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ABSTRACT: Background: An increasing number of patients with Fontan circulation are reaching adulthood;
however, long-term outcomes remain limited by Fontan failure, which is characterized by elevated central venous
pressure (CVP) and reduced cardiac output. Red blood cell distribution width (RDW), a readily available hematological
parameter, is a known prognostic marker of heart failure. However, its relationship with invasive hemodynamics in
adolescent and adult Fontan patients has not been fully examined. Objectives: To clarify the association between
RDW and invasive hemodynamic indices in adolescent and adult Fontan patients and assess the utility of RDW as
a noninvasive circulatory marker. Methods: This single-center retrospective study included consecutive Fontan
patients aged >16 years who underwent routine cardiac catheterization >5 years after surgery, between June 2014
and July 2025. Laboratory data and catheter-derived hemodynamics were also analyzed. The primary endpoint
was the correlation between RDW and CVP, and the secondary endpoint was the correlation between RDW and
central venous oxygen saturation (ScvO;). Results: Forty patients (median age: 22 years) were analyzed. The
median RDW was 13.3%, and the median CVP was 11.0 mmHg. RDW correlated positively with CVP (p = 0.57,
p < 0.001) and negatively with ScvO, (p = —0.66, p < 0.001) and the cardiac index (p = -0.34, p = 0.03). Patients with
elevated RDW (>14.5%) had higher CVP (14.5 vs. 10.5 mmHg, p < 0.001) and lower ScvO, (63.8% vs. 76.1%, p < 0.001),
compared with those with normal RDW. Multivariable analysis identified RDW as an independent predictor of ScvO,
(p < 0.001). Conclusions: In adolescents and adults after the Fontan procedure, RDW was significantly associated
with elevated CVP and reduced ScvO, and independently predicted impaired oxygen delivery. RDW is inexpensive,
widely accessible, and may serve as a practical noninvasive biomarker for the early detection of Fontan failure and
the optimization of invasive testing and interventions during long-term follow-up.

KEYWORDS: Biological markers; central venous pressure; erythrocyte indices; fontan procedure; hemodynamics;
oxygen saturation

1 Introduction

The Fontan procedure, first introduced in 1968, is an established surgical treatment for patients with
single-ventricle physiology. Advances in medical and surgical techniques have enabled the survival of a
growing number of adolescents and adults [1-4]. Globally, an estimated 50,000-70,000 individuals live
with Fontan circulation, of whom approximately 40% are adults [5]. Although the 30-year survival rate
has improved to approximately 85% [2,6,7], serious complications related to hemodynamic abnormalities,
primarily elevated central venous pressure (CVP) and reduced cardiac output, remain common [5,8,9].
These complications include arrhythmias, thromboembolisms, hepatic dysfunction, and protein-losing
enteropathy, all of which significantly worsen long-term outcomes [5,10]. Collectively, these conditions
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are referred to as “Fontan failure,” the most critical determinant of premature death or indication for heart
transplantation [11].

The population of patients living with Fontan circulation is expected to grow substantially in the
coming decades. Rychik et al. projected that the number of survivors will double within 20 years [5],
and Plappert et al., using epidemiologic data from 11 countries, estimated that the proportion of adults
will increase from 55% in 2020 to 64% by 2030 [12]. With the increasing prevalence and aging of this
population [12-14], early detection and preventive interventions for circulatory failure have become
central challenges in the management of adult congenital heart disease. However, standardized methods
for the comprehensive assessment of Fontan circulation remain insufficient. A comprehensive review
published in 2025 concluded that the available evidence was inadequate with regard to the establishment of
evidence-based recommendations for evaluating Fontan physiology [15]. This underscores the urgent need
to develop novel strategies for hemodynamic assessment.

Accurate evaluation of hemodynamic parameters, such as CVP, central venous oxygen saturation
(ScvOy), and the cardiac index (CI), is essential for the optimal management of Fontan patients [5]. However,
these measurements can only be obtained through invasive cardiac catheterization, which is limited
by procedural risks and patient burden, making frequent monitoring impractical. Furthermore, these
parameters often lack strong correlations with adverse outcomes unless they are markedly abnormal [5].
Therefore, attention has turned toward less invasive blood-based biomarkers. B-type natriuretic peptides
(BNP), widely used for heart failure assessment in biventricular circulation, demonstrate limited diagnostic
accuracy in the Fontan population due to preload reduction [16-18].

Red blood cell distribution width (RDW), a measure of anisocytosis readily obtained from routine
complete blood counts (CBC), has emerged as a potential biomarker of cardiovascular disease. An elevated
RDW is an established predictor of mortality in heart failure and an independent prognostic factor in
myocardial infarction and pulmonary hypertension [19-21]. Mechanistically, increased RDW is thought
to reflect impaired erythropoiesis, inflammation-mediated inhibition of red blood cell maturation, and
oxidative stress, all of which are pathophysiologically linked to heart failure [22-24]. Its accessibility,
noninvasiveness, and low cost make RDW an attractive biomarker [15]. However, evidence regarding
the clinical significance of RDW in the Fontan population remains limited. Kojima et al. demonstrated a
significant correlation between RDW and CVP in pediatric Fontan patients (mean age: 4.1 + 2.8 years) [16].
However, as reference values for CBC parameters differ between children and adults, extrapolation to
adult patients is not straightforward. Kramer et al. reported an association between elevated RDW and
Fontan failure in adults [11], and Fuentes et al. identified RDW > 14.5% as a predictor of Fontan failure [25].
Nevertheless, these studies defined Fontan failure primarily based on clinical symptoms rather than on
quantitative hemodynamic measurements. In Kramer’s study, catheterization data were missing in 26% of the
nonfailing group, limiting the ability to examine the correlations between RDW and specific hemodynamic
parameters [11]. Recent reviews have highlighted the need for more rigorous studies to establish the
predictive value of RDW in this population [15].

Given these gaps, clarifying the quantitative relationship between hematological indices, particularly
RDW, and invasive hemodynamic parameters in adolescents and adults with Fontan circulations is essential.
Specifically, investigating the correlation between CVP and ScvO, may provide a basis for developing new,
less invasive assessment strategies. Therefore, we aimed to clarify the quantitative relationship between
RDW and invasive hemodynamic parameters in adolescents and adults with Fontan circulation.
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2 Methods
2.1 Study Population

This retrospective observational study included adolescent and adult patients (>16 years of age) with a
history of the Fontan procedure who underwent routine cardiac catheterization at Jikei University Hospital
between June 2014 and July 2025. Patients were identified from the institutional Fontan database. Only the
most recent examinations were analyzed to maintain data independence for patients who had undergone
multiple catheterizations during the study period.

2.2 Inclusion and Exclusion Criteria

Inclusion criteria were as follows: (1) >5 years after the Fontan procedure; (2) cardiac catheterization
performed as part of routine follow-up; and (3) availability of blood test results obtained within 48 h
before the procedure. Exclusion criteria were as follows: (1) missing laboratory or hemodynamic data,
(2) transfusion of blood products within 30 days prior to catheterization, (3) emergency catheterization
for acute illness, and (4) history of hematologic disease. These criteria were applied to ensure reliable
hematological parameters and to evaluate patients in a clinically stable state.

2.3 Data Collection

Clinical and laboratory data were systematically extracted from medical records and institutional
databases. Collected variables included demographic and baseline characteristics (age, sex, body surface
area, underlying cardiac diagnosis, surgical history, comorbidities, and medications); laboratory values
(hemoglobin, platelet count, RDW, lymphocyte count, brain natriuretic peptide, aspartate aminotransferase,
and alanine aminotransferase); and hemodynamic indices (CVP, arterial oxygen saturation (SaO3), ScvO,,
CI, and pulmonary vascular resistance index (PVRi)). Ejection fraction (EF) of the dominant systemic
ventricle was obtained from catheterization-derived measurements. The FIB-4 index was calculated using
the formula: FIB-4 = (age [years] x AST [U/L])/(platelet count [10°/L] x ALT [U/L]). All laboratory
samples were obtained prior to catheterization. To minimize observer bias, data analysis was independently
performed by multiple specialists following standardized protocols.

2.4 Study Endpoints and Hemodynamic Definitions

The primary endpoint was the correlation between RDW and CVP. Secondary endpoints include the
following: (1) correlations of RDW with ScvO; and CI, and (2) the prevalence of hemodynamic abnormalities
in patients with elevated RDW (>14.5%). The CVP was defined as the mean pressure measured in the superior
or inferior vena cava. ScvO; was determined from samples obtained from both the superior and inferior
vena cava, and CI was calculated using the Fick method. An at-risk range for Fontan failure was defined as
CVP > 15 mmHg or CI < 2.5 L/min/m?, consistent with previous reports and clinical relevance [26-28].

2.5 Statistical Analysis

Continuous variables were expressed as medians with interquartile ranges, and categorical variables
as frequencies and percentages. Normality of continuous variables was assessed using the Shapiro-Wilk
test. As several key variables, including RDW, CVP, and BNP, showed significant deviations from normality
(all p < 0.05), associations between laboratory parameters and hemodynamic indices (CVP, ScvO;) were
assessed using Spearman’s rank correlation coefficient. Bootstrap resampling with 10,000 iterations was
performed to estimate robust 95% confidence intervals for correlation coefficients [29]. Patients were
stratified into two groups according to RDW (<14.5% vs. >14.5%), and group comparisons were performed
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using the Mann-Whitney U test for continuous variables and Fisher’s exact test for categorical variables.
Multivariable linear regression analyses were conducted with CVP and ScvO, as dependent variables to
evaluate the independent predictive value of RDW. Covariates included established confounders known to
influence RDW [16], such as sex and hemoglobin, serum albumin, and C-reactive protein (CRP). Model fit
was evaluated using R? and adjusted R?. Effect sizes were quantified using Cohen’s f2. Sensitivity analyses
were performed to assess the robustness of findings. Outliers were identified using the interquartile range
(IQR) method (1.5 x IQR), and correlation analyses were repeated after their exclusion. Statistical significance
was defined as a two-sided p-value of <0.05, and 95% confidence intervals were reported. All statistical
analyses were performed using Easy R (Saitama Medical Center, Jichi Medical University, Saitama, Japan),
which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria).
Easy R is a modified version of the R Commander with additional functions for biostatistics [30].

2.6 Ethical Compliance Statement

The authors assert that all procedures contributing to this work comply with the Helsinki Declaration
of 1975, as revised in 2013. This study was approved by the Institutional Review Board of Jikei University
Hospital (approval number: 37-232[12875]). Given the retrospective design, the requirement for written
informed consent was waived, and patient notifications were provided via an opt-out process.

3 Results

3.1 Patient Characteristics

A total of 40 patients met the inclusion criteria and were analyzed. The median age at the time of
catheterization was 22 years, and approximately 70% of the participants were male. The median age at
Fontan completion was 2.5 years, with a median follow-up of 19.5 years after surgery. The most common
underlying diagnosis was a single right ventricle (n = 10, 25.0%), followed by a double-outlet right ventricle
(n = 8, 20.0%) and a transposition of the great arteries (n = 6, 15.0%). Morphologically, the systemic
ventricle was the right ventricle in 21 patients (52.5%). The Fontan type included an extracardiac conduit in
24 patients (60.0%), a lateral tunnel in 15 patients (37.5%), and an atriopulmonary connection in 1 patient
(2.5%). Regarding medical therapy, antiplatelet agents were prescribed in approximately 70% of patients,
angiotensin-converting enzyme inhibitors in 50%, diuretics in 40%, and 3-blockers in 30% (Table 1).

3.2 Assessment of Data Distribution

Shapiro-Wilk tests revealed that several key variables, including RDW (W = 0.77, p < 0.001), CVP
(W =0.93, p = 0.02), and BNP (W = 0.71, p < 0.001), significantly deviated from normal distribution,
supporting the use of Spearman’s rank correlation for analyses.

Table 1: Clinical characteristics between the elevated and normal RDW groups.

Characteristics Total (n = 40) RDW < 14.5% (n=30) RDW > 14.5% (n = 10) p-Value
Demographic characteristics
Age at study entry, month (IQR) 22.0 (18.0-29.3) 21.5 (18.0-29.0) 25.5 (20.3-29.8) 0.43
Male, n (%) 26 (65.0) 23 (76.7) 3(30.0) 0.02*
Age at Fontan procedure, year (IQR) 2.5(1.0-5.5) 2.0 (1.0-8.5) 3.0 (1.3-5.0) 0.86
Duration after Fontan procedure, year (IQR) 19.5 (16.0-23.3) 19.0 (16.0-21.8) 20.5 (16.8-24.0) 0.36
BML, kg/m? (IQR) 19.8 (18.1-23.0) 19.7 (18.0-22.9) 21.0 (18.2-24.9) 0.48

BSA, m? (IQR) 1.56 (1.42-1.7) 1.56 (1.50-1.71) 1.57 (1.41-1.61) 0.63
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Table 1: Cont.

Characteristics Total (n = 40) RDW <14.5% (n=30) RDW > 14.5% (n = 10) p-Value
Diagnosis

Single right ventricle, n (%) 10 (25.0) 9 (30.0) 1(10.0) 0.40
Double-outlet right ventricle, n (%) 8 (20.0) 7 (23.3) 1(10.0) 0.65
TGA, n (%) 6 (15.0) 5(16.7) 1(10.0) >0.99
Tricuspid atresia, n (%) 4 (10.0) 4(13.3) 0(0.0) 0.56
Single left ventricle, n (%) 3(7.5) 3(10.0) 0 (0.0) 0.56
PAIVS, n (%) 3(7.5) 0(0.0) 3(30.0) 0.01*
ccTGA, n (%) 2 (5.0) 1(3.3) 1(10.0) 0.44
Others, n (%) 4(10.0) 1(3.3) 3 (30.0) -

Morphology of systemic right ventricle, n (%) 21 (52.5) 18 (60.0) 3(30.0) 0.15

1(2.5)/15 (37.5)/24

APC/LT/ECC, n (%) (60.0) 1(3.3)/10 (33.3)/19 (63.3) 0 (0.0)/5 (50.0)/5 (50.0) 0.60
Fenestration, n (%) 6 (15.0) 3(10.0) 3 (30.0) 0.15
Medication use
Diuretics, n (%) 17 (42.5) 10 (33.3) 7 (70.0) 0.07
{3-adrenergic blocker, n (%) 10 (25.0) 8(26.7) 2(20.0) >0.99
Systemic vasodilator, n (%) 21 (52.5) 15 (50.0) 6 (60.0) 0.72
Pulmonary vasodilator, n (%) 9 (22.5) 6 (20.0) 3(30.0) 0.67
Antiarrhythmic agent, n (%) 10 (25.0) 8(26.7) 2 (20.0) 0.32
Antiplatelet agent, n (%) 29 (72.5) 23 (76.7) 6 (60.0) 0.42
Anticoagulant agent, n (%) 7 (17.5) 5(16.7) 2(20.0) >0.99

APC = atriopulmonary connection; BMI = body mass index; BSA = body surface area; ccTGA = congenital corrected transposition
of the great arteries; ECC = extracardiac conduit; LT = lateral tunnel; PAIVS = pulmonary atresia with intact ventricular septum;
RDW = red blood cell distribution width; TGA = transposition of the great arteries. “Indicates p < 0.05.

3.3 Laboratory and Hemodynamic Findings

The median laboratory values were as follows: RDW 13.3% (12.7-14.4) and hemoglobin and BNP
levels of 15.5 (13.5-16.6) g/dL and 21.5 (10.6-35.2) pg/mL, respectively. Hemodynamic parameters showed
a median CVP of 11.0 (9.0-13.3) mmHg, ScvO; of 73.1 (69.5-78.6)%, SaO, of 94.6 (92.3-96.1)%, CI of 4.4
(3.0-5.3) L/min/m?, and PVRi of 1.15 (0.78-1.50) Wood Units-m? (Table 2).

Table 2: Laboratory and hemodynamic findings.

Total (n = 40) RDW < 14.5% (n = 30) RDW > 14.5% (n = 10) p-Value
Laboratory parameters (IQR)
Hemoglobin, g/dL 15.5 (13.5-16.6) 15.9 (15.0-16.8) 13.2 (12.6-13.6) 0.004*
MCV, fL 90.8 (87.0-93.7) 92.4 (89.3-94.0) 85.5 (81.0-87.5) 0.002*
RDW, % 13.3 (12.7-14.4) - -
White blood cell, uL 4650 (3775-5225) 4900 (4200-5800) 3300 (2825-3925) <0.001*
Lymphocytes, /uL 1126 (855-1305) 1153 (991-1454) 803 (645-1137) 0.04*
Platelet, x103/pL 146 (102-177) 156 (109-178) 103 (72-126) 0.053
AST, U/L 23.5 (20.8-28.8) 25.0 (22.0-30.3) 23.0 (20.3-26.0) 0.61
ALT, U/L 21.5 (17.0-29.3) 23.5 (19.3-30.0) 17.5 (13.3-19.8) 0.02*
Serum albumin, g/dL 45 (4.3-4.8) 4.6 (4.4-4.9) 4.3 (4.3-4.4) 0.01*
Serum creatinine, mg/dL 0.70 (0.62-0.77) 0.70 (0.62-0.74) 0.72 (0.60-0.91) 0.60
eGFR, mL/min/1.73 m? 100.4 (84.1-112.2) 103.6 (95.0-117.9) 81.2 (74.6-95.4) 0.006*
CRP, mg/dL 0.04 (0.04-0.08) 0.04 (0.04-0.06) 0.08 (0.04-0.12) 0.11
BNP, pg/mL 21.5 (10.6-35.2) 17.9 (9.8-27.0) 34.4 (22.9-68.7) 0.03*
Cardiac function and hemodynamic parameters (IQR)

Cardiothoracic ratio (%) 42.9 (40.5-46.4) 42.5 (39.4-46.1) 43.2 (40.9-46.4) 0.65
SBP, mmHg 106.5 (101.8-114.3) 108 (103.0-114.8) 104 (96.5-107.5) 0.27
DBP, mmHg 65.5 (61.0-71.3) 66.5 (62.3-71.8) 64.0 (58.0-70.0) 0.54
CVP, mmHg 11.0 (9.0-13.3) 10.5 (8.0-12.0) 14.5 (13.3-15.8) <0.001*
mPAP, mmHg 10.5 (8.8-12) 9.5 (8.0-11.0) 13.0 (12.0-14.8) 0.002*
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Table 2: Cont.

Total (n = 40) RDW < 14.5% (n = 30) RDW > 14.5% (n = 10) p-Value
PCWP, mmHg 8.0 (5.0-10) 6.5 (5.0-8.0) 10.0 (9.0-11.0) 0.005*
Sa0,, % 94.6 (92.3-96.1) 95.6 (93.7-96.4) 91.3 (87.1-93.4) 0.003*
Sev0s, % 73.1 (69.5-78.6) 76.1 (72.8-79.7) 63.8 (61.1-69.0) <0.001*
PVRi, Wood Unit-m? 1.15 (0.78-1.50) 1.08 (0.66—1.48) 1.20 (1.09-1.48) 0.44
SVRi, Wood Unit-m? 24.6 (18.7-30.3) 25.1 (20.2-30.4) 18.5 (12.0-25.8) 0.12
Ejection fraction, % 57.5 (52.0-63.3) 57.0 (52.3-62.9) 62.0 (53.3-66.0) 0.44
CI, L/min/m? 4.4 (3.0-53) 47 (3.7-5.4) 2.7 (2.2-3.2) 0.003*

ALT = alanine transaminase; AST = aspartate aminotransferase; BNP = b-type natriuretic peptide; CI = cardiac index;
CRP = c-reactive protein; CVP = central venous pressure; DBP = diastolic blood pressure; eGFR = estimated glomerular filtration
rate; MCV = mean corpuscular volume; mPAP = pulmonary artery mean pressure; PCWP = pulmonary capillary wedge pressure;

>

PVRI = pulmonary vascular resistance index; RDW = red blood cell distribution width; SaO, = arterial oxygen saturation; SBP =
systolic blood pressure; ScvO, = central venous oxygen saturation; SVRi = systemic vascular resistance index. *Indicates p < 0.05.

3.4 Correlation between RDW and Hemodynamic Parameters

RDW showed significant correlations with multiple hemodynamic parameters. Bootstrap analysis
with 10,000 iterations provided robust 95% confidence intervals: RDW correlated positively with CVP
(p = 0.57, 95% CI: 0.28-0.79, p < 0.001) (Fig. 1A) and negatively with ScvO, (p = —0.66, 95% CI: —0.82 to
—0.42, p < 0.001) (Fig. 1B) and cardiac index (p = —0.34, 95% CI: —0.63 to —0.001, p = 0.03) (Fig. 1C). The
confidence intervals for RDW-CVP and RDW-ScvO, correlations did not include zero, confirming statistical
significance even with conservative estimation. Additionally, CVP showed a negative correlation with
lymphocyte count (p = —0.36, 95% CI: —0.62 to —0.04, p = 0.02) (Fig. 1D). No significant correlation was
observed between CVP and BNP levels (Fig. 1E).
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Figure 1: Correlation between RDW and hemodynamic parameters. (A) Correlation between RDW and CVP.
(B) Correlation between RDW and ScvO,. (C) Correlation between RDW and CI. (D) Correlation between CVP and
Lym. (E) Correlation between CVP and BNP. BNP = b-type natriuretic peptide; CI = cardiac index; CVP = central
venous pressure; Lym = lymphocyte count; RDW = red cell distribution width; ScvO, = central venous oxygen

saturation.

3.5 Comparison by RDW Groups

When stratified by RDW (cutoff: 14.5%), the elevated RDW group (n = 10) demonstrated significantly
higher CVP compared with the normal RDW group (n = 30) (14.5 [13.3-15.8] vs. 10.5 [8.0-12.0] mmHg;
difference 4.0 mmHg (95% CI: 2.3-5.7 mmHg), p < 0.001) (Fig. 2A). In contrast, ScvO, was significantly
lower in the elevated RDW group: median 63.8 [61.1-69.0]% vs. 76.1 [72.8-79.7]%; difference —12.3% (95%
ClL: —17.8 to —6.8%), p < 0.001 (Fig. 2B).

A B

P <0.001 85 T P <0.001

204 80
75 4

70

Scv02 (%)

65

CVP (mmHg)

10 4 60

55
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RDW <14.5% RDW >14.5% RDW <14.5% RDW >14.5%
CVP (mmHg) 10.5(8.0-12.0)  14.5(13.3-15.8) ScvOz (%) 76.1(72.8-79.7)  63.8 (61.1-69.0)

Figure 2: Comparison of hemodynamic parameters between RDW groups. (A) CVP was significantly higher in the
elevated RDW group than in the normal RDW group (difference: 4.0 mmHg, p < 0.001). (B) ScvO, was significantly
lower in the elevated RDW group than in the normal RDW group (difference: —12.3%, p < 0.001). Box plots show
median (line), interquartile range (box), and range (whiskers). CVP = central venous pressure; RDW = red cell

distribution width; ScvO, = central venous oxygen saturation.

3.6 Regression Analyses and Effect Sizes

Univariate linear regression demonstrated that RDW significantly predicted both CVP and ScvO,.
For CVP, the model yielded R? = 0.22 (adjusted R? = 0.2, RSE = 2.96, p < 0.001), with a medium effect
size (Cohen’s f2 = 0.28). For ScvO,, the model showed stronger predictive power (R? = 0.55, adjusted R?
= 0.53, RSE = 5.56, p < 0.001) with a large effect size (Cohen’s f2 = 1.20). Sensitivity analyses excluding
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outliers (n = 4, identified by IQR method) yielded essentially unchanged correlations (RDW-CVP: p = 0.57,
Ap = —0.01; RDW-ScvO,: p = —0.56, Ap = +0.09), confirming the robustness of findings.

3.7 Comparison with Liver Fibrosis Marker

To evaluate RDW relative to established noninvasive markers of organ congestion [31,32], we examined
correlations between FIB-4 index and hemodynamic parameters. The median FIB-4 index was 0.95 (IQR:
0.64-1.48). FIB-4 showed a weak-to-moderate positive correlation with CVP (p = 0.33, 95% CI: 0.009 to
0.59, p = 0.04), whereas RDW demonstrated a significantly stronger correlation (p = 0.57, p < 0.001). The
correlation between RDW and FIB-4 was weak and not statistically significant (p = 0.29, 95% CI: —0.02 to
0.56, p = 0.07), suggesting these markers capture different pathophysiologic aspects.

3.8 Catheterization-Derived Ventricular Function Parameters

The median EF was 57.5% (IQR: 52.0-63.3%). However, 21 patients (52.5%) had right ventricular
morphology, limiting EF accuracy. Exploratory analysis showed no significant correlation between EF and
hemodynamic parameters: EF vs. CVP (p = 0.3, p = 0.06), EF vs. ScvO, (p = —0.18, p = 0.28), or EF vs. cardiac
index (p = 0.06, p = 0.73). Similarly, RDW did not correlate with EF (p = 0.21, p = 0.19).

3.9 Multivariable Analysis

In multivariable regression analysis with CVP as the dependent variable and sex, hemoglobin, serum
albumin, and CRP as covariates, RDW showed a positive regression coefficient (3 = 0.55, 95% CI: —0.08
to 1.18) but did not reach statistical significance (p = 0.08) (Table 3). By contrast, when ScvO, was the
dependent variable, RDW was identified as an independent negative predictor (3 = —2.92, 95% CI: —4.22
to —1.62, p < 0.001) (Table 4). This association remained significant after adjustment for sex, hemoglobin,
serum albumin, and CRP levels, with an adjusted R? of 0.55.

Table 3: Multivariable linear regression analysis for central venous pressure.

Independent Variable B-Coefficient 95% CI p-Value
Sex (male) 2.71 (—0.05, 5.46) 0.054
RDW (%) 0.55 (—0.08, 1.18) 0.08
Hemoglobin (g/dL) —-0.72 (—1.52, 0.08) 0.08
Albumin (g/dL) —2.80 (—6.04, 0.43) 0.09
CRP (mg/dL) —0.37 (—17.66, 16.92) 0.97

CI = confidence interval; CRP = c-reactive protein; RDW = red blood cell distribution width.

Table 4: Multivariable linear regression analysis for mixed venous oxygen saturation.

Independent Variable B-Coefficient 95% CI p-Value
Sex (male) 0.10 (—5.58, 5.78) 0.97

RDW (%) —2.92 (—4.22, —1.62) <0.001*
Hemoglobin (g/dL) 0.42 (—1.23, 2.08) 0.61
Albumin (g/dL) 0.67 (—6.01, 7.34) 0.84
CRP (mg/dL) -1.25 (—36.91, 34.42) 0.94

CI = confidence interval; CRP = c-reactive protein; RDW = red blood cell distribution width.

4 Discussion

In this study of adolescent and adult patients who underwent the Fontan procedure, RDW demonstrated
a moderate positive correlation with CVP, a moderate to strong negative correlation with ScvO,, and
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a moderate correlation with CI, supporting its potential role as a noninvasive hemodynamic marker.
Importantly, RDW was identified as an independent predictor of ScvO,. These findings suggest that
increased RDW is not merely a reflection of anemia or inflammation but rather a sensitive indicator of
the unique pathophysiology of Fontan circulation, particularly tissue-level oxygenation abnormalities.
Although the correlation between RDW and CVP was not statistically significant in multivariate analysis
(p = 0.08), the positive regression coefficient (0.55) and wide confidence interval suggest that significance
may emerge in larger cohorts.

Our results differ from those reported by Kojima et al. who reported a direct correlation between
RDW and CVP in pediatric Fontan patients [16]. In our adult cohort (median age: 22 years, median:
19.5 years post-Fontan), RDW remained correlated with CVP in univariable analysis but lost significance
after adjustment, whereas its association with ScvO; remained robust. This divergence likely reflects
longitudinal pathophysiological evolution. In early childhood, fluctuations in CVP directly affect systemic
hemodynamics and may be mirrored by RDW. In adulthood, however, chronic hemodynamic stress drives
ventricular dysfunction, pulmonary vascular remodeling, neurohormonal activation, and progression from
a “good Fontan” to a “failing Fontan” As chronic disease advances, CVP becomes influenced by multiple
confounders—diastolic dysfunction, arrhythmias, and atrioventricular valve regurgitation—reducing its
direct relationship with RDW. ScvOg, in contrast, integrates global circulatory adequacy and may detect
impaired oxygen utilization earlier than rising CVP.

The clinical relevance of these findings is supported by our subgroup analysis. Patients with elevated
RDW (>14.5%) had significantly higher CVP (median 14.5 vs. 10.5 mmHg, p < 0.001) and lower ScvO, and
CI compared to those with normal RDW. The 4.0 mmHg difference in CVP is clinically relevant, particularly
in light of the hemodynamic criteria for identifying a risk range for Fontan failure, which consider CVP
>15 mmHg as pathological [26-28]. Previous studies have further indicated that even modest increases
in CVP are associated with significant reductions in peak VO, (peak oxygen uptake) [33], and that even
minor elevations of only a few mmHg in CVP may precipitate complications such as hepatic dysfunction
and protein-losing enteropathy (PLE) [5]. Our comparative analysis demonstrated that RDW exhibited
substantially stronger correlation with CVP (p = 0.57, p < 0.001) than FIB-4 index (p = 0.33, p = 0.04). The
weak correlation between RDW and FIB-4 (p = 0.29, p = 0.07) further indicates that these biomarkers reflect
distinct physiological processes. Whereas FIB-4 reflects hepatic congestion, RDW appears to integrate
broader systemic derangements, including impaired erythropoiesis, cytokine-mediated suppression of red
cell maturation, and oxidative stress from chronic hypoxemia. The stronger correlation between RDW and
ScvO; than between RDW and CVP may reflect RDW’s sensitivity to tissue-level oxygen delivery rather
than pressure alone, suggesting that RDW captures the cumulative impact of chronic circulatory stress on
erythropoiesis. This sensitivity may allow RDW to identify early circulatory deterioration before overt
hemodynamic decompensation, offering a potential window for timely intervention.

Several mechanisms likely contribute to RDW elevation in the Fontan population. Chronically low
cardiac output may suppress erythropoietin production, while venous congestion may activate inflammatory
pathways such as IL-6 signaling, inhibiting erythroid maturation [34-37]. Chronic mild hypoxemia and
impaired iron utilization may further increase erythrocyte heterogeneity [35,38]. These factors may interact to
generate a Fontan-specific pattern of RDW elevation that becomes more pronounced during the chronic phase.

From a clinical standpoint, RDW may serve as a practical biomarker for noninvasive assessment.
Unlike invasive catheterization, RDW can be measured routinely at a low cost, allowing noninvasive
monitoring of circulatory status during outpatient follow-up. Notably, our study minimized temporal
bias by evaluating RDW and hemodynamic parameters during the same hospitalization. Because RDW is
universally available at no additional cost, serial monitoring during outpatient follow-up may help detect
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subclinical circulatory deterioration and identify patients who may benefit from earlier catheterization or
intensified surveillance. While RDW cannot replace comprehensive hemodynamic evaluation, it may serve
as a meaningful screening tool to optimize the timing of invasive assessment.

The 14.5% cutoff corresponds to the established upper limit of normal for RDW in the general adult
population [39,40] and has been consistently used in prior Fontan studies, including Kramer et al. and
Buendia Fuentes et al. [11,25], both demonstrating associations with adverse outcomes. In our cohort, this
threshold effectively discriminated hemodynamic abnormalities, with the elevated RDW group showing
substantially higher CVP (14.5 vs. 10.5 mmHg, p < 0.001) and lower ScvO, (63.8% vs. 76.1%, p < 0.001), with
large effect sizes (Cohen’s d = 1.66 and 2.15). These findings support the clinical validity of 14.5% in adult
Fontan patients. We acknowledge that Fontan-specific RDW reference ranges have not been established,
and the optimal threshold may differ due to unique physiologic features such as chronic mild hypoxemia
and altered erythropoiesis. While our results suggest 14.5% is appropriate for initial screening, future studies
with larger cohorts and long-term outcome data are needed to determine whether population-specific
standards would enhance risk stratification.

This study has limitations. It was conducted retrospectively at a single center with a limited sample
size, which may reduce statistical power and external validity. Although we performed normality testing,
sensitivity analyses, bootstrap confidence intervals, and calculated Cohen’s f2, the cohort size still constrains
the strength of conclusions. Residual confounders affecting erythropoiesis cannot be excluded. Although
we compared RDW with the FIB-4 index, more comprehensive echocardiographic measures such as strain
imaging were not systematically obtained. However, echocardiographic EF assessment is inherently limited,
particularly in patients with a dominant right ventricle, due to its anatomical characteristics. While alternative
echocardiographic indices such as fractional area change (FAC) and tricuspid annular plane systolic excursion
(TAPSE) may provide additional information, these parameters were not routinely measured under our
institutional protocol during the study period. Future studies should evaluate longitudinal RDW changes in
relation to clinical deterioration and incorporate multimodality imaging—including echocardiography and
liver elastography—to refine risk stratification.

5 Conclusions

In adolescents and adults with Fontan circulation, RDW is associated with hemodynamic abnormalities,
particularly elevated CVP and reduced ScvO,, and is independently predictive of ScvO,. These findings
indicate that RDW reflects tissue-level circulatory dysfunction and may serve as a sensitive, low-cost, and
noninvasive biomarker in this growing patient population. Incorporating RDW into routine follow-ups
may facilitate the early detection of Fontan failure and guide timely interventions, complementing invasive
assessments when needed.
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Glossary

BNP B-type natriuretic peptides

CBC Complete blood counts

CI Cardiac index

CRP C-reactive protein

CVP Central venous pressure

PVRi Pulmonary vascular resistance index

RDW Red blood cell distribution width

Sa0, Arterial oxygen saturation

ScvO, Central venous oxygen saturation
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