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ABSTRACT: Background: Fatigue is a prevalent clinical complaint in adolescence, but its determinants—particularly
in congenital heart disease (CHD)—remain poorly understood. Objective: This study aimed to compare the severity
and multidimensional profile of fatigue symptoms between adolescents with corrected CHD and school-based
peers without reported chronic disease, and to evaluate the independent contributions of cardiac severity indices,
echocardiographic parameters, and physical work capacity to fatigue severity. Methods: In a cross-sectional
comparative study, 229 adolescents (11-17 years), including 154 with corrected CHD (simple, moderate, complex
defects) and 75 controls, completed the validated Russian “Degree of Chronic Fatigue” questionnaire. All CHD patients
underwent echocardiography (left ventricular ejection fraction (LVEF), valvular gradients, and regurgitation grades)
and bicycle ergometry (W/kg). Between-group differences were analyzed using nonparametric tests, false discovery
rate (FDR) correction, multivariate analysis of covariance (MANCOVA), and linear regression with heteroscedasticity-
consistent (HC3) robust standard errors. Null results were verified by post-hoc power analysis, Bayesian model
comparison, equivalence testing. Results: The CHD group reported significantly lower fatigue on four of five domains
compared with controls recruited from an academically selective school. Within the CHD cohort, neither CHD
complexity, the New York Heart Association (NYHA) class, heart failure stage, nor any echocardiographic parameter
correlated with fatigue. Physical work capacity showed only a weak association that did not survive multiple-testing
correction. Female sex was the most consistent predictor of higher fatigue across both groups. Conclusions: Cardiac
disease severity did not predict fatigue in this cohort. Fatigue appears multifactorial, with sex, functional capacity,
and psychosocial context potentially playing greater roles than cardiac anatomy alone. The unexpectedly high fatigue
in controls from a highly selective school limits generalizability. Replication in representative samples is needed.
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1 Introduction

Fatigue—persistent exhaustion that impairs daily function and is not adequately relieved by rest—is a
prevalent clinical complaint in both adult [1-4] and pediatric populations [5,6].

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS; ICD-11: 8E49) is a formally defined
clinical entity with specific diagnostic criteria [7]. The present study, however, focuses on clinically
significant fatigue as a dimensional symptom construct assessed over a three-month reporting window,
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independently of a formal ME/CFS diagnosis [8,9]. This approach is consistent with epidemiological work
that treats fatigue as a quantifiable symptom dimension rather than exclusively as a diagnostic category.

Fatigue prevalence is similar across age groups, with comparable rates documented in adults (0.65%)
and children (0.55%) [10]. Importantly, fatigue exhibits a transdiagnostic pattern: it arises and persists across
diverse underlying conditions, often exceeding disease-specific mechanisms in clinical significance [11].
This diagnostic overlap substantially complicates clinical assessment in pediatric populations.

Fatigue and persistent malaise contribute to school absenteeism, declining academic performance,
and impaired social functioning—thereby normative adolescent developmental challenges [12,13]. The
multifactorial nature of fatigue in adolescence is particularly evident in the complex interplay among physical
activity, sleep quality, daytime somnolence, subjective energy levels, and emotional regulation [14,15]. Fatigue
in children and adolescents has been linked to urban environmental stressors, information overload,
excessive academic demands, and test anxiety [16,17]. Academic pressure—one of the leading stressors of
adolescence—is well-documented as an antecedent of sleep disturbance, anxiety, and depressive symptoms,
all of which substantially exacerbate fatigue [18]. A systematic review of 52 studies found a positive
association between academic pressure and mental health problems in adolescents in 48 of them [19].

Congenital heart disease (CHD) may be associated with reduced exercise tolerance, impaired cognitive
processing speed, and prolonged recovery after physical exertion [20,21]. Fatigue has been documented as
a clinically significant concern in children with CHD, including in the post-surgical period [22]. A recent
integrative analysis of 442 pediatric CHD patients (aged 2-18 years, more than one-year post-surgery) found
fatigue to be present in 32.8% of the sample [23]. Notably, cardiology-focused factors (exercise capacity
and comorbidity) explained 13.2% of fatigue variance, whereas transdiagnostic factors—encompassing
physical, social, emotional, and cognitive functioning together with sleep quality—explained 61.4% of the
variance [23]. This substantial disparity underscores the multifactorial nature of fatigue in pediatric CHD,
with transdiagnostic factors demonstrating a more prominent role than cardiac-specific variables.

In adults over 40 years of age with complex CHD, higher frequencies of severe physical fatigue have
been observed relative to those with moderate complexity [1,24]; however, between-group differences in
overall fatigue levels between CHD patients and healthy peers have not been consistently documented [1].
Data examining the specific contribution of cardiovascular status to fatigue severity in adolescents with CHD
remain limited. Taken together, these observations support two plausible and not mutually exclusive accounts
of fatigue in adolescents with CHD: a disease-severity account, in which greater cardiac disease burden is
expected to be accompanied by greater fatigue, and a broader transdiagnostic account, in which fatigue
reflects the combined influence of disease-specific, functional, behavioral, and psychosocial factors [4,23].

To address this gap, the present study aimed to compare the severity and multidimensional profile
of fatigue in adolescents with CHD across anatomical complexity categories [25] and with school-based
controls, and to examine the extent to which fatigue was associated with measured indices of cardiac
disease burden and functional capacity. We approached these analyses from two complementary theoretical
perspectives. First, based on the conventional disease-severity model, we hypothesized that fatigue severity
and its specific domains would be greater in adolescents with CHD than in controls and would increase
with anatomical CHD complexity and functional impairment. Second, in view of emerging evidence
that fatigue in pediatric chronic disease is only partly explained by disease-specific factors and may be
more strongly associated with broader transdiagnostic determinants [4,23], the study was also designed
to evaluate whether fatigue showed only limited correspondence with anatomical complexity, functional
status, and measured cardiac parameters. Thus, the study provided an empirical test of the severity-specific
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hypothesis while interpreting any dissociation between cardiac disease burden and fatigue within a broader
biopsychosocial-transdiagnostic framework.

2 Methods
2.1 Participants

A cross-sectional comparative study was conducted among adolescents aged 11-17 years. Initially, 231
participants were enrolled. Two participants—one from each study group—were excluded because they
selected the first response option for every questionnaire item, a response pattern deemed incompatible
with attentive completion given the presence of reverse-scored items. The final analytic sample therefore
comprised 229 adolescents: 154 patients with a verified CHD diagnosis treated or followed at the A.N.
Bakulev National Medical Research Center for Cardiovascular Surgery and 75 school-based controls without
a reported chronic disease.

Control participants were recruited from a single academically selective school consistently ranked
among the top 100 schools in Russia for the preceding 10 years. The groups were not individually or
frequency matched on demographic variables. Clinical and demographic characteristics are presented in
Tables 1 and 2; age, sex, and body mass index (BMI) were included as covariates in all adjusted analyses.

Exclusion criteria were an acute infectious illness during the preceding four weeks, decompensated
heart failure, cognitive impairment that could interfere with questionnaire completion, and insufficient
Russian-language proficiency.

Exclusion criteria were acute infectious illness during the preceding four weeks, decompensated
heart failure, cognitive impairment that could interfere with questionnaire completion, and insufficient
Russian-language proficiency.

The study was approved by the Ethics Committee of the Federal Research Center for Innovator
and Emerging Biomedical and Pharmaceutical Technologies (P.K. Anokhin Research Institute of Normal
Physiology), Moscow, Russian Federation (Protocol No. 18/1, 15 February 2023), and was conducted
in accordance with the Declaration of Helsinki. Written informed consent for study participation and
publication of results was obtained from legal guardians of all participants; adolescents provided written
assent where required by the approved protocol.

2.2 CHD Classification

Anatomical complexity was classified according to the 2018 American Heart Association (AHA)/American
College of Cardiology (ACC) adult CHD anatomic complexity categories [25] into three categories: simple
defects (CHD I)-isolated structural anomalies without significant hemodynamic disturbance, not requiring
lifelong specialist follow-up after correction; moderate-complexity defects (CHD II)-hemodynamically
significant lesions requiring surgical correction and regular follow-up; and complex defects (CHD III)-multi-
structural lesions requiring lifelong specialist surveillance because of high complication risk (Table 1).

2.3 Clinical and Instrumental Assessment

Functional status was assessed using the New York Heart Association (NYHA) functional classification
(classes I-1V), extracted from clinical medical records as part of routine cardiovascular assessment. Although
originally developed and validated in adult populations with heart failure, the NYHA classification has been
adapted for use in contemporary pediatric and adolescent cardiology to describe exercise tolerance and
physical activity limitations. Given the age range of the present cohort (11-17 years) and the established
use of NYHA descriptors in pediatric cardiology practice in Russia to document functional capacity in
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adolescents with CHD, this classification was employed as a clinically relevant indicator of functional status.
NYHA classification is based on clinical documentation of symptomatic capacity during physical activity
and reflects the clinician’s assessment of exercise-induced symptoms rather than formal cardiopulmonary
testing. The ACC/AHA heart failure staging system (stages A-D) was similarly extracted from clinical
records as a complementary measure of cardiovascular disease status.

Table 1: Distribution of congenital heart disease (CHD) group’s distribution by sex, type of the defect type, and its
complexity classification.

Number of Patients

Type of Defect
Girls Boys
I: Simple CHD (CHD I)
Patent Ductus Arteriosus 1 0
Ventricular Septal Defect (VSD) 12 7
Atrial Septal Defect (ASD) 7 4
VSD + ASD 0 1
Total 20 12
II: Moderate-Complexity CHD (CHD II)
Ebstein Anomaly 5 1
Congenital Aortic Stenosis 3 8
Congenital Subaortic Stenosis 2 3
Congenital Pulmonary Valve Stenosis 1 0
Congenital Aortic Regurgitation 3 0
Congenital Pulmonary Regurgitation 0 1

—_
(92
(s}
(92

Coarctation of the Aorta

Tetralogy of Fallot

Partial Anomalous Pulmonary Venous
Connection

Total 38 55

III: Great-Complexity (Complex) CHD (CHD III)

N3

[\

Coronary Artery Anomalies 0
Congenital Pulmonary Atresia 0
Congenital Double Outlet Right
Ventricle

Congenital Truncus Arteriosus
Other Congenital Aortic Anomalies
Transposition of the Great Arteries
(TGA)

TGA with Prosthetic Heart Valve
Total Anomalous Pulmonary Venous
Connection

Post-Fontan Operation

Total

—_
g wo o =

B O O 1 O =
—_

—_
—_
—_
o]

Clinical data-including the number of previous cardiac surgeries, age at first operation, and time since
the most recent procedure-were extracted from medical records. Functional status according to NYHA
classification (classes I-IV) and ACC/AHA heart failure stage (A-D) were similarly extracted from clinical
documentation.

Clinical data-including the number of previous cardiac surgeries, age at first operation, and time since
the most recent procedure-were extracted from medical records. Functional status according to NYHA
classification (classes I-IV) and ACC/AHA heart failure staging (stages A-D) were similarly extracted from
clinical documentation.
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Participants with CHD underwent transthoracic echocardiography as part of clinical assessment.
Analyzed echocardiographic variables included left ventricular ejection fraction (LVEF), estimated right
ventricular systolic pressure, peak pressure gradients across the aortic and pulmonary valves, and recorded
grades of tricuspid and pulmonary regurgitation on a 0-3 scale. Peripheral oxygen saturation (SpO,) was
measured by pulse oximetry.

Physical work capacity (PWC) was assessed by bicycle ergometry when clinically indicated and
clinically feasible. The primary exercise variable was peak workload normalized to body weight (W/kg).
Complete cardiopulmonary exercise testing data, including oxygen consumption at peak exercise (VOzpeak),
were available for only 36 of 154 participants with CHD (23.4%). Because restricting the analysis to this
incomplete subgroup could introduce selection bias, VO;peac Was not included in primary analyses; W/kg
served as the available proxy measure of functional capacity.

The control group did not undergo echocardiography or exercise testing. Information on planned
cardiac interventions was not collected systematically and therefore could not be analyzed. Clinical and
functional characteristics of the CHD cohort according to anatomical complexity are presented in Table 2.

The three CHD complexity groups differed significantly in several demographic, functional, and clinical
characteristics. Age differences between the groups were statistically significant (p = 0.029), although the
median values were similar and the distributions substantially overlapped; age was therefore included as a
covariate in subsequent adjusted models. The distributions of clinically recorded NYHA functional class
and heart-failure stage also differed across the anatomical-complexity groups (both permutation p < 0.001).
Significant omnibus differences were observed in the number of previous cardiac surgeries, age at first
surgery, LVEF, and peak aortic valve gradient (all p < 0.001), as well as in oxygen saturation (p = 0.005)
and PWC (p = 0.004). No significant differences were found in sex distribution, BMI, time since the most
recent surgery, estimated right ventricular systolic pressure, peak pulmonary valve gradient, or tricuspid
and pulmonary regurgitation grades.

Table 2: Clinical and functional characteristics of the CHD group.

CHD total (n = 154) CHDI (n = 32) CHD II (n = 93) CHD III (n = 29)

Parameter Median [Q1; Q3] Median [Q1; Q3]  Median [Q1; Q3]  Median [Q1; Q3] P V2lue
Demographics
Age (years) 15.00 [14.00; 16.00] 15.00 [14.00; 16.00]  15.00 [13.00; 16.00]  14.00 [12.00; 15.00] 0.029
BMI (kg/m2) 19.80 [17.90; 23.05] 19.45 [18.16;21.66]  20.07 [18.00; 23.33]  18.71 [17.25; 23.29] 0.556
Boys, n (%) 85 (55.2%) 12 (37.5%) 55 (59.1%) 18 (62.1%) 0.075
Functional Status
NYHA class, n (%) <0.001
I 12 (7.8%) 8 (25.0%) 3 (3.2%) 1(3.4%)
I 138 (89.6%) 24 (75.0%) 89 (95.7%) 25 (86.2%)
I 4(2.6%) 0(0.0%) 1(1.1%) 3(10.3%)
Heart failure stage, n (%) <0.001
A 11 (7.1%) 6 (18.8%) 4(4.3%) 1(3.4%)
B 36 (23.4%) 13 (40.6%) 20 (21.5%) 3 (10.3%)
C 107 (69.5%) 13 (40.6%) 69 (74.2%) 25 (86.2%)
Oxygen saturation, SpO; (%) 99.00 [98.00; 99.00] 99.00 [98.00; 99.00]  99.00 [98.00; 99.00]  98.00 [96.00; 99.00] 0.005
Surgical History
No. of previous cardiac 1.00 [1.00; 2.00] 1.00 [1.00; 1.00] 1.00 [1.00; 2.00] 3.00 [1.00; 4.00] <0.001
surgeries
Age at first surgery (years) 0.85 [0.30; 6.62] 2.60 [0.70; 12.95] 1.00 [0.40; 5.90] 0.10 [0.07; 0.62] <0.001
Time since most recent 8.85 [2.00; 13.80] 11.80 [1.40; 14.75] 7.30 [2.00; 13.80] 9.95 [5.38; 12.62] 0.820

surgery (years)
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Table 2: Cont.

CHD total (n = 154) CHDI (n = 32) CHD II (n = 93) CHD III (n = 29)

Parameter Median [Q1; Q3] Median [Q1; Q3] Median [Q1; Q3] Median [Q1; Q3] p-Value
Echocardiography
LVEF (%) 65.20 [62.10; 68.92] 64.40 [62.10; 66.45]  66.40 [63.30; 69.40]  61.00 [54.50; 65.80]  <0.001
Estimated right ventricular 32.00 [29.25; 33.00] 32.00 [30.00; 33.00]  32.00 [29.00; 33.00]  32.00 [29.00; 35.00] 0.916
systolic pressure (mmHg)
Peak aortic valve gradient 7.00 [0.00; 11.00] 5.00 [0.00; 7.00] 9.00 [0.00; 15.00] 7.00 [0.00; 8.00] <0.001
(mmHg)
Peak pulmonary valve 7.00 [4.00; 16.00] 6.00 [4.50; 8.00] 7.00 [5.00; 17.00] 5.00 [0.00; 35.00] 0.366
gradient (mmHg)
(Tor_‘?)’smd regurgitation grade 1.00 [1.00; 1.50] 1.50 [1.00; 1.50] 1.00 [1.00; 1.50] 1.50 [1.00; 2.00] 0.490
Pulmonary regurgitation 1.00 [0.00; 1.50] 1.00 [0.00; 1.00] 1.00 [1.00; 1.50] 1.00 [0.00; 1.50] 0.230
grade (0-3)
Functional Parameters

Rﬁ‘/}/'ls{g)al work capacity 1.70 [1.40; 1.90] 1.60 [1.38; 1.62] 1.80 [1.50; 1.90] 1.60 [1.25; 1.70] 0.004

Note. Data are presented as median [Q1; Q3] or n (%). The p-values represent omnibus comparisons across the three independent
anatomical-complexity groups (CHD I, CHD II, and CHD III); the CHD total column is descriptive and was not included as a separate
group in the statistical tests. Continuous and ordinal variables were compared using the Kruskal-Wallis test. Sex distribution
was compared using the Pearson chi-square test. Overall NYHA class and heart-failure stage distributions were compared using
permutation chi-square tests with 50,000 permutations because of small expected cell counts. Significant Kruskal-Wallis results
were followed by Dunn pairwise comparisons with Holm adjustment. CHD, congenital heart disease; BMI, body mass index; NYHA,
New York Heart Association; LVEF, left ventricular ejection fraction. No participant was classified as NYHA IV or heart-failure
stage D.

2.4 Fatigue Assessment

Fatigue severity was assessed using the Russian-language ‘Degree of Chronic Fatigue’ questionnaire (DCF),
a standardized self-report instrument developed by A.B. Leonova and colleagues [26]. The DCF is designed
to identify and characterize fatigue-related symptoms across somatic, cognitive, emotional, motivational,
and behavioral domains. The scale structure, conceptual correspondence with the Multidimensional Fatigue
Inventory (MFI-20) domains, and internal consistency in the present sample are summarized in Table 3.

Table 3: Conceptual correspondence between the Degree of Chronic Fatigue (DCF) subscales and the multidimensional
fatigue Inventory (MFI-20) domains with internal consistency in the present sample.

DCPF’s Internal

. . . Conceptual
Scale No «Degree of Chronic Fatigue» Consistency CorresponI:lence to Text Labels*
: (DCF): Full Scale Name (Cronbach’s «, MFI-20 Domain
McDonald’s w)
1 Manifestations of physiological x =0.823 Physical fatigue Physical discomfort
discomfort (including 0831
sleep-wake cycle disturbances) w=0.
9 Reduction in general well-being o = 0.855 General fatigue General and cognitive
and cognitive discomfort W = 0.862 Mental fatigue discomfort
3 Emotional disturbances x=0811 Reduced motivation Emotional fatigue
w = 0.815
4 Reduced motivation and social « = 0.695 Reduced motivation Reduced motivation
5 activity w =0.717 Reduced activity and activity
6 Chronic Fatigue Index x =0928 Total score Chronic Fatigue Index
© = 0.930 (CFI), total score

“These abbreviated labels are used throughout this manuscript.
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The DCF assessment protocol requires participants to evaluate each statement with reference to
their physical and psychological state during the preceding three months. This three-month reference
period, inherent to the instrument’s standardized administration, operationalizes the chronicity criterion
typically employed in epidemiological research to characterize persistent fatigue (duration > 3 months).
The resulting fatigue scores reflect the severity and multidimensional profile of fatigue symptoms reported
over this reference interval. However, the DCF does not assess continuity or uninterrupted presence of
individual symptoms throughout the entire three-month period, nor does it enable formal clinical diagnosis
of myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) according to established diagnostic
criteria. Therefore, the present study evaluated fatigue severity-operationalized through DCF assessment
anchored to a three-month evaluation window-as a dimensional symptomatic construct, rather than
establishing formal clinical diagnosis of ME/CFS or other discrete fatigue-related disorder.

The DCF comprises 36 items scored on a 3-point response scale (“definite agreement”, “ambiguous
agreement”, and “disagreement”) and yields four subscale scores plus a composite index: (1) Physical
discomfort-somatic and autonomic manifestations, including sleep-wake cycle disturbances; (2) General
and cognitive discomfort-subjective deterioration in well-being and cognitive difficulties; (3) Emotional
fatigue-disturbances in affective and motivational domains; (4) Reduced motivation and activity-decreased
motivation and social engagement; (5) CFI-a composite summary score.

Because the four symptom subscales differ in item count, subscale raw scores were converted to
percentages of their maximum possible scores for cross-subscale comparability. CFI interpretation categories
were as follows: absence of symptoms (<17%), initial stage (18-26%), pronounced fatigue (27-36%), high
level (37-47%), severe fatigue manifestations (>48%). These categories represent instrument-specific scoring
classifications and do not correspond to formal clinical diagnoses.

To assess internal consistency in the present sample, Cronbach’s alpha () and McDonald’s omega (w)
were calculated for all subscales (Table 3). Item-level analysis revealed that within the “Reduced motivation
and activity” subscale, item 6 (“I enjoy working in a team”) showed a low item-remainder correlation (r
= 0.245, acceptable threshold > 0.3); however, McDonald’s omega for this subscale was 0.717, meeting
psychometric standards, and the item did not substantially affect the composite CFI (r = 0.327). No formal
cross-cultural validation of the DCF against international instruments (MFI-20, PedsQL Multidimensional
Fatigue Scale) has been conducted; test-retest reliability was not calculated owing to the cross-sectional design.

2.5 Statistical Analysis

Because most variables deviated from normality (Shapiro-Wilk test; p < 0.0001 for all fatigue scales in the
CHD group, skewness 1.10-1.47), data are presented as medians with interquartile range-Median [Q1; Q3].

Primary between-group comparisons employed the Mann-Whitney U test or Welch’s t-test (when
both groups approximated normal distributions). Comparisons among the three CHD subgroups used the
Kruskal-Wallis test with Dunn’s post-hoc test and Holm correction. Categorical variables were tested using
chi-squared tests. The Benjamini—-Hochberg false discovery rate (FDR) correction was applied across all
test families: a family of 5 outcomes for the primary CHD vs. control comparison, and 15 tests for pairwise
comparisons across four groups.

Effect sizes were quantified using Hedges’ g for pairwise comparisons (small: |g| = 0.20-0.49; moderate:
0.50-0.79; large: >0.80), epsilon-squared (¢2) for multi-group comparisons, and Cliff’s delta as a nonparametric
effect-size measure. Bootstrap confidence intervals for median differences were obtained with 1000 iterations.

Multivariate analysis of covariance (MANCOVA) was conducted for the four DCF domain scores,
excluding the composite CFI to avoid redundancy, with age, sex, and BMI as covariates. Adjusted regression
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models were fitted using ordinary least squares (OLS) with heteroscedasticity-consistent (HC3) robust
standard errors. The base model included age, sex, and BMI. Predictor blocks were then tested sequentially:
clinical severity (CHD complexity, NYHA class, heart failure stage, oxygen saturation), surgical history,
echocardiographic parameters, and PWC (W/kg). Multicollinearity was monitored via variance inflation
factor (VIF; exclusion threshold > 5). Standardized {3 coefficients were computed for cross-predictor
comparison; Cohen’s benchmarks: small |(3| = 0.10-0.29, moderate = 0.30-0.49, large > 0.50.

Given the central role of null results in this investigation (the absence of association between cardiac
parameters and fatigue), three additional verification approaches were employed to strengthen confidence
in the primary null findings and ensure that observed non-significant results were not attributable to
statistical limitations:

(1) Post-hoc power analysis for the key comparison ‘CHD complexity — fatigue’ to confirm that the
sample had adequate power to detect medium-sized effects if they existed.

(2) Bayesian model comparison using Jeffreys—Zellner-Siow (JZS) priors with calculation of Bayes factor
(BFy1) to quantify evidence in favor of the null hypothesis relative to models including the parameter
of interest.

(3) Equivalence testing (two one-sided tests, TOST, with boundaries of +5 points) for pairwise comparisons
among CHD subgroups to formally establish clinical equivalence where appropriate.

These verification analyses provide robust evidence that the null findings reflect true absence of
association rather than insufficient statistical power or model specification issues.

Robustness and sensitivity checks to evaluate the stability and generalizability of primary findings
comprised: (1) exclusion of influential observations (Cook’s distance, threshold 4/n); (2) \least absolute
shrinkage and selection operator (LASSO) and Elastic Net (EN) regularization (11 = 0.9) with cross-validation
across 18 candidate predictors to assess predictor selection stability; (3) multiple imputation of missing data
(20 imputations, iterative imputer, Rubin’s rules) to evaluate sensitivity to missing data mechanisms.

Mediation and moderation were assessed via Spearman correlation and OLS HC3 with product-of-
predictors interaction terms where theoretically indicated. All statistical analyses were performed using
SPSS Statistics, version 31.0 (IBM Corp, Armonk, NY, USA) A two-sided p-value of <0.05 was considered
statistically significant.

3 Results
3.1 Sample Characteristics

The final analytic sample comprised 229 adolescents: 154 with CHD and 75 healthy controls. Demo-
graphic characteristics of the two groups are presented in Table 4.

Table 4: Demographic, clinical and functional characteristics of participants.

Parameter Control (n = 75) CHD Total (n = 154) p-Value
Age (years) 15.00 [14.00; 16.00] 15.00 [13.00; 17.00] 0.093
Boys, n (%) 30 (40.0%) 85 (55.2%) 0.031
BMI (kg/m?) 21.37 [19.77; 23.16] 19.80 [17.90; 23.05] 0.006
Oxygen saturation (%) 99.00 [98.00; 100.00] 99.00 [98.00; 99.00] 0.003

Note. Data are presented as median [Q1; Q3] or n (%). Continuous variables were compared using the Mann-Whitney U test, and
sex distribution was compared using the Pearson chi-square test. CHD, congenital heart disease; BMI, body mass index.
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The two groups did not differ significantly in age (p = 0.093). The CHD group included a higher
proportion of boys than the control group (55.2% vs. 40.0%, p = 0.031) and had a lower median BMI (19.80
vs. 21.37 kg/m?, p = 0.006). Peripheral oxygen saturation was slightly lower in the CHD group, although
the median was 99% in both groups and distributions substantially overlapped (p = 0.003). Age, sex, and
BMI were included as covariates in all adjusted between-group analyses.

Demographic, clinical, and functional characteristics of the CHD cohort according to anatomical
complexity are presented in Table 2. The three anatomical-complexity groups differed significantly in
several demographic, functional, and clinical characteristics.

3.2 Fatigue Severity in the CHD and Control Groups

Participants with CHD reported lower fatigue scores than the control group across all five DCF
outcomes (Table 5). After FDR correction, statistically significant between-group differences remained for
the CFI, general and cognitive discomfort, emotional fatigue, and physical discomfort, whereas reduced
motivation and activity was not significantly different. Effect sizes were small to moderate, with the largest
difference observed for general and cognitive discomfort (Hedges’ g = —0.56), followed by the CFI (g = —0.48),
emotional fatigue (g = —0.43), and physical discomfort (g = —0.34).

MANCOVA including the four DCF domain scores, while excluding the composite CFI to avoid
redundancy, showed an overall difference between the CHD and control groups when the four fatigue
domains were considered jointly, after adjustment for age, sex, and BMI (Wilks’ A = 0.923, F(4, 219) = 4.60,
p =0.001). Sex showed the strongest multivariate association with the four fatigue-domain scores considered
jointly (Wilks’ A = 0.863, F(4, 219) = 8.67, p < 0.001), followed by BMI (Wilks’ A = 0.952, F(4, 219) = 2.77,
p =0.028). Age was not significantly associated with the four domain scores considered jointly (Wilks’
A = 0.963, F(4, 219) = 2.08, p = 0.085).

Table 5: Chronic fatigue scores in the CHD and control groups.

CHD (n = 154) Control (n = 75)

Scale Median [Q1;Q3]  Median [Q1; Q3] U P FDR Adjusted p Hedges’ g Cliff’s &
CFI 15.00 [9.00; 24.00] 20.00 [10.00; 39.00] 4536.0 0.008 0.025 —0.48 —0.21
General and
cognitive 15.00 [5.00; 30.00] 25.00 [5.00; 65.00] 4578.0 0.011 0.025 —0.56 —0.21
discomfort
Emotional ¢ 1533:3333] 3333 [8.33; 66.67] 4663.5 0.017 0.025 —0.43 —0.19
fatigue
Physical
. 16.67 [6.67; 33.33] 23.33 [13.33; 43.33] 4682.0 0.020 0.025 —0.34 —-0.19
discomfort
Reduced
motivation 40.00 [20.00; 60.00] 50.00 [30.00; 80.00] 4948.0 0.077 0.077 —0.26 —0.14

and activity

Note. Data are presented as median [Q1; Q3]. All comparisons used the Mann-Whitney U test. Benjamini-Hochberg correction
was applied across the five primary outcomes. Negative Hedges’ g and Cliff’s & values indicate lower scores in the CHD group.
CFI, Chronic Fatigue Index, the instrument’s official label for the composite fatigue score; CHD, congenital heart disease.

3.3 Adjusted Association between Group Membership and Fatigue Scores

After adjustment for age, sex, and BMI, membership in the CHD group remained significantly associated
with lower scores on three of the five fatigue outcomes: general and cognitive discomfort, the CFI, and
emotional fatigue (Table 6; Fig. 1). The largest adjusted difference was observed for general and cognitive
discomfort, whereas standardized group effects were small across all outcomes. Adjusted differences in



10 Struct Congenit Heart Dis. 2026;21(4):7

physical discomfort and reduced motivation and activity did not remain statistically significant after FDR
correction.

Table 6: Adjusted effect of CHD group membership on chronic fatigue scores (OLS HC3).

Scale B 95% CI P FDR Adjusted p Standardized 3  Adjusted R?
| —
General and cognitive 1, 10 (5010 _476]  0.001 0.007 —0.231 0.122
discomfort

CFI —6.12  [-1053;-1.72]  0.006 0.016 ~0.198 0.104
Emotional fatigue ~1030  [-18.45;-2.15]  0.013 0.022 ~0.174 0.105
Physical discomfort -535  [-10.98; 0.28] 0.063 0.063 ~0.130 0.083

Reduced motivati
ecduced motvation 797 [~16.09; 0.16] 0.055 0.063 ~0.136 0.019

and activity

Note. Models were fitted using ordinary least squares with HC3 robust standard errors and adjusted for age, sex, and BMI. 3
denotes the unstandardized coefficient for CHD versus Control, with negative values indicating lower scores in the CHD group.
Benjamini-Hochberg correction was applied across the five fatigue outcomes. CFI, Chronic Fatigue Index; OLS, ordinary least
squares; HC3, heteroscedasticity-consistent robust standard errors; CHD, congenital heart disease.
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Figure 1: Adjusted differences in fatigue scores between the CHD and control groups. Points represent unstandardized
OLS regression coefficients, and horizontal lines indicate 95% confidence intervals. Models were adjusted for age,
sex, and BMI and fitted using HC3 heteroscedasticity-robust standard errors. Negative coefficients indicate lower
fatigue scores in the CHD group. Blue denotes associations that remained significant after Benjamini-Hochberg FDR

correction; grey denotes non-significant associations.

Sex differences in fatigue severity were significant across four of the five outcomes: boys reported
significantly lower adjusted scores on the CFI, physical discomfort, general and cognitive discomfort, and
emotional fatigue compared to girls (all p < 0.001) (Fig. 2). No significant sex difference was observed for
reduced motivation and activity (3 = —0.95, 95% CI —8.20 to 6.31, p = 0.798).
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Figure 2: Sex differences in chronic fatigue scores in the CHD and Control groups. Panels (A-D): Physical discomfort,
General and cognitive discomfort, Emotional fatigue, Total CFIL. Orange—girls, green—boys. Boxplot: median and
IQR; brackets—p_FDR (Mann-Whitney test).

3.4 Fatigue Severity by CHD Anatomical Complexity and Bayesian Verification of Null Results

Comparison across four groups (Table 7, Fig. 3) revealed statistically significant fatigue reductions
relative to control in the CHD I and CHD II subgroups on the CFI and the general and cognitive discomfort
scale. The CHD III group did not differ significantly from controls on any scale. Comparison of the three
CHD subgroups against one another (Kruskal-Wallis test) found no significant differences on any scale
(H = 0.10-2.56, all p > 0.28, all p_FDR > 0.70; Dunn-Holm post-hoc: all p > 0.41).

To rigorously verify the null result, post-hoc power analysis, Bayesian model comparison, and equiva-
lence testing were performed. The observed effect of CHD anatomical complexity on fatigue was negligible
(€2 = 0.000; 1% = 0.003; Cohen’s f = 0.058), and post-hoc power for this effect was 9.0%. The sample nonethe-
less had adequate power to detect a medium-sized effect (minimum detectable n? = 0.060 at 80% power).
Bayesian analysis provided positive evidence supporting the null hypothesis: the data were 8.91-108.37
times more compatible with a model without a CHD complexity effect than with one including it (BFy; = 8.91
for ordinal coding and 108.37 for categorical coding). Equivalence testing (TOST, boundary +5 points)
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confirmed clinical equivalence of CHD I and CHD II groups; the CHD III group did not reach the formal
equivalence threshold, owing in part to the comparatively small subgroup size (n = 29).

Table 7: Chronic fatigue scores by group and adjusted effects of CHD subgroups vs. Control (OLS HC3).

Scale

Control (n = 75)

CHDI (n = 32)

CHD II (n = 93)

CHD III (n = 29)

Median [Q1; Q3]

CFL

General and cognitive

20.00 [10.00; 39.00]
25.00 [5.00; 65.00]

15.00 [7.00; 24.00]
10.00 [0.00; 31.25]

14.00 [9.00; 23.00

[ ]
10.00 [5.00; 30.00]
[ ]

18.00 [12.00; 25.00]
15.00 [10.00; 35.00]

discomfort
Emotional fatigue 33.33 [8.33; 66.67] 16.67 [0.00; 41.67] 16.67 [8.33; 33.33 25.00 [8.33; 50.00]
Physical discomfort 23.33 [13.33; 43.33] 15.00 [10.00; 33.33] 20.00 [6.67; 33.33] 16.67 [6.67; 33.33]

Reduced motivation and

50.00 [30.00; 80.00]

40.00 [27.50; 60.00]

40.00 [20.00; 60.00]

50.00 [40.00; 70.00]

activity
P vs. Control [95% CI], p
—7.32 [-13.64; —0.99],  —5.96 [-10.53; —1.40],  —3.83 [-9.99; 2.33],
CFI (total score) p=0.023" p=0.010" p=0223
General and cognitive ) —16.48 [—26.86; —12.83 [—20.94; —8.19 [—18.62; 2.24],
discomfort —6.10], p = 0.002"* —4.71], p = 0.002** p=0.124

Note. 3 from OLS HC3 models adjusted for age, sex, BMI, anatomical CHD complexity, and physical work capacity. Kruskal-
Wallis for CHD I/II/III: H < 2.56, p_FDR > 0.70—no significant within-group differences. OLS, ordinary least squares; HC3,
heteroscedasticity-consistent robust standard errors; CHD, congenital heart disease; BMI, body mass index; p_FDR, false discovery
rate-adjusted p-value. *p < 0.05; “*p < 0.01.
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Figure 3: Distribution of chronic fatigue scores across the four groups. Panel (A)—total CFL; Panel (B)—% general and

cognitive discomfort. Violin plot with embedded boxplot.

3.5 Predictors of Chronic Fatigue within the CHD Group

To identify clinical determinants of fatigue severity within the CHD cohort, Spearman correlation
analysis (with FDR correction) and sequential linear regression models with HC3 robust standard errors
were conducted. After FDR correction, none of the clinical variables-CHD anatomical complexity, NYHA
functional class, heart failure stage, oxygen saturation, LVEF, estimated right ventricular systolic pressure,
tricuspid and pulmonary regurgitation grades, aortic and pulmonary valve pressure gradients, number of
previous cardiac surgeries, age at first surgical intervention, or time elapsed since the most recent surgical
procedure-demonstrated a statistically significant correlation with any fatigue scale.
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Physical work capacity demonstrated a weak inverse unadjusted association with physical discomfort
(rs = —0.175, p = 0.030) and a weaker association with the CFI (rs = —0.142, p = 0.079). Neither association
remained statistically significant after correction for multiple testing. The unadjusted relationship between
physical work capacity and the CFI is illustrated in Fig. 4.

A multivariable OLS model with HC3 heteroscedasticity-robust standard errors was fitted to examine
predictors of the CFI within the CHD group, including physical work capacity, sex, age, BMI, and anatomical
CHD complexity (Table 8). Higher physical work capacity was associated with lower CFI scores; however,
this association did not reach statistical significance (3 = —4.52 per 1 W/kg, 95% CI —9.49 to 0.44, p = 0.074;
standardized 3 = —0.146). Male sex was also associated with a lower estimated CFI score (3 = —3.80, 95% CI
—8.20 to 0.60, p = 0.090), as was older age (3 = —0.79 per year, 95% CI —1.86 to 0.29, p = 0.150), although
confidence intervals for both included the null value. BMI (3 = —0.06, p = 0.880) and anatomical CHD
complexity (3 = 0.43, p = 0.797) showed minimal evidence of association with the total fatigue score. The
model explained 7.1% of the variance in the CFI (R? = 0.071; adjusted R? = 0.039).

Exploratory interaction analyses were additionally performed to assess whether clinically relevant
associations with the CFI varied across patient subgroups. No statistically significant interaction was
observed between anatomical CHD complexity and PWC (3_interaction = 4.62, 95% CI —4.17 to 13.41,
p = 0.303). Likewise, the interaction between NYHA functional class and sex was not statistically significant
(B_interaction = 11.07, 95% CI —3.20 to 25.35, p = 0.128). These analyses were exploratory and should be
interpreted cautiously because interaction effects generally require larger samples and the highest-severity
categories were sparsely represented, particularly NYHA class III.
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Figure 4: Relationship between physical work capacity (W/kg) and total CFIL. Points are color-coded by complexity:
green—CHD I, orange—CHD II, blue—CHD III. Line—linear regression; grey band—95% CI. Spearman p = —0.194,
p=0.034; B (W/kg) = —5.18; 95% CI [—10.27; —0.09]; p = 0.046; adj R? = 0.113.
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Table 8: Predictors of total chronic fatigue score within the CHD group (OLS HC3).

Predictor B SE (HC3) 95% CI P B* LASSO/EN
CI;EZE‘::;I(\‘;’,%E) —4.52 253 [—9.49; 0.44] 0.074 —0.146 /I
Sex (male) ~3.80 2.25 [-8.20; 0.60] 0.090 ~0.150 /1
Age (years) —0.79 0.55 [—1.86;0.29] 0.150 —0.108 %
BMI (kg/m?) —0.06 0.38 [—0.80; 0.68] 0.880 —0.018 —/-
CHD complexity 0.43 1.69 [-2.87; 3.74] 0.797 0.022 —/-

Note. The dependent variable was the Chronic Fatigue Index (CFI), the instrument’s composite fatigue score. Models were
fitted using ordinary least squares with HC3 heteroscedasticity-robust standard errors and included age, sex, BMI, anatomical
CHD complexity, and physical work capacity. (3 denotes the unstandardized regression coefficient; 3* denotes the standardized
coefficient. Negative coefficients indicate lower CFI scores with increasing predictor values; for sex, a negative coefficient indicates
lower scores in boys. The model explained 7.1% of the variance in the CFI (R? = 0.071; adjusted R? = 0.039; AIC = 1201.96). Variance
inflation factors indicated no problematic multicollinearity. LASSO/EN: v indicates that the predictor was retained by LASSO or
Elastic Net under cross-validation; — indicates a zero coefficient. CFI, Chronic Fatigue Index; OLS, ordinary least squares; HC3,
heteroscedasticity-consistent robust standard errors; BMI, body mass index; CHD, congenital heart disease; LASSO, least absolute
shrinkage and selection operator; EN, Elastic Net; AIC, Akaike information criterion.

3.6 Verification of Null Results

To rigorously establish that the absence of association between CHD complexity and fatigue severity
was not due to insufficient statistical power or model misspecification, three verification approaches were
undertaken:

Post-Hoc Power Analysis

The observed effect of CHD anatomical complexity on fatigue was negligible (¢2 = 0.000; ? = 0.003;
Cohen’s f = 0.058), and post-hoc power for detecting this effect was 9.0%. However, the sample nonetheless
had adequate power to detect a medium-sized effect (minimum detectable n? = 0.060 at 80% power). This
discrepancy indicates that the null result cannot be attributed to inadequate sample size for medium-effect
detection; rather, if a true effect exists, it is likely to be very small (smaller than conventional medium effects).

Bayesian Model Comparison

Bayesian analysis provided positive evidence in support of the null hypothesis: the data were 8.91-108.37
times more compatible with a model without a CHD complexity effect than with one including it (BF,; = 8.91
for ordinal coding and 108.37 for categorical coding). Bayes factors exceeding 3.0 constitute moderate-
to-strong evidence supporting the null model, and these results substantially exceed that threshold. This
analysis provides robust evidence that the data are more likely under a model of no relationship between
CHD complexity and fatigue.

Equivalence Testing

Equivalence testing (TOST, with boundaries of +£5 points on the CFI scale) confirmed clinical equiva-
lence of CHD I and CHD II groups, indicating that fatigue severity in these two subgroups did not differ by
more than the pre-specified clinically meaningful threshold. The CHD III group did not reach the formal
equivalence threshold, owing in part to the comparatively small subgroup size (n = 29), which reduces
statistical power for this comparison. These results collectively support the conclusion that measured CHD
anatomical complexity does not meaningfully associate with fatigue severity in this cohort.

4 Discussion

This study tested the conventional disease-severity hypothesis within a broader transdiagnostic
framework by comparing fatigue in adolescents with CHD and school-based controls and by examining
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associations with anatomical complexity, functional status, and measured cardiac parameters. Contrary
to the severity-specific hypothesis, the CHD group reported lower fatigue scores on four of the five DCF
outcomes than the academically selective control group, and fatigue did not increase with anatomical CHD
complexity. These findings therefore did not support the predicted severity gradient and were instead more
compatible with the broader multifactorial framework considered a priori in the Introduction.

In pooled analyses, sex was among the most consistent predictor of fatigue across this cohort: girls
reported significantly higher fatigue severity across nearly all measured domains, independent of CHD status.
This pronounced sex dimorphism aligns with extensive literature documenting higher fatigue prevalence
in females across clinical and population-based samples [27-31]. Myalgic encephalomyelitis/chronic
fatigue syndrome occurs approximately three times more frequently in women than in men [32]. Sex
differences in fatigue have been reported among adolescents with cancer [3], older adults without cognitive
impairment [28], and patients with diverse chronic conditions [2,4,29-31].

The mechanisms underlying this sex difference are multifactorial. Beyond endocrine influences—
particularly those related to menstrual cycle dynamics and adrenal hormone secretion [32]—documented
sex differences in stress reactivity, sleep quality, and anxiety levels have been reported and partially
mediate higher fatigue in females [27]. Women also demonstrate a greater predisposition to comorbid
symptoms including low mood, anxiety, and emotional lability [28]. Additionally, gender socialization
patterns—particularly greater reflectivity and tendency toward internalization in girls [33,34] —may amplify
willingness to endorse and report fatigue symptoms.

In this cohort, measured indices of CHD anatomical complexity and cardiac dysfunction were not
significantly associated with fatigue severity, a finding consistent with and complementary to recent
integrative analyses [23]. Neither defect complexity, NYHA functional class, heart failure stage, nor
objective echocardiographic parameters (LVEF, valvular gradients, regurgitation grades) showed significant
association with fatigue across any domain. This null result was verified through multiple statistical
approaches: post-hoc power analysis confirmed adequate power to detect medium-sized effects; Bayesian
model comparison provided positive evidence supporting the null hypothesis; and equivalence testing
confirmed clinical equivalence of CHD I and CHD II subgroups.

Importantly, the absence of significant main effects does not exclude conditional associations that
may emerge within particular clinical or demographic subgroups. Exploratory interaction analyses did
not provide clear evidence that the association between PWC and fatigue varied by anatomical CHD
complexity or that the association between NYHA functional class and fatigue differed by sex. However,
these analyses were exploratory and should not be interpreted as demonstrating the absence of effect
modification. Interaction effects generally require larger samples than main effects, and precision was
limited by the small numbers in the highest-severity categories. Thus, smaller or more complex conditional
relationships between cardiac status, functional capacity, sex, and fatigue remain possible.

These observations suggest that the relationship between structural cardiac disease severity and
subjective fatigue in adolescents with CHD is more complex than disease anatomy alone would predict.
This pattern is consistent with the transdiagnostic conceptualization of fatigue, which emphasizes that
fatigue arises across diverse underlying conditions and may not correspond closely to conventional indices
of disease severity. At the same time, the exploratory interaction findings indicate that the present data
cannot exclude the possibility that cardiac or functional factors influence fatigue differently in specific
patient subgroups.

Physical work capacity (W/kg, assessed by bicycle ergometry) demonstrated a weak inverse association
with fatigue within the CHD group, although this association did not attain statistical significance after
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correction for multiple comparisons. Importantly, PWC should not be conceptualized as an exclusively
non-cardiac or purely transdiagnostic determinant. In adolescents with CHD, realized exercise capacity
represents an integrative functional measure reflecting the combined influence of cardiac output and
hemodynamic status, residual cardiovascular limitations, physical conditioning, habitual physical activity,
and behavioral factors [35-37]. Accordingly, the observed association between higher PWC and lower
fatigue cannot be attributed specifically to either cardiac or non-cardiac mechanisms. The CHD I/II/III
groups differed significantly in PWC (p = 0.004), while LVEF and several other clinical characteristics
also varied across anatomical-complexity categories. At the same time, fatigue itself did not show a
corresponding anatomical-complexity gradient. This pattern suggests that subjective fatigue may relate to
the integrated functional consequences of cardiovascular disease and physical conditioning rather than to
anatomical complexity or individual echocardiographic parameters alone. Given the weak and analytically
sensitive PWC—fatigue association observed in the present study, however, this interpretation remains
exploratory and warrants confirmation in prospective studies using more comprehensive cardiopulmonary
exercise assessment.

An unexpected finding was that the school-based control group reported fatigue levels equal to or
exceeding those of the CHD cohort. The most parsimonious interpretation is that this pattern may reflect
characteristics of the selected control sample rather than unusually low fatigue in adolescents with CHD.
Control participants were recruited from a single highly selective school consistently ranked among Russia’s
top 100 academic institutions for the preceding decade. Such an educational setting may be associated with
substantial academic demands, while academic pressure has been linked to adverse psychological outcomes
and fatigue-related factors in adolescents [19]. Because academic workload, homework volume, perceived
stress, and sleep quality were not directly measured in the present study, elevated academic stress in this
control group cannot be demonstrated empirically. Nevertheless, the recruitment setting represents an
important source of potential selection bias, and the control group should not be assumed to represent the
typical healthy adolescent population.

This interpretation is particularly important because the between-group comparison provides informa-
tion about fatigue relative to this specific school-based control sample rather than about the absolute fatigue
burden of adolescents with CHD versus healthy adolescents in general. In contrast, 92.9% of participants
with CHD had documented state disability status that could provide access to educational accommodations.
However, actual school placement, academic workload, and utilization of such accommodations were not
assessed. Thus, the educational environments of the two groups cannot be directly compared, and it would
be inappropriate to conclude that reduced academic demands in the CHD cohort explain the observed
difference. The more defensible interpretation is that the unusually specific recruitment context of the
control group may have shifted its fatigue distribution upward.

Illness adaptation and response shift represent an additional, but more speculative, explanation.
Patients with chronic conditions frequently recalibrate their internal reference standards for symptom
appraisal over the course of long-term disease coexistence-a phenomenon well documented in pediatric
populations with cancer [38], juvenile idiopathic arthritis [39], inflammatory bowel disease [40], and other
chronic conditions [41]. Adolescents with CHD who have carried their diagnosis since early childhood
(median age at first surgery 0.85 years in this cohort) may normalize elevated fatigue levels as part of
their habitual functional baseline, systematically underreporting relative to healthy peers who retain an
uncalibrated reference standard. Social \ desirability-the desire to appear well-functioning-may additionally
amplify this underreporting. However, none of these mechanisms was directly assessed in the present
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study, and they should therefore be regarded as secondary hypotheses rather than primary explanations
for the between-group difference.

Confounding by other unmeasured psychosocial factors must also be considered. The cross-sectional
design prevents definitive causal inference, and beyond health status and educational setting, the groups
may differ in social support, sleep quality, perceived stress, emotional coping strategies, family functioning,
and other factors capable of influencing fatigue. These characteristics were not directly assessed and
therefore cannot be incorporated into the interpretation as demonstrated explanatory mechanisms.

Taken together, the observed between-group pattern should not be interpreted as evidence that
adolescents with CHD intrinsically experience less fatigue than healthy adolescents. A more cautious
interpretation is that fatigue was lower in the CHD cohort relative to this particular, potentially high-
burden school-based comparison group. Selection of controls from an academically selective educational
environment therefore represents the most immediate methodological explanation for the unexpected group
difference, whereas illness adaptation, response shift, and other psychosocial mechanisms remain plausible
but untested secondary explanations. Replication using controls recruited from more representative
educational settings, together with direct measurement of academic workload, stress, and sleep, is required
before the direction or magnitude of CHD-related differences in fatigue can be generalized to the broader
adolescent population.

Overall, these findings are compatible with a multifactorial conceptualization of fatigue in adolescence.
The data suggest that measured structural cardiac parameters and conventional indices of disease severity
do not fully account for variability in subjective fatigue, while functional, demographic, and psychoso-
cial influences may also be relevant. The data suggest that measured structural cardiac parameters and
conventional indices of disease severity do not fully account for variability in subjective fatigue. Rather,
fatigue may reflect contributions from multiple domains, including cardiac disease burden, integrated
functional capacity, demographic characteristics such as sex, and psychosocial context. PWC is particularly
relevant within this framework because it cannot be classified as purely cardiac or non-cardiac: it reflects
the combined consequences of cardiovascular function, physical conditioning, and behavioral adaptation.
The present between-group findings, however, must be interpreted in light of the specific characteristics of
the control sample and should not be taken as evidence that contextual factors outweigh cardiac influences.
This pattern is broadly consistent with prior integrative analyses demonstrating that transdiagnostic factors
can explain substantial variance in pediatric fatigue beyond cardiology-specific variables [23].

The findings suggest that comprehensive assessment of well-being in adolescents with CHD requires
consideration of structural cardiac status, functional capacity, and broader psychosocial factors. Clinicians
evaluating fatigue in this population should consider not only conventional cardiac measures but also
exercise capacity, sleep quality, emotional functioning, perceived stress, social support, and educational
demands, while recognizing that the relative contributions and interactions among these domains were not
established by the present cross-sectional study.

5 Limitations

The control group was recruited from a single, highly selective school consistently ranked among
Russia’s top 100 academic institutions. This sampling strategy, while pragmatically advantageous for
accessing a healthy peer population, introduces potential selection bias. Students in elite, academically
demanding schools experience well-documented elevated chronic academic stress compared to peers in
typical educational settings. Consequently, the control group may not be representative of the general
adolescent population with respect to fatigue risk factors and baseline fatigue severity.
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Whereas control participants attended a highly selective institution with standard, full-intensity aca-
demic demands, the educational environment of the CHD cohort remains incompletely characterized.
Although 92.9% of CHD participants possessed state disability status conferring access to educational
accommodations and reduced academic requirements, information regarding actual school placement, aca-
demic workload, and utilization of such accommodations was not systematically collected. This asymmetry
in documentation-greater certainty regarding control group context versus incomplete characterization
of CHD group educational circumstances-complicates interpretation of between-group differences and
warrants caution in attributing observed fatigue differences to cardiac versus psychosocial factors. Control
participants were recruited from a single academically selective school, which may not represent the general
adolescent population in terms of baseline fatigue risk and should be considered a potential source of
selection bias.

The cross-sectional design precludes causal inference. Beyond health status, the groups may differ in
unmeasured psychosocial factors-including social support, sleep quality, perceived stress, emotional coping
strategies, and family functioning-that could substantially influence fatigue and were not measured. This
limitation prevents definitive determination of whether fatigue differences reflect cardiac disease burden,
environmental context, response shift processes, or other unmeasured confounders.

All primary fatigue outcomes rely exclusively on self-report questionnaire data without objective
physiological validation. While self-report instruments are appropriate for measuring subjective fatigue
severity, they cannot distinguish response shift, social desirability bias, or other reporting artifacts from
genuine symptom differences.

The broad age range (11-17 years) of the sample, spanning early to mid-adolescence, constitutes a
limitation. Although age was included as a covariate, systematic measurement variability associated with
developmental stage cannot be fully eliminated. Future studies should consider narrower age bands and
age-adapted assessment instruments.

The DCF questionnaire has not undergone formal cross-cultural validation against international
instruments (MFI-20, PedsQL Multidimensional Fatigue Scale). At the item level, item 6 (“I enjoy working in
a team”) showed a low item-remainder correlation (r = 0.245) within the “Reduced motivation and activity”
subscale, although McDonald’s omega met the psychometric threshold (w = 0.717). Results on this subscale
should therefore be interpreted with appropriate caution. Test-retest reliability was not calculated owing to
the cross-sectional design.

Complete cardiopulmonary exercise testing data, including oxygen consumption at peak exercise
(VOgzpeak), were available for only 36 of 154 patients with CHD (23.4%), which precluded their inclusion in
primary analyses. Physical work capacity (W/kg from bicycle ergometry) served as a proxy measure and
does not replace complete cardiopulmonary exercise testing.

The absence of validated direct measurement of academic workload, sleep quality, and perceived stress
prevents definitive disentanglement of response shift and illness adaptation mechanisms from psychosocial
context explanations. Future studies should include these variables as primary measurement domains and
covariates.

While the sample had adequate power to detect effects of at least moderate magnitude (minimum
detectable n? = 0.060 at 80% power), it was insufficient to exclude very small main effects. The CHD III
subgroup (n = 29) is comparatively small, accurately reflecting the epidemiological rarity of complex defects.
Nevertheless, future studies should consider enrolling larger samples of patients with complex CHD to
increase statistical precision for this subgroup.
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The study was primarily designed to evaluate main associations rather than interaction effects. Al-
though exploratory analyses of CHD complexity x PWC and NYHA functional class x sex did not identify
statistically significant effect modification, these analyses had limited power, particularly because of the
small numbers in the highest-severity categories. Consequently, Type III error arising from small, subgroup-
specific, or otherwise insufficiently powered conditional associations cannot be excluded. Larger studies
specifically powered to examine interactions between cardiac severity, functional capacity, sex, and other
biopsychosocial factors are required to determine whether clinically relevant effect modification is present.

The NYHA functional classification was based on clinician documentation rather than standardized
functional testing. This classification reflects clinician assessment of exercise tolerance rather than objective
cardiopulmonary exercise capacity and may be subject to inter-rater variability.

6 Conclusions

In this cross-sectional cohort, cardiac disease severity did not predict fatigue in adolescents with
CHD. Sex was the strongest and most consistent factor: girls reported significantly higher fatigue than
boys, regardless of cardiac status. Interestingly, healthy controls from a high-performing school reported
fatigue levels similar to or higher than those with CHD—likely reflecting academic stress rather than lower
fatigue in the CHD group. These findings suggest that fatigue in this population is multifactorial, shaped
by functional capacity, sex, and psychosocial context rather than by cardiac anatomy alone. Clinicians
should look beyond cardiac metrics when evaluating fatigue. Future studies with representative controls
and direct measures of stress and sleep are needed to confirm these observations.
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