-diuresis served as an early quan-
titative marker of perfusion deficit rather than merely a
nonspecific manifestation of postoperative stress.

Patient age also had independent prognostic value
(B=0.04; OR=1.04; 95 % CI 1.01-1.07; p=0.004), reflect-
ing the nonlinear influence of age-related factors on the
risk of perfusion disturbances. Cardiac pump function
parameters were also significant: with decreasing LVEF,
the risk of RRP increased ($=-0.035; OR=0.97; 95 % CI
0.95-0.99; p=0.003). Laboratory deltas reflected im-

portant components of postoperative stress: for AHb,
=0.21; OR=1.23; 95 % CI 1.03-1.47; p=0.018, and for
AWBC, $=0.08; OR=1.08; 95 % CI 1.02-1.15; p=0.012. The
diagnostic CHD cluster also had independent significance
(B=0.46; OR=1.58; 95 % CI 1.14-2.20; p=0.007), confirm-
ing the influence of the anatomical and physiological type
of defect on baseline hemodynamic risk.

Particular attention was paid to the role of CTD. The
presence of a clinically significant CTD phenotype was as-
sociated with an increased risk of RRP ($=0.92; OR=2.51;
95 % CI 1.36-4.63; p=0.003). Thus, children with CTD
features had a 2.5-fold higher likelihood of developing
renal hypoperfusion compared to patients without this
phenotype. Additionally, a statistically significant in-
teraction between CPB and CTD was observed ($=0.55;
OR=1.73; 95 % CI 1.12-2.67; p=0.014), indicating an am-
plification of the adverse effect of perfusion stress in chil-
dren with the CTD phenotype. Similarly, the interactions
LVEFxCTD_pos (p=0.041) and age x CTD_pos (p=0.028)
suggested a more complex influence of cardiac function
and age in the subgroup of patients with CTD. The main
model parameters are presented in Table 3.

Thus, the modeling results demonstrated that the
likelihood of RRP development is determined not by a
single factor, but by the combined effect of several inter-
related mechanisms: perfusion load, age-related physi-
ology, cardiac pump function, laboratory response, ana-
tomical type of CHD, and connective tissue vulnerability.

To assess the stability and predictive ability of the
model, internal validation was performed using the boot-
strap method (1.000 resamples). The area under the ROC
curve was AUC=0.94 (95 % CI 0.86-0.95), and after op-
timism correction, the value remained high (optimism-
corrected AUC=0.89), confirming the stability of the
model and the absence of critical overfitting.

At the optimal cut-off value of 0.42, determined by the
Youden index, the model demonstrated a sensitivity of
0.95, specificity of 0.84, and a Youden index of 0.79. Overall
predictive accuracy, assessed by the Brier score, was 0.14,
corresponding to a good level of agreement between pre-
dicted and observed outcomes. Model calibration was also
adequate: calibration slope =0.93, calibration intercept
=-0.04. The positive likelihood ratio was LR*=5.94, and
the negative likelihood ratio was LR™=0.06. The main indi-
cators of diagnostic performance are presented in Table 4.

Table 2

Criteria for statistical operationalization of CTD phenotypic manifestations

Indicator Definition Coding
CTD_pos gflzghton 2 5/9 or 2 2 components, or mitral valve prolapse (MVP), or aortic root 0/1
CTD_burden=0 absent or minimal phenotype 0
CTD_burden=1 one component or borderline Beighton 1
CTD_burden =2 22 components or Beighton>5 2
CTD_burden=3 22 components + cardiac feature 3
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Table 3

Logistic regression model results for predicting reduced
renal perfusion

Table 4
Diagnostic and predictive performance of the model

Indicator Value Interpretation
Predictor B SE OR 95% CI p AUC 0.94  very good discrimination
CPB 0.88 029 241 1.36-4.25 0.002 Sensitivity 0.95  high
Age 004 001 1.04 1.01-1.07 0.004 Specificity 0.84  good
Z-diuresis -0.52 0.18 0.59 0.42-0.84 0.006 Youden index 0.79  optimal balance
LVEF -0.035 0.012 0.97 0.95-0.99 0.003 LR* 5.94  significant increase in probability
AHb 0.21 009 123 1.03-1.47 0.018 LR~ 0.06  significant decrease in probability
AWBC 0.08 003 108 1.02-1.15 0.012
Diagnostic cluster 046  0.17 1.58 1.14-2.20 0.007
CTD_pos 092 031 251 1.36-463 0003  Table5
CPB x CTD_pos 0.55 022 173 1.12-2.67 0.014 Point-based scoring of predictors for the integral index
LVEF x CTD_pos -0.02 0.01 098 096-1.00 0.041 for predicting reduced renal perfusion (IPl -RRP)
Age x CTD_pos 0.01 0.004 1.01 1.00-1.02 0.028 Predictor Criterion Points
Age 1-28 days 2
. o ) . o 1-12 months 1
Thus, internal validation confirmed high discrimina- CPB Yes 7
tive ability, good calibration, and stability of the model, P
L . . g Z-diuresis -1.0t0-1.99 1
allowing it to be considered a reliable tool for individual- <20 3
ized prediction of RRP risk. i
To improve clinical applicability, the full logistic mod- LVEF 20-59 % 1
el was transformed into a simplified integral index for <0 % 2
predicting reduced renal perfusion - IPI-RRP. AHb Decrease of 10-19 g/L 1
The index was based on predictors with the highest Decrease of 220 g/L 2
independent prognostic value and available in the early AWBC Increase of 3.0-4.9x10°/L 1
postoperative period: CPB, Z-diuresis, age, LVEF, AHb, Increase of 25.0x10%/L 2
AWBC, and CTD_pos. The principle of constructing the CTD_pos Present 2

index was based on grading the predictors according to
the strength of their effect, followed by conversion into a
point-based scoring system.

The formula of the index was the following:

IPI-RRP = X _age + X CPB + X_Z + X_LVEF + X_AHb +
X_AWBC +X_CTD

where X represents the score assigned to each predictor.

The total index score reflected the overall level of RRP
risk: 0-3 points - low risk, 4-7 points - moderate risk,
28 points - high risk. The IPI-RRP allowed rapid bedside
risk stratification without complex mathematical calcu-
lations and reflected the main mechanisms underlying
renal hypoperfusion: perfusion load, deficit of effective
renal blood flow, reduced cardiac pump function, labo-
ratory response, and connective tissue vulnerability. The
structure of the IPI-RRP predictors and their point-based
scoring is presented in Table 5.

Approximate mapping of the total IPI-RRP score to
probability of RRP showed a gradual increase in risk:
0-1 points - ~5-8 %; 2-3 points - ~10-18 %; 4-5 points -
~25-40 %; 6-7 points - ~50-65 %; 8-9 points - ~70-
85 %; =210 points - ~85-95 %.

Atvalues = 8 points, the risk of RRP exceeded 70%, justi-
fying the need for intensive monitoring and early correction
of hemodynamic and perfusion disturbances. Conversely,
low index values (0-3 points) were associated with a high
likelihood of an uneventful postoperative course, allowing
the index to be used as a tool to rule out significant risk.

Thus, the developed predictive model reflects the
combined influence of perfusion-related, age-related,
cardiac, laboratory, and phenotypic factors on the prob-
ability of RRP in children after surgical repair of CHD.
The use of an age-normalized Z-score for hourly diuresis
enhanced the pathophysiological rationale for assess-
ing perfusion status, while the inclusion of CTD pheno-
typic features provided additional insight into systemic
modifiers of postoperative adaptation. The constructed
multivariate model demonstrated high predictive perfor-
mance, and the proposed simplified [PI-RRP index can be
used as a practical tool for early bedside risk stratifica-
tion in children after CHD repair.

Discussion. The study demonstrates that the risk of
RRP in children after surgical repair of CHD is multifac-
torial and determined by a combination of perfusion-
related, age, cardiac, laboratory, and phenotypic factors,
consistent with current evidence [5,6,8,9]. The negative
impact of CPB confirms findings from previous studies
and is associated with systemic inflammatory response,
hemodilution, microcirculatory disturbances, and fluc-
tuations in renal blood flow [5,6,10,11].

An important finding is the use of an age-normalized
Z-score for hourly urine output, which allows it to be
considered a standardized marker of perfusion status
applicable across different age groups. This increases the
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pathophysiological validity of the model and improves

the accuracy of early perfusion deficit assessment [3,7,9].
An independent association between reduced LVEF

and the risk of RRP was established, reflecting the role

of cardiac pump function in maintaining renal perfusion.

Laboratory parameters (AHb, AWBC) complement the

model by reflecting hemodilution and systemic inflam-

matory response.

A significant contribution of the CTD phenotype was
demonstrated, acting not only as an independent pre-
dictor but also as a modifier of the effects of CPB, age,
and cardiac function, thereby increasing hemodynamic
vulnerability. This is consistent with current concepts
regarding the role of extracellular matrix abnormalities
and vascular fragility [4,12].

The model demonstrated high discriminative ability,
adequate calibration, and stability. Its simplification in
the form of the IPI-RRP index enables clinical application,
although it does not replace full statistical prediction.
Study limitations include the retrospective design, lack of
external validation, and the phenotypic approach to CTD
assessment. Future studies should focus on prospective
and multicenter validation of the findings [9-11].

Thus, the proposed model reflects the complex nature
of RRP and may be used for early risk stratification after
CHD repair.

Conclusions
1. Renal hypoperfusion in children after surgical repair

of CHD is influenced by a combination of perfusion-

related, age-related, cardiac, laboratory, and
phenotypic factors.

2. The age-normalized Z-score for hourly diuresis is a
sensitive early marker of perfusion deficit and has
independent prognostic value.

3. The presence of CTD phenotypic features is associated
with increased RRP risk and amplifies the negative
effects of perfusion stress.

4. The constructed logistic model demonstrates high
discriminative ability, good calibration, and stability,
and can be used for individualized risk prediction.

5. The proposed integral IPI-RRP index is a convenient
clinical tool for early risk stratification and
optimization of postoperative management.
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IHTerpanbHa Moaenb NPOrHO3yBaHHS 3HWXXEHHSA peHanbHOi nepdysii y aitein
nicnsa Kopekuii BpOMAKeHUX Bag, cepus

MenbHuyeHko M. T, bysoBcbkuid B. 1.2, CutHikoea B. O.%, Eniit /1. B.
'0pecbkuid HauioHanbHUIA MeanYHUiA yHiBepcuTeT, M.Oaeca, YkpaiHa
2KHIM Opecbka obnacHa autaya knidiuHa nikapHs OOP, M. Opeca, YkpaiHa

Pesiome

Bceryn. Panuiil nmicnsionepaniiHuil nepion nicia kapAioxipypriyHoi kopekuii BpoJpKeHUX BaJ, cepls y JiTel
CYNPOBOJKYETbCS TeMOJAMHAMIYHOI HeCTabiJbHICTIO, CHCTEMHOI 3alajbHOI BiANOBIAAI0 Ta 3HAYHUMU
nepdys3iHMMHU KOJIMBaHHSIMY, 1110 MiJBUILY€E PU3UK opraHHOI AucdyHKLil. HUpKY € 04HMMHU 3 HAHOI/IbLI Yy TIIMBUX
opraHiB-MillleHeH, a 3HMKeHHsA peHabHOI nepdysii (3PII) BUucTynae paHHIM MapKepoM HeCIpUAT/IMBOIO epebiry
nicasonepauniiHoro nepioay.

MeTa. Po3po6UTH Ta BHYTPilIHbO BasiZiU3yBaTH iHTErPaJIbHY MOJZeJib IPOTHO3YBAaHHS 3HUKEHHS peHaJIbHOI
nepdy3ii y aiTei nicasa kapaioxipypriunoi kopekiii BBC.

Marepiasim Ta MeToau. [I[poBe/ieHO peTpocneKTUBHUM aHasti3 206 aiteii micis kopekuii BBC i3 3acTocyBaHHAM
anapaty wrty4Horo kpoBoobiry (AILK). [To6ynoBaHo 6araTodaKkTOpHY JIOTICTUYHY perpeciiiHy Moziesib i3 BKJIIO-
YeHHAM KJIIHIYHUX, 1abopaTOpHUX, exokapAiorpadiyHux i $eHOTUIIOBUX NOKa3HHUKIB. [loroguHHUI Alypes cTaH-
JlapTU3yBaJ/Ik 3a BIKOM i3 BUKOPUCTAHHAM Z-MOKa3HUKA. BHyTpiliHIO Baslifanito BAKOHAaHO METOAOM Gy TCTpemny
(1000 pecemiLtiB).

PesynbraTtu. Hezanexxuumu npegukropamu 3PI1 6ynu 3acrocyBanHs ALK (OR=2,41), 3HWwKeHHs Z-Jliype3y
(OR=0,59), sHwxkeHHs1 ¢pakuii Bukuay JaiBoro uwiyHodka (OR=0,97), na6opatopni 3minu (AHb, AWBC),
JIarHOCTUYHUH KJIacTep Ta HasiBHICTb CUHApPOMY Auciazii cnosydynoi Tkanuuu (OR=2,51). Mogesnb npojieMoH-
CTpyBaJla BUCOKY AUCKpUMIiHaLiliHy 31aTHIicTh (AUC=0,94), 06py Kani6paliio Ta cTabilbHICTb.

BucHoBkM. 3PI1y nitell micis kapaioxipypriunoi kopekuii BBC € Hac/tiJkoM KOMIIJIEKCHOI B3aEMOZIT nepdy3iiHuX,
BiKOBUX, KapZiaJbHUX, JJAOOPATOPHUX Ta GEHOTUIIOBUX YMHHHUKIB. 3apONOHOBAaHA MOJENb [103B0JIsIE eHEeKTUBHO
nporHo3yBaTH pu3uk 3PII i Moxe 6yTH BUKOpUCTaHa JJisl TepcoHaJtizalil nicisionepaniiHoro BeJleHHs AiTeu.

Kamwuoei caosa: kapdioxipypeisi; Z-0iype3; gppakyis eukudy /1i8020 WAyHOUKA; nicasionepayiliHna 2eMo0UHAMIKa;
DAHHS1 OP2aHHA QUCPHYHKYIS.
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