Additional file 1. Supplementary Tables
Supplementary Table S1 and Supplementary Tables S3-S9.
Supplementary Table S1. Baseline characteristics of the final analysis cohort (N=644)
	Characteristic
	Overall (N = 644)

	Age, years
	6.00 (3.00-9.00)

	Sex, n (%)
	

	• Male
	411 (63.8%)

	• Female
	233 (36.2%)

	Primary diagnosis, n (%)
	

	• Lymphoma
	131 (20.3%)

	• Neuroblastoma
	121 (18.8%)

	• Rhabdomyosarcoma
	99 (15.4%)

	• Nephroblastoma
	82 (12.7%)

	• Ewing sarcoma
	56 (8.7%)

	• Other sarcoma
	32 (5.0%)

	• Other malignancy
	29 (4.5%)

	• Acute lymphoblastic leukemia
	23 (3.6%)

	• Osteosarcoma
	20 (3.1%)

	• Primitive neuroectodermal tumor
	14 (2.2%)

	• Leukemia (other)
	10 (1.6%)

	• Clear cell sarcoma of kidney
	9 (1.4%)

	• Hepatoblastoma
	6 (0.9%)

	• Synovial sarcoma
	6 (0.9%)

	• Fibrosarcoma
	3 (0.5%)

	• Germ cell tumor
	2 (0.3%)

	• Medulloblastoma
	1 (0.2%)

	Cumulative doxorubicin-equivalent dose (mg/m²)
	161.09 (133.25-203.16)

	Cumulative dose category, n (%)
	

	• 100-199 mg/m²
	464 (72.0%)

	• 200-299 mg/m²
	145 (22.5%)

	• 300-399 mg/m²
	23 (3.6%)

	• ≥400 mg/m²
	12 (1.9%)

	Follow-up duration, months
	37.86 (19.70-74.25)

	ECG abnormality, n (%)
	575 (89.3%)

	Echocardiographic abnormality, n (%)
	37(5.7%)

	Cardiac enzyme abnormality, n (%)
	94 (14.6%)

	Any cardiac abnormality, n (%)
	584 (90.7%)


Continuous variables are presented as median (interquartile range, IQR).
Categorical variables are presented as number (percentage).
The final analysis cohort included 644 pediatric patients with baseline-normal cardiac evaluation and a cumulative doxorubicin-equivalent dose ≥100 mg/m².
Cumulative anthracycline exposure was expressed as doxorubicin-equivalent dose.












Supplementary Table S3. Echocardiographic or cardiac enzyme abnormality according to cumulative doxorubicin-equivalent dose quartiles
	Sensitivity endpoint
	Q1 (n=161)
	Q2 (n=161)
	Q3 (n=161)
	Q4 (n=161)
	P value
	P for trend

	Echo or cardiac enzyme abnormality
	26 (16.1%)
	33 (20.5%)
	24 (14.9%)
	37 (23.0%)
	0.212
	0.277


Data are presented as number (percentage). This sensitivity endpoint excluded ECG abnormalities. P values were calculated using Pearson's chi-square test; P for trend was calculated using the Cochran-Armitage trend test.


Supplementary Table S4. Cox proportional hazards analysis of the echocardiographic-or-cardiac-enzyme sensitivity endpoint
	Comparison
	Events
	Unadjusted HR (95% CI)
	P value
	Adjusted HR (95% CI)
	P value

	Q1 (reference)
	120 overall
	1.00 (reference)
	—
	1.00 (reference)
	—

	Q2 vs Q1
	
	1.28 (0.77–2.14)
	0.343
	1.25 (0.75–2.10)
	0.393

	Q3 vs Q1
	
	0.83 (0.48–1.45)
	0.510
	0.82 (0.47–1.43)
	0.479

	Q4 vs Q1
	
	1.40 (0.85–2.32)
	0.188
	1.38 (0.83–2.29)
	0.216

	Per quartile increase
	
	—
	—
	1.06 (0.90–1.25)
	0.466


HR, hazard ratio; CI, confidence interval. The endpoint comprised incident echocardiographic or cardiac enzyme abnormalities and excluded ECG abnormalities. Q1 was the reference group. Adjusted models included age at diagnosis and sex. The trend model treated dose quartile as an ordinal variable (1-4).


Supplementary Table S5. Exploratory subgroup analyses of incident echocardiographic abnormality
	Subgroup
	Level
	N / events
	HR per one-quartile increase (95% CI)
	Interaction P

	Age group
	<5 years
	242 / 3
	NE
	0.459

	
	≥5 years
	402 / 34
	1.23 (0.89–1.69)
	

	Sex
	Male
	411 / 25
	1.81 (1.20–2.72)
	0.044

	
	Female
	233 / 12
	0.93 (0.57–1.52)
	

	Diagnosis group
	Hematologic malignancy
	164 / 18
	1.02 (0.61–1.70)
	0.101

	
	Neuroblastoma
	121 / 3
	NE
	

	
	Sarcoma
	230 / 12
	2.48 (1.07–5.75)
	

	
	Other solid tumor
	129 / 4
	NE
	


HR, hazard ratio; CI, confidence interval; NE, not estimable because fewer than five events were available in the corresponding subgroup. Hazard ratios represent the association per one-quartile increase in cumulative doxorubicin-equivalent dose with incident echocardiographic abnormality. Interaction P values were nominal and were not adjusted for multiple comparisons; subgroup analyses were exploratory.


Supplementary Table S6. Restricted cubic spline analysis of cumulative doxorubicin-equivalent dose and incident echocardiographic abnormality
	Parameter
	Result

	Analysis population
	644

	Incident echocardiographic events
	37

	Continuous exposure
	Cumulative doxorubicin-equivalent dose (mg/m²)

	Spline specification
	Restricted cubic spline with 4 knots

	Knot locations (5th, 35th, 65th, 95th percentiles), mg/m²
	102.9, 137.4, 179.4, 304.1

	Reference dose, mg/m²
	161.1

	Model adjustment
	Age at diagnosis and sex

	P for overall association
	0.050

	P for nonlinearity
	0.394


Hazard ratios were estimated using a Cox proportional hazards model. The reference value was the median cumulative dose. The overall association was evaluated by comparing the spline model with a covariate-only model; nonlinearity was evaluated by comparing the spline model with a linear-dose model.


Supplementary Table S7. Sensitivity analyses using alternative anthracycline conversion factors
A. Alternative pirarubicin-to-doxorubicin conversion factors
	Pirarubicin factor
	Median cumulative dose, mg/m²
	Adjusted HR per 50 mg/m²
	95% CI
	P value
	Adjusted HR Q4 vs Q1
	95% CI
	P value

	0.50
	121.4
	1.21
	1.07–1.37
	0.003
	3.74
	1.24–11.28
	0.019

	0.60
	145.1
	1.20
	1.06–1.36
	0.004
	3.40
	1.12–10.34
	0.031

	0.67 (main analysis)
	161.1
	1.20
	1.06–1.35
	0.004
	3.38
	1.11–10.27
	0.032

	0.80
	191.3
	1.18
	1.05–1.33
	0.006
	3.04
	0.99–9.33
	0.052


B. Alternative liposomal doxorubicin-to-doxorubicin conversion factors
	Liposomal factor
	Median cumulative dose, mg/m²
	Adjusted HR per 50 mg/m²
	95% CI
	P value

	1.00 (main analysis)
	161.1
	1.20
	1.06–1.35
	0.004

	0.75
	160.0
	1.23
	1.06–1.44
	0.008

	0.50
	155.8
	1.25
	1.02–1.53
	0.028

	0.25
	151.5
	1.19
	0.92–1.55
	0.182


CI, confidence interval; HR, hazard ratio. All analyses used the original 644-patient cohort with 37 incident echocardiographic events and were adjusted for age at diagnosis and sex. Only the specified conversion factor was varied while the outcome definition and follow-up were held constant. In panel B, the pirarubicin factor was fixed at 0.67. An exploratory QC analysis excluding all 113 patients who ever received liposomal doxorubicin was not used as the principal sensitivity analysis because some patients initiated the liposomal formulation after the echocardiographic event.


Supplementary Table S8. Sensitivity analyses addressing temporal exposure assignment, echocardiographic surveillance intensity, low-dose inclusion, competing risk, and proportional-hazards assumptions
	Analysis
	N
	Events
	Effect measure
	Estimate (95% CI)
	P value

	Prespecified composite endpoint-time-varying cumulative-dose Cox
	644
	584
	Adjusted HR per 50 mg/m²
	1.17 (1.03–1.33)
	0.018

	Primary continuous-dose Cox
	644
	37
	Adjusted HR per 50 mg/m²
	1.20 (1.06–1.35)
	0.004

	Echo Time-varying Cox
	644
	37
	Adjusted HR per 50 mg/m²
	1.41 (1.22–1.64)
	<0.001

	Post-treatment landmark
	604
	18
	Adjusted HR per 50 mg/m²
	1.28 (1.04–1.56)
	0.019

	Expanded cohort including <100 mg/m²
	725
	38
	Adjusted HR per 50 mg/m²
	1.22 (1.08–1.37)
	<0.001

	Fine-Gray competing-risk model
	644
	37
	Adjusted sHR per 50 mg/m²
	1.19 (1.06–1.35)
	0.005

	Surveillance-intensity adjusted Cox
	644
	37
	Adjusted HR per 50 mg/m²
	1.19 (1.05–1.35)
	0.008

	Continuous dose × log(time) interaction
	644
	37
	HR for interaction
	1.09 (0.99–1.19)
	0.085

	Q4 × log(time) interaction
	644
	37
	HR for interaction
	1.82 (1.08–3.04)
	0.023


[bookmark: _GoBack]CI, confidence interval; HR, hazard ratio; sHR, subdistribution hazard ratio. The prespecified composite endpoint comprised electrocardiographic, echocardiographic, or cardiac enzyme abnormalities. All remaining analyses in this table used the prespecified incident echocardiographic abnormality endpoint unless otherwise stated. Sensitivity models were adjusted for age at diagnosis and sex, except the composite time-varying model, which was adjusted for age at diagnosis, sex, and standardized diagnosis group. The time-varying exposure analyses reconstructed 3,986 individual anthracycline administrations. The surveillance-intensity model additionally included the cumulative number of prior follow-up echocardiograms as a time-varying covariate; the event-defining echocardiogram was not counted as prior surveillance. In the Fine-Gray analysis, 74 deaths occurring before the echocardiographic endpoint were treated as competing events. Dose-by-log(time) interaction models were exploratory because only 37 echocardiographic events occurred.





Supplementary Table S9. Sensitivity of echocardiographic findings to endpoint definition
	Endpoint definition
	Analysis set
	Events, n (%)
	Q1–Q4 event distribution
	Adjusted HR per 50 mg/m²
	95% CI
	P value

	Prespecified echocardiographic abnormality endpoint¹
	N=644
	37 (5.7%)
	Q1 4/161 (2.5%); Q2 11/161 (6.8%); Q3 7/161 (4.3%); Q4 15/161 (9.3%)
	1.20
	1.06–1.35
	0.004

	More-specific decline-based LVEF sensitivity endpoint²
	N=279 evaluable
	13 (4.7%)
	Q1 1/62 (1.6%); Q2 7/74 (9.5%); Q3 4/66 (6.1%); Q4 1/77 (1.3%); P for trend=0.547
	0.84
	0.51–1.38
	0.489

	Strict exploratory LVEF sensitivity endpoint³
	N=279 evaluable
	4 (1.4%)
	Q1 1/62 (1.6%); Q2 2/74 (2.7%); Q3 1/66 (1.5%); Q4 0/77 (0.0%)
	Not modeled
	—
	—


¹ Prespecified echocardiographic abnormality endpoint: incident LVEF <60%, FS <28%, or clinically relevant structural/pericardial abnormality after a normal baseline assessment. The 37 events comprised 34 LVEF <60% events (7 also had FS <28%), 1 isolated FS <28% event, and 2 pericardial effusions. The locked quartile distribution was 4/11/7/15 in Q1–Q4.
² Decline-based endpoint: absolute LVEF decline ≥10 percentage points from the available pre-anthracycline quantitative LVEF together with follow-up LVEF <60%. Patients without a quantitative pre-treatment LVEF were considered non-evaluable rather than non-events. Isolated FS <28% and pericardial effusion were not included.
³ Strict exploratory endpoint: absolute LVEF decline ≥10 percentage points together with follow-up LVEF ≤55%. Only four events occurred; multivariable survival modeling was therefore not performed.
Adjusted continuous-dose Cox models express cumulative doxorubicin-equivalent exposure per 50 mg/m² and were adjusted for age at diagnosis and sex. The decline-based analyses were post hoc sensitivity analyses.
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Overall
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=

644)

Age,

years

6.00

(3.00-9.00)

Sex,

n

(%)

•

Male

411

(63.8%)

•

Female

233

(36.2%)

Primary

diagnosis,

n

(%)

•

Lymphoma

131

(20.3%)

•

Neuroblastoma

121

(18.8%)

•

Rhabdomyosarcoma

99

(15.4%)

•

Nephroblastoma

82

(12.7%)

•

Ewing

sarcoma

56

(8.7%)

•

Other

sarcoma

32

(5.0%)

•

Other

malignancy

29

(4.5%)

•

Acute

lymphoblastic

leukemia

23

(3.6%)

•

Osteosarcoma

20

(3.1%)

•

Primitive

neuroectodermal

tumor

14

(2.2%)

•

Leukemia

(other)

10

(1.6%)

•

Clear

cell

sarcoma

of

kidney

9

(1.4%)

•

Hepatoblastoma

6

(0.9%)

•

Synovial

sarcoma

6

(0.9%)

•

Fibrosarcoma

3

(0.5%)

•

Germ

cell

tumor

2

(0.3%)

•

Medulloblastoma

1

(0.2%)
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(mg/m

²

)

161.09

(133.25-203.16)

