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Supplementary Methods
 
Cohort selection
We identified women treated for DCIS at the Netherlands Cancer Institute–Antoni van Leeuwenhoek hospital (NKI-AVL). Data were subsequently linked to the Netherlands Cancer Registry and the Dutch Nationwide Pathology Databank: Palga. Inclusion criteria were women older than 18 years with pure, primary, unilateral DCIS who had undergone surgery (with or without radiotherapy treatment) between 2005 and 2020. We excluded women with DCIS accompanying micro-invasive or invasive disease or Paget’s disease, those who received chemotherapy or targeted therapy, those with missing information on treatment or follow-up, and those with follow-up shorter than six months or diagnosis with subsequent invasive breast cancer within six months after the primary DCIS diagnosis. 1175 women met these inclusion criteria.
Electronic health records data collection
Patient characteristics, such as age at diagnosis and treatment details, were obtained from the Netherlands Cancer Institute’s tumor registry (TR). Menopausal status was extracted from Dutch National Breast Cancer Audit (NBCA) data and supplemented with pharmacy records and clinical documentation. Oral contraceptive use at time of DCIS diagnosis was assumed to indicate premenopausal status; hormonal replacement therapy indicated postmenopausal status. Breast cancer family history was extracted from structured electronic health records (EHR) forms and supplemented by TR and NBCA data, considering first-degree relatives only. Genetic mutation data were collected for known pathogenic germline mutations (BRCA1, BRCA2, CHEK2, PALB2, TP53, CHEK2 and ATM, as defined by Clinvar) from medical history data and clinical documentation. Height and weight data were extracted longitudinally, with baseline defined as measurements within 180 days of diagnosis. Outliers (<40 kg or >150 kg) were validated manually. Height was assumed stable in adults, and the most proximate valid measurement to diagnosis was selected. Body mass index (BMI) was calculated by dividing weight by height squared. 

Metabolic risk assessment 
Comorbidities associated with chronic inflammation, including diabetes mellitus, ASCVD, hypertension, and dyslipidemia, were extracted using keyword searches in structured and unstructured medical records. Additionally, data from pharmacy records were used to infer potential comorbidities (e.g., use of anticoagulants, antihypertensives, antidiabetics).
Breast density data
Breast imaging reporting and data system (BI-RADS) density data were extracted from mammography reports using structured code filters following the 2003 and 2013 Radiology Atlas [1, 2]. When multiple reports were available, the closest report within 360 days prior and 180 days after the date of diagnosis was used. The highest BI-RADS density category was selected in case of discrepancy between sides. BI-RADS density was considered as a binary variable in analyses, whereby categories A and B corresponded to non-dense and categories C and D to dense.

Volumetric breast density 
Volumetric breast density data were obtained from patients with digital mammograms taken 360 days prior and up until the date of surgery. Mammograms were processed with Transpara® software. Contralateral mammograms were only available for 468 women. For this reason, density was matched to the laterality of the DCIS lesion for the primary analysis. Volumetric breast density was highly correlated between ipsilateral and contralateral mammograms (R = 0.95, p < 0.001, supplementary Figure 1). If multiple mammograms existed for the same date, volumetric breast densities were averaged by laterality. Accepted view positions included MLO & CC, MLO only, CC only (including XCCL), and LM/ML. The distribution of breast density across the different view positions was similar (supplementary Table 2).

Pathology data: adipocyte size and ESP
H&E slides were requested for all 1175 women. However, only 753 women had their primary treatment in the NKI-AVL with available tissue biopsy or excision specimen. The slides were scanned at resolution (20x) using the Aperio digital slide scanner (Leica Biosystems Inc, Buffalo Grove, IL). Subjects with an H&E with ample areas of intact adipocytes as well as an H&E without any DCIS present were included for histopathology analysis. H&Es had 315.3 mm2 (range: 74.1-564.7) on average of tissue to analyze adipocytes and ESP. Firstly both H&Es were analyzed with a HALO artificial intelligence (AI) segmentation model to identify adipose and fibroglandular area. On average, 176.4 mm2 (range: 5.7-459.0) of adipose tissue was segmented. The area of adipocytes (µm) was then measured using the HALO Vacuole Quantification Module v3.2, which calculated median diameters based on 18 diameters at 10-degree increments through the centroid from which the median is taken to determine the adipocyte’s area and diameter. The 75th percentile adipocyte size per DCIS lesion was assessed as described previously [3]. Per subject, on average 12650 (range: 211-35185) adipocytes were detected with a mean area of 5151 µm2 (range: 3747-11976). For the ESP measurement, a second HALO AI segmentation model was applied to the fibroglandular tissue to differentiate between stroma and epithelial tissue. The model segmented on average 148.9 mm2 (range: 12.3-432.2) of fibroglandular tissue and 8.7 mm2 (range: 0.05-77.6) of epithelium.
Longitudinal data
44 subjects with a second tissue specimen between 3 and 15 years after their primary DCIS were identified. Ipsilateral and contralateral biopsy and excision specimens were considered. 21 subjects had contralateral specimens and 24 had ipsilateral specimens. H&E slides had on average 602 (range: 147-1016) mm2 of tissue. HALO segmentation models and Vacuole Quantification Module was implemented as described earlier.  

Statistical analyses 
For missing clinical and radiological data, multiple imputation by chained equations (MICE) with classification and regression tree (CART) algorithm was applied. The R package mice version 3.16.0 was used. Predictors for each variable were selected based on a Spearman correlation threshold of >0.3. Longitudinal weight data was used to help baseline predictions. The imputation process was repeated 10 times with 5 iterations per dataset to ensure convergence. The default ridge penalty of 0.01% was applied to stabilize the estimates in the presence of multicollinearity. Estimates were pooled across imputed datasets using Rubin’s rules.

In univariable analysis, associations between each predictor and the outcome (adipocyte size and ESP) were evaluated separately for continuous and binary variables using multiply imputed datasets. For continuous predictors, we fit linear regression models in each imputed dataset after standardizing the predictor to a mean of 0 and standard deviation (SD) of 1. The resulting standardized β coefficients represent the SD change in the outcome per 1 SD increase in the predictor. For binary predictors, we calculated the standardized mean difference (SMD) between groups coded 1 and 0 in each imputation, defined as the mean difference in the outcome divided by the pooled SD; the average SMD across imputations was used as the effect estimate. For both predictor types, we fit regression models to obtain P values, combining results across imputations using Rubin’s rules. Estimates, P values, and association type (positive, negative, or not significant at P < 0.05) were visualized in volcano plots. All factors that were significant in univariable analysis, as well as adipocyte size and ESP, were then considered for the multivariable linear regression analysis. 

Longitudinal analysis
We analyzed the influence of clinicopathologic and epidemiologic factors on the change in adipocyte size over time. To do this, we applied a linear mixed-effects model with adipocyte size as outcome variable using R package lme4 version 1.1-37. This model takes repeated measurements for every patient into account and captures the individual variability. After evaluating multicollinearity between all potential predictors, we performed backward elimination and tested interactions between time and each predictor. Model generalizability was assessed using 3-cross-validation and the model fit was evaluated with the marginal and conditional R2.



Table S1. Baseline characteristics of full cohort of variables included in multiple imputation
	Variable
	Level
	Full cohort
n = 1175
	Full cohort after multiple imputation

	
	
	n (%) unless otherwise specified
	% unless otherwise specified

	Menopausal status
	Premenopausal
	149 (36.8)
	11.9

	 
	Perimenopausal
	36 (8.9)
	53.9

	 
	Postmenopausal
	220 (54.3)
	34.2

	 
	Unknown
	770
	

	Screening program
	National screening 
	622 (74.8)
	70.5

	 
	High-risk screening 
	64 (7.7)
	10.7

	 
	No screening
	145 (17.4)
	18.8

	 
	Unknown
	344
	

	DCIS grade
	Low
	182 (15.6)
	15.5

	 
	Intermediate
	469 (40.2)
	40.0

	 
	High
	516 (44.2)
	44.5

	 
	Unknown
	8
	

	Family history
	Negative
	693 (60.5)
	60.6

	 
	Positive
	453 (39.5)
	39.5

	 
	Unknown
	29
	

	Smoking
	Former
	142 (24.4)
	23.4

	 
	Current
	70 (12)
	11.0

	 
	Never
	370 (63.6)
	65.5

	 
	Unknown
	593
	

	Alcohol
	Ever
	328 (68)
	72.8

	 
	Never
	154 (32)
	27.2

	 
	Unknown
	693
	

	Height, median (IQR) in cm
	
	168 (163-172)
	168 (164-173)

	BMI categorized
	<18.5
	13 (2.1)
	1.7

	 
	18.5-24.9
	348 (55.9)
	56.6

	 
	25.0-29.9
	172 (27.6)
	28.2

	 
	>=30.0
	90 (14.4)
	13.5

	 
	Unknown
	552
	

	BI-RADS density
	A
	72 (9.3)
	9.2

	 
	B
	289 (37.5)
	39.9

	 
	C
	301 (39)
	38.4

	 
	D
	109 (14.1)
	12.5

	 
	Unknown
	404
	

	Volumetric breast density, median (IQR) 
	 
	9.8 (7.0-15.7)
	9.4 (6.9-15.3)

	 
	Unknown
	602
	


BI-RADS: breast imaging reporting and data system; BMI: body mass index; DCIS: ductal carcinoma in situ; IQR: interquartile range


Table S2. Distribution of volumetric breast density across the different mammogram view groups

	
	Median (%)
	IQR (%)
	P value

	View group
	
	
	0.18

	MLO & CC 
	10.3
	7.1-16.2
	

	CC only
	10.9
	7.6-16.5
	

	MLO only 
	8.8
	7-17.8
	

	LM/ML only or other
	9.8
	7-12.6
	


Kruskal-Wallis rank sum test was performed. P value is shown. 





Table S3: Removed variables during the backward elimination in the longitudinal adipocyte analysis 
	Term
	Eliminated
	Df
	Sum of Sq
	RSS
	AIC
	F value
	P value


	Time:BI-RADS density
	1
	1
	0.2
	6950.8
	429.9
	0.002
	0.97

	Time:Age at diagnosis
	2
	1
	2.2
	6953.0
	427.9
	0.02
	0.88

	Time:DCIS grade
	3
	2
	74.5
	7027.6
	424.8
	0.4
	0.69

	DCIS grade
	4
	2
	26.9
	7054.4
	421.2
	0.1
	0.87

	Time:ESP
	5
	1
	23.2
	7077.7
	419.5
	0.2
	0.63

	Time:Metabolic risk
	6
	1
	52.9
	7130.5
	418.1
	0.6
	0.46

	Age at diagnosis
	7
	1
	63.7
	7194.3
	416.9
	0.7
	0.42

	ESP
	8
	1
	46.7
	7241.0
	415.5
	0.5
	0.48

	Time:BMI
	9
	1
	78.4
	7319.4
	414.5
	0.8
	0.36

	BI-RADS density
	10
	1
	229.8
	7549.2
	415.2
	2.5
	0.12

	Metabolic risk
	0
	1
	553.7
	8102.9
	419.5
	5.8
	0.02

	BMI
	0
	1
	968.3
	8517.5
	424.0
	10.1
	0.002

	Time:Radiotherapy
	0
	1
	1001.1
	8550.4
	424.3
	10.5
	0.002

	Time:Invasive at follow-up
	0
	1
	495.1
	8044.4
	418.9
	5.2
	0.03

	Time:Volumetric breast density 
	0
	1
	381.9
	7931.1
	417.6
	4.0
	0.05


The table shows the backward elimination of fixed effects in the linear mixed-effects model. The colon indicates an interaction term. The degrees of freedom (Df) and the individual contribution to explained variance (Sum of Sq) are reported for each term. The residual sum of squares (RSS) and Akaike Information Criterion (AIC) are calculated after term removal, reflecting the fit of the reduced model. P values from F-tests compare the preceding and reduced models. P values in bold indicate significance at the threshold of <0.05. BI-RADS: breast imaging reporting and data system; BMI: body mass index; ESP: epithelium-to-stroma proportion.



Table S4: Univariable results of histopathological, clinicopathologic and epidemiologic factors and their association with subsequent iIBC 
	Predictor
	Term
	Cases/
controls
	OR
	Lower CI
	Upper CI
	P value

	Adipocyte area (75th1)
	
	6/49
	1.02
	0.93
	1.13
	0.5

	ESP 
	
	6/49
	0.97
	0.27
	3.51
	0.9

	Menopausal status
	Postmenopausal (ref)
	20/254
	
	
	
	

	
	Premenopausal
	
	1.47
	0.48
	4.52
	0.5

	BI-RADS density
	Non-dense (ref)
	20/254
	
	
	
	

	 
	Dense
	20/254
	1.1
	0.34
	3.54
	0.9

	Volumetric breast density
	 
	20/254
	1.04
	0.93
	1.16
	0.5

	BMI (kg/m2, per SD)
	
	20/254
	0.95
	0.5
	1.82
	0.9

	ASCVD
	Yes
	20/254
	1.37
	0.34
	5.44
	0.6

	Diabetes
	Yes
	20/254
	2.61
	0.25
	27.44
	0.4

	Dyslipidemia 
	Yes
	20/254
	0.65
	0.07
	5.98
	0.7

	Hypertension 
	Yes
	20/254
	0.84
	0.09
	7.8
	0.9

	Metabolic risk
	Absent (ref)
	20/254
	
	
	
	

	
	Present
	
	0.92
	0.23
	3.59
	0.9

	Alcohol
	Ever (ref) 
	20/254
	
	
	
	

	
	Never 
	
	0.41
	0.04
	3.82
	0.4

	Smoking
	Ever (ref)
	20/254
	
	
	
	

	
	Never
	
	1.2
	0.34
	4.31
	0.8

	Family history
	Negative (ref)
	20/254
	
	
	
	

	
	Positive
	
	0.7
	0.22
	2.23
	0.5


In women treated with BCS with or without radiotherapy, cases and controls were compared with univariable conditional logistic regression. Cases were women who developed iIBC during follow-up; controls did not. Cases were matched to controls on age at diagnosis, year of diagnosis, and whether radiotherapy was received. P values were likelihood based. Among the histopathology set of 227 women, 6 developed iIBC over a median follow-up of 8.2 years (IQR: 5.6–11.2). In the full cohort of 826 women, 20 developed iIBC with a median follow-up of 7.9 years (IQR: 5.5–10.8). ASCVD: atherosclerotic cardiovascular disease; BI-RADS: breast imaging reporting and data system; BMI: body mass index; ESP: epithelium-to-stroma proportion; iIBC: ipsilateral invasive breast cancer; OR: odds ratio.


Table S5: Univariable results of histopathological, clinicopathologic and epidemiologic factors and their association with subsequent IBC 
 
	Predictor
	Term
	Cases/
controls
	OR
	Lower CI
	Upper CI
	P value

	Adipocyte area (75th1)
	
	26/214
	1.00
	0.97
	1.03
	0.9

	ESP 
	
	26/214
	0.83
	0.54
	1.28
	0.4

	Family history
	Negative (ref)
	76/733
	
	
	
	

	
	Positive
	
	1.65
	1.01
	2.67
	0.04

	Genetic mutation
	Not found / not tested
	76/733
	
	
	
	

	
	Carrier
	
	3.05
	1.17
	7.96
	0.02

	Menopausal status
	Postmenopausal (ref)
	76/733
	
	
	
	

	
	Premenopausal
	76/733
	1.06
	0.62
	1.80
	0.8

	BI-RADS density
	Non-dense (ref)
	76/733
	
	
	
	

	 
	Dense
	76/733
	1.04
	0.62
	1.77
	0.9

	Volumetric breast density 
	 
	76/733
	1.01
	0.96
	1.05
	0.8

	BMI (kg/m2, per SD)
	
	76/733
	0.93
	0.68
	1.28
	0.7

	ASCVD
	Yes
	76/733
	1.01
	0.48
	2.12
	1.0

	Diabetes
	Yes
	76/733
	1.16
	0.34
	4.03
	0.8

	Dyslipidemia 
	Yes
	76/733
	0.48
	0.14
	1.60
	0.2

	Hypertension 
	Yes
	76/733
	1.54
	0.69
	3.42
	0.3

	Metabolic risk
	Absent (ref)
	76/733
	
	
	
	

	
	Present
	
	0.89
	0.46
	1.71
	0.7

	Alcohol
	Ever (ref) 
	76/733
	
	
	
	

	
	Never 
	
	0.82
	0.43
	1.54
	0.5

	Smoking
	Ever (ref)
	76/733
	
	
	
	

	
	Never
	
	1.19
	0.66
	2.15
	0.6


Cases and controls were compared with univariable conditional logistic regression. Cases were women who developed IBC during follow-up; controls did not. Cases were matched to controls on age at diagnosis, year of diagnosis, and treatment type. P values were likelihood based. Among the histopathology set of 438 women, 27 developed IBC over a median follow-up of 9.1 years (IQR: 5.8–12.3). For one case, no control could be matched and thus was excluded. In the full cohort of 1175 women, 76 developed IBC with a median follow-up of 8.5 years (IQR: 6.0–11.9). ASCVD: atherosclerotic cardiovascular disease; BI-RADS: breast imaging reporting and data system; BMI: body mass index; ESP: epithelium-to-stroma proportion; IBC: invasive breast cancer; OR: odds ratio.

Figure S1. Scatter plot of volumetric breast density in relation to DCIS laterality
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Correlation between contralateral and ipsilateral volumetric breast density in relation to the laterality of the DCIS lesion. Each point represents a single data point, and the red dashed line indicates the line of equality (y = x), where ipsilateral and contralateral densities are equal. Spearman’s rank correlation test was used to estimate a rank-based measure of association. The correlation coefficient and P value are shown. 

Figure S2: Scatter plot of adipocyte size in relation to epithelium-to-stroma proportion 
[image: ]
Association between log-transformed epithelium-to-stroma proportion and square root transformed adipocyte area. Each point represents a single data point, and the blue line indicates the locally estimated scatterplot smoothing (LOESS) smoothing curve. The shaded area indicates the 95% confidence interval. Spearman’s rank correlation test was used to estimate a rank-based measure of association. The correlation coefficient and P value are shown. 



Figure S3: Individual adipocyte size trajectories for 44 women with DCIS
[image: A graph with lines and dots
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	Variable
	Level
	Longitudinal set N = 44 
	Mean change in adipocyte size (μm)
	Mean time interval (years)
	Rate of adipocyte size change (μm/year)

	
	
	N (%)
	
	
	

	Size change
	Decrease
	32 (72.7)
	-15.3
	7.2
	-2.1

	
	Increase
	12 (27.3)
	6.1
	7.8
	0.8

	Radiotherapy
	No
	27 (61.4)
	-13.7
	7.1
	-1.9

	
	Yes
	17 (38.6)
	-2.9
	7.8
	-0.4

	Metabolic risk (baseline)
	Absent
	34 (77.3)
	-8.8
	7.5
	-1.2

	
	Present
	10 (22.7)
	-12.1
	6.9
	-1.8

	Invasive at follow-up 
	No
	31 (70.5)
	-13.3
	7.5
	-1.8

	
	Yes
	13 (29.5)
	-0.4
	7.1
	-0.1

	BMI categorized (baseline)
	<18.5
	1 (2.3)
	1.1
	8.6
	0.1

	
	18.5–24.9
	24 (54.5)
	-13.1
	6.9
	-1.9

	
	25.0–29.9
	13 (29.5)
	-7.8
	8.4
	-0.9

	
	>=30
	4 (9.1)
	-6.0
	7.0
	-0.9

	
	Unknown
	2 (4.5)
	
	
	


Each line represents a trajectory of measured adipocyte size over time since DCIS diagnosis. The color indicates the direction of change between the time points. For each variable, the mean change in adipocyte size and the mean time interval between measurements were calculated to estimate the rate of adipocyte change. BMI: body mass index.
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