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Abstract

Background: Breast cancer prognosis is strongly associated with tumor size at diagnosis. We aimed to identify
factors associated with diagnosis of large (> 2 cm) compared to small tumors, and to examine implications for
long-term prognosis.

Methods: We examined 2012 women with invasive breast cancer, of whom 1466 had screen-detected and 546
interval cancers that were incident between 2001 and 2008 in a population-based screening cohort, and followed
them to 31 December 2015. Body mass index (BMI) was ascertained after diagnosis at the time of study enrollment
during 2009. PD was measured based on the contralateral mammogram within 3 years before diagnosis. We used
multiple logistic regression modeling to examine the association between tumor size and body mass index (BMI),
mammographic percent density (PD), or hormonal and genetic risk factors. Associations between the identified risk
factors and, in turn, the outcomes of local recurrence, distant metastases, and death (153 events in total) in women
with breast cancer were examined using Cox regression. Analyses were carried out according to mode of detection.

Results: BMI and PD were the only factors associated with tumor size at diagnosis. For BMI (≥25 vs. < 25 kg/m2),
the multiple adjusted odds ratios (OR) were 1.37 (95% CI 1.02–1.83) and 2.12 (95% CI 1.41–3.18), for screen-detected
and interval cancers, respectively. For PD (≥20 vs. < 20%), the corresponding ORs were 1.72 (95% CI 1.29–2.30) and 0.60
(95% CI 0.40–0.90). Among women with interval cancers, those with high BMI had worse prognosis than women with
low BMI (hazard ratio 1.70; 95% CI 1.04–2.77), but PD was not associated with the hazard rate. Among screen-detected
cancers, neither BMI nor PD was associated with the hazard rate.

Conclusions: In conclusion, high BMI was associated with the risk of having a tumor larger than 2 cm at diagnosis.
Among women with interval cancer, high BMI was associated with worse prognosis. We believe that women with high
BMI should be especially encouraged to attend screening.
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Background
Breast cancer screening has been estimated to reduce
breast cancer mortality by around 30%; 23% among
those invited and 40% among those attending [1]. In a
recent study, Welch et al. argued that after the introduc-
tion of population-based screening, the number of
tumors that were ≥ 2.0 cm in size had not decreased as
much as expected [2]. It has been estimated that the 5-
year survival rate is 79.8 and 93.1% in patients with
tumors that are 2.0 to 4.9 cm and < 2.0 cm in size, re-
spectively [3]. Thus, identifying women at risk of being
diagnosed with a large tumor may be the best approach
to further reduce breast cancer mortality.
Breast cancers are detected either through mammo-

graphic screening or by clinical symptoms. Among
women who regularly attend screening and are diag-
nosed with breast cancer, about 30% are interval cancers
[4], a term used for cancers detected clinically in the
time interval after a negative screen and before the next
planned screen. Clinical detection is in the majority of
cases initiated by the woman herself, or her gynecologist,
palpating a mass in the breast [5]. Patient characteristics
hindering mammographic screen detection may well
differ from those hindering clinical detection.
We aimed to understand the risk factors that predis-

pose women to being diagnosed with a tumor > 2 cm in
size. Since our long-term goal is to individualize the
screening process we focused on risk factors that could
be measured before diagnosis. We stratified analyses by
detection mode to understand how each risk factor
might be related to clinical and mammographic detect-
ability. We also examined how the identified risk factors
influence long-term prognosis and relate to tumor mo-
lecular subtypes.

Methods
The study was based on women diagnosed with invasive
breast cancer between 2001 and 2008 in a Swedish
population-based screening cohort of the Stockholm-
Gotland region. The case cohort, Libro-1, has been
described in detail previously [6]. During the time period
2001 to 2005, the screening program in Stockholm in-
volved inviting all women between age 50 and 69 years
to screening every 24 months. From 2005 onwards
screening was gradually extended to women between
age 40 and 49 years. Our study population consists only
of women 50 years of age or older. The average screen-
ing participation rate was 70%, the recall rate was 3%,
and the cancer detection rate was 0.5%. Each screening
involved a radiology nurse asking the woman about any
breast symptoms and acquiring an analog film mammo-
gram. Screening did not involve palpation by medical
professionals, i.e., clinical breast examinations. After image
acquisition, the mammograms were independently reviewed

by two radiologists, and if either of them noted a suspi-
cious finding they went on to reach a consensus decision.
For further details, please see Lind et al. [7]. Since risk
factors might differ depending on menopausal status, we
included only women more than 50 years of age at diag-
nosis. Women were excluded if information was missing
on tumor size or detection mode. The final study sample
consisted of 2012 women. The regional ethical review
board granted ethical approval and all participants gave
written informed consent.
Large tumors were defined as tumors where the great-

est dimension exceeded 2.0 cm at histopathologic assess-
ment, a size cutoff also used in the TNM staging system
[8]. For women with multiple tumor foci, the largest
invasive focus was measured.
Detection mode was ascertained using the population-

based Screening Register at the Regional Cancer Centre
Stockholm-Gotland. The cancer was defined as screen-
detected if the woman was recalled from screening and
diagnosed during the following diagnostic work-up. The
cancer was defined as interval cancer if it was clinically
diagnosed within a normal screening interval after a
negative screening. For women in the study, the regular
time interval between screenings was 24 months. Analog
film mammograms were collected from radiology
departments and digitized with an Array 2905HD Laser
Film Digitizer (Array Corp, Tokyo, Japan). Mammo-
graphic percent density (PD) represents the proportion
of the breast area in the mammogram that is covered by
dense breast tissue. It was measured on one mammo-
gram per woman based on the contralateral mediolateral
oblique view, from up to 3 years before and including
time of diagnosis, using an automated method previ-
ously described [9]. Briefly, the method mimics the gold
standard PD measurement method Cumulus [10], which
is based on a semi-automated thresholding procedure.
Data on hormonal and reproductive history and
anthropometric risk factors were collected from web and
paper questionnaires from the time of study enrollment
in 2009, which was after diagnosis. The median time be-
tween diagnosis and enrollment was 4.8 years (interquar-
tile range 3.0–6.6 years). Body mass index (BMI) was
calculated from self-reported height and weight.
Data on tumor characteristics were obtained through

linkage with the Swedish Cancer Register and the Breast
Cancer Quality Register at the Regional Cancer Centre
Stockholm-Gotland using the Swedish personal identity
numbers. Missing data on molecular markers were re-
trieved from medical records. The surrogate molecular
subtype (molecular subtype) was defined based on the
consensus of the 13th St Gallen International Breast
Cancer Conference (2013) Expert Panel [11]. The tumor
was assigned the luminal subtype if it was estrogen re-
ceptor (ER) or progesterone receptor (PR) positive (or
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both), and if it was human epidermal growth factor re-
ceptor 2 (Her2) negative; if in addition Ki-67 expression
was < 14% we assigned it the luminal A subtype, and if
Ki-67 was ≥ 14% we assigned it the luminal B subtype.
The tumor was assigned the Her2-overexpressing sub-
type if it was ER and PR negative and Her2 positive, and
the basal-like subtype if it was ER, PR, and Her2 nega-
tive. Percent ER and PR staining were dichotomized into
positive or negative status using a cutoff ≥10%. Her2 was
considered negative if protein expression was 0 or 1+, or
was higher with no confirmed gene amplification by
fluorescence in-situ hybridization (FISH), and positive if
FISH showed gene amplification.
Genotyping was based on blood samples, collected at

the time of study enrollment, and performed on a
custom Illumina iSelect Array (iCOGS) comprising
211,155 single nucleotide polymorphisms (SNPs). Defin-
ition of 77 breast cancer SNPs was based primarily on
variants reported to be associated at a genome-wide
level (p < 5 × 10− 8) by COGS or previous publications
with either breast cancer overall or different ER subtypes
of cancer [12]. The polygenic risk scores for the women
in our study were then calculated by summing the
number of alleles for each of these 77 SNPs, weighted by
the effect sizes reported by Mavaddat et al. [12]
(Additional file 1: Table S1).
For long-term follow up, the outcome of interest

was defined as the first occurrence of local recur-
rence, distant metastasis, or death due to breast
cancer (collectively “breast-cancer events”). Informa-
tion on the date of local recurrence and distant me-
tastasis was retrieved from the Breast Cancer Quality
Register at the Regional Cancer Centre Stockholm-
Gotland [13]. Date and cause of death were retrieved
from the Cause of Death Register [14]. Information
on dates of emigration was retrieved from the Swed-
ish Emigration Register. Patients were followed from
the date of diagnosis until a breast-cancer event,
death by other cause, emigration, or end of study
period (31 December 2015), whichever came first.

Methods - statistical analysis
We fitted logistic regression models with dichotomized
tumor size as the outcome and potential risk factors as
covariates. The potential risk factors were age at diagno-
sis, BMI, education level, PD, age at menarche, ever use
of oral contraceptives, nulliparity, age at first child birth,
ever use of hormone replacement therapy, first-degree
family history of breast cancer, and polygenic risk score.
Odds ratios (ORs) were estimated both crudely and after
multiple adjustments. Then, stratified by detection
mode, the associations between the identified risk factors
and tumor size were examined by logistic regression
modeling. PD and BMI were dichotomized for analysis;

the cut point for PD was 20% and the cut point for BMI
was 25 kg/m2. Linear associations between these two
predictors and tumor size as a continuous variable were
examined by linear regression modeling. We constructed
a figure describing the model-predicted probabilities of
having a large tumor based on an age-adjusted logistic
regression model using PD and BMI as continuous
variables. As there was a delay between diagnosis and
anthropometric risk factor ascertainment that differed
between women, we conducted sensitivity analysis of the
association between BMI and tumor size, using three
separate regression models depending on the length of
the delay (less than 3 years, from 3 years to less than
6 years, or 6 years or more). To understand the long-
term prognostic implications, we fitted a multiple
adjusted Cox regression model to study time to breast-
cancer event as a function of tumor size and the identi-
fied risk factors. The proportional hazards assumption
was checked by studying the Schoenfeld residuals (no
violation was observed). Potential bias due to differential
survival from diagnosis to study entry was examined by
introducing a term for the time between diagnosis and
study entry. Finally, we fitted multinomial logistic
regression models, overall and separately within each de-
tection mode, to estimate the relative risk ratio (RRR)
for the associations between the identified risk factors
and the molecular subtype of the tumor. All statistical
tests were two-sided with a pre-determined cutoff for
statistical significance at alpha = 0.05. The computer
software Stata, version 14, was used for all statistical
analyses.

Results
The proportions of tumors larger than 2 cm at diagnosis
were 19% (n = 281) and 34% (n = 185) for screen-
detected and interval cancers, respectively (Table 1).
Table 2 shows that, of all examined factors, only BMI
and PD were associated with having a tumor larger than
2 cm. When stratifying by length of delay between diag-
nosis and BMI ascertainment, the odds ratios for the as-
sociations between BMI and being diagnosed with a
large cancer were 2.56, 2.34, and 2.23 in women with a
delay of less than 3 years, from 3 years to less than
6 years, and 6 years or more, respectively.
The left side of Table 3 shows the results of the multiple

adjusted logistic regression modeling, stratified by
detection mode, with dichotomized tumor size as the out-
come. High BMI was associated with having a large
screen-detected tumor at diagnosis (OR 1.37; 95% CI 1.02
to 1.83) or a large interval tumor (OR 2.12; 95% CI 1.41 to
3.18). Introducing a term for the time between diagnosis
and study entry caused minimal change in the estimated
ORs related to high BMI; for screen-detected cancers the
OR changed from 1.37 (as stated previously) to 1.32 (95%
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CI 0.98 to 1.77) and for interval cancers the OR
changed from 2.12 (as stated previously) to 2.10 (95% CI
1.39 to 3.15). High PD was positively associated with
tumor size in screen-detected cancers at diagnosis (OR 1.
72; 95% CI 1.29 to 2.30) and negatively associated with
tumor size in interval cancers (OR 0.60; 95% CI 0.40
to 0.90). The effect of BMI on tumor size was similar
when examining the groups of women with low and with
high PD separately, with OR 1.80 (95% CI 1.02 to 3.17)
and OR 2.26 (95% CI 1.34 to 3.8), respectively. Introdu-
cing a term for the time between diagnosis and study
entry caused minimal change in the estimated ORs related
to high PD; for screen-detected cancers the OR changed
from 1.74 (as stated previously) to 1.71 (95% CI 1.28 to 2.29)

and for interval cancers the OR changed from 0.62 (as
stated previously) to 0.59 (95% CI 0.39 to 0.90).
The right side of Table 3 shows the results of the

multiple adjusted linear regression modeling, stratified
by detection mode, with continuous tumor size as the
outcome. The coefficients for BMI were 1.0 mm (95% CI
−0.3 to 2.2) and 4.8 mm (95% CI 2.6 to 7.1) for screen-
detected and interval cancers, respectively. For PD, the
coefficients were 2.2 mm (95% CI 0.9 to 3.5) for screen-
detected cancers, and −3.2 mm (95% CI −5.4 to −0.9) for
interval cancers.
In Additional file 2: Figure S1, the graphs show the

model-predicted probabilities of having a tumor larger
than 2 cm as a function of continuous measures of BMI

Table 1 Description of study population, follow up, and tumor characteristics

All Screen-detected cancer Interval cancer Subtype-determineda

n = 2012 n = 1466 n = 546 n = 478

Characteristic Mean (SD) or proportion Mean (SD) or proportion Mean (SD) or proportion Mean (SD) or proportion

Proportion large tumors (> 2 cm) 23% 19% 34% 27%

Proportion interval cancer 27% 0% 100% 24%

Age at diagnosis (years) 60.3 (5.4) 60.4 (5.4) 60.0 (5.5) 61.6 (5.4)

BMI (kg/m2) 25.6 (4.3) 26.0 (4.3) 24.7 (3.9) 26.4 (4.3)

BMI <25 47% 44% 57% 39%

BMI≥25 53% 56% 43% 61%

PD (%) 20.5 (13.4) 18.9 (12.8) 24.9 (14.0) 20.6 (16.2)

PD <20 56% 61% 41% 57%

PD≥20 44% 39% 59% 43%

Age at menarche (years) 13.2 (1.5) 13.2 (1.5) 13.3 (1.5) 13.1 (1.4)

Oral contraceptives (ever) 78% 77% 80% 78%

Nulliparous 15% 15% 16% 16%

Age at first birth (parous women only) 25.6 (5.1) 25.6 (5.2) 25.7 (5.0) 25.8 (5.4)

Hormone replacement therapy (ever) 63% 61% 70% 61%

Family history (yes) 19% 19% 21% 20%

Follow-up time (person-years) 22,669 16,603 6066 3990

Breast-cancer eventsa (count) 149 80 69 31

Tumor size (mm) 16.9 (11.7) 15.8 (11.3) 19.6 (12.3) 17.6 (11.8)

Histological type

Ductal invasive 70% 70% 71% 78%

Lobular invasive 14% 14% 15% 13%

Other invasive 15% 16% 14% 9%

Estrogen receptor positive 88% 91% 79% 88%

Molecular subtype, surrogateb

Luminal A – – – 45%

Luminal B – – – 42%

Her2-overexpressing – – – 5%

Basal-like – – – 8%

BMI body mass index; PD percent density, Her2 human epidermal growth factor receptor 2
aDefined as the first of local recurrence, distant metastasis, or breast-cancer-specific death during follow up after initial diagnosis
bSubtype-determined group includes only women for whom complete data on tumor receptor status, Ki-67, PD, and BMI were available
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and PD, keeping all other covariates at their mean value,
stratified by detection mode. For women with interval
cancer, the probability of a large tumor increased mark-
edly with increasing BMI.
Figure 1 shows the Kaplan-Meier cumulative hazard

rate plot for breast-cancer events in relation to PD and
BMI. Among women with interval breast cancer, prog-
nosis was worse in those with high compared to low
BMI (log-rank test p value = 0.015). The association
remained significant after multiple adjusted Cox regres-
sion (Table 4). Among women with interval cancer, the
hazard ratio (HR) for high vs. low BMI was 1.70 (95% CI
1.04 to 2.77) after multiple adjustments. The increased
risk of breast-cancer events among women with interval
cancers when comparing high to low BMI was similar
when examining the groups of women with low and with
high PD separately, with HR 1.82 (95% CI 0.85 to 3.90)
and HR 1.64 (95% CI 0.85 to 3.14), respectively. There
was no statistically significant association between breast-
cancer event and BMI among women with screen-
detected cancers. There was no association between
breast-cancer event and PD in any detection mode.
Adding the terms of year of diagnosis (p = 0.50) and the
time between diagnosis and study entry (p = 0.43)

suggested no influence of survival bias related to timing of
study entry. An additional sensitivity analysis was per-
formed by limiting the survival analysis to the 20% of
cases diagnosed closest to study entry. For these women
with a short time between diagnosis and study inclusion
the point estimate of the HR for the association between
BMI and the breast-cancer event was higher (2.20; 95% CI
0.61 to 7.98).
Figure 2 shows the distribution of molecular subtypes

taking into account high or low BMI or PD and the
detection mode. Regardless of the detection mode, BMI
influenced the distribution of molecular subtypes. The
findings were confirmed after multiple adjusted logistic
regression modeling (Additional file 1: Table S2). High
BMI was associated with an increased proportion of
luminal B compared to luminal A breast cancer, overall
(RRR 2.13; 95% CI 1.33 to 3.40) as well as within each
detection mode. In addition, among women with
interval cancer, high BMI was associated with an in-
creased proportion of Her2-overexpressing (RRR 17.7;
95% CI 2.46 to 128) and basal-like cancers (RRR 7.68;
95% CI 1.39 to 42.5), compared to luminal A cancer. PD
was not associated with the molecular subtype, either
overall or within the detection mode subgroups.

Table 2 Associations between risk factors and having a tumor larger than 2 cm at diagnosis, estimated by logistic regression modeling

Odds ratio (95% CI) for having a large vs. small tumora

n = 1931

Risk factor Crude Multiple adjustedb

Age at diagnosis (OR per 10 years) 0.83 (0.68 to 1.01) 0.87 (0.71 to 1.05)

BMI≥25 vs. BMI <25 1.34 (1.08 to 1.66) 1.47 (1.18 to 1.84)

PD≥20 vs. PD <20 1.25 (1.01 to 1.54) 1.36 (1.09 to 1.70)

Age at menarche (OR per year) 0.99 (0.92 to 1.06) 1.01 (0.94 to 1.09)

Oral contraceptives (ever/never) 1.09 (0.84 to 1.42) 1.06 (0.82 to 1.39)

Nulliparous (yes/no) 1.28 (0.96 to 1.70) 1.28 (0.97 to 1.71)

Age at first birth (OR per 10 years) 1.02 (0.81 to 1.28) 1.02 (0.81 to 1.28)

Hormone replacement therapy (ever/never) 1.01 (0.81 to 1.26) 1.06 (0.84 to 1.34)

Family history of breast cancer (yes/no) 0.97 (0.74 to 1.28) 0.98 (0.74 to 1.29)

Values in bold represent associations with p values <0.05
BMI body mass index, PD mammographic percent density
aOutcome: large is > 2 cm, small is ≤ 2 cm
bAdjusted for age at diagnosis, BMI and PD. All women with complete data on these variables were included

Table 3 Association between identified risk factors and tumor size for each mode of detection, estimated by logistic regression with
tumor size ≤2 cm or >2 cm as outcome and by linear regression with tumor size in millimeters as outcome

Odds ratio (95% CI) for having a large vs. small tumora β = Linear regression coefficient (95% CI)

Detection mode Number BMI≥25 vs. BMI <25 PD≥20 vs. PD <20 BMI≥25 vs. BMI <25 PD≥20 vs. PD <20

All 1932 1.47 (1.18 to 1.84) 1.36 (1.09 to 1.70) 1.8 (0.7 to 2.9) 1.4 (0.3 to 2.6)

Screen-detected cancer 1402 1.34 (1.01 to 1.78) 1.75 (1.32 to 2.32) 1.0 (−0.2 to 2.3) 2.4 (1.2 to 3.7)

Interval cancer 530 2.03 (1.39 to 2.99) 0.62 (0.42 to 0.92) 4.6 (2.4 to 6.8) −2.9 (−5.2 to − 0.7)

Adjusted for age at diagnosis, body mass index (BMI), and mammographic percent density (PD). All women with complete data on these risk factors were included in
the analysis. Values in bold represent associations with p values <0.05
aOutcome: large is > 2 cm, small is ≤ 2 cm
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Discussion
In summary, we found that women with high compared
to low BMI more often had large tumors and an in-
creased risk of an aggressive molecular subtype. Both
these findings were more pronounced among interval
cancers. Among women with interval cancers, those
with high BMI had a worse long-term prognosis. Having
high PD was associated with having large tumors at
screen detection, but with small tumors among women
with interval cancer. PD was not associated with prog-
nosis or molecular subtype. In agreement with a previ-
ous paper from our group by Holm et al. [6], the current
manuscript shows (descriptively in Table 1) that the pro-
portion of tumors larger than 2 cm was higher among
interval cancers (34%) compared to screen-detected

cancers (19%). The study by Holm et al. was primarily
focused on interval cancer – attempting to understand
how risk factors and tumor characteristics differed be-
tween women with high compared to low mammo-
graphic density. The current manuscript is primarily
focused on large cancers – attempting to understand
how risk factors and tumor characteristics differ by de-
tection mode, with the aim of being useful for modifying
screening programs. Additionally, long-term follow up
was performed based on the identified risk factors to
examine whether it would be likely that focusing on
those risk factors could affect prognosis.
That women with high BMI have larger tumors at

diagnosis is supported by previous studies [15, 16], but
those were not stratified by detection mode. We found
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Fig. 1 Kaplan-Meier plot of the cumulative hazard rate for breast-cancer event (first event of loco-regional recurrence, distant metastasis, or death
caused by breast cancer) for body mass index (BMI) to the left and mammographic percent density (PD) to the right, plotted separately for each
detection mode. Log-rank test p value is shown in each graph

Table 4 Survival analysis: associations between patient characteristics and disease progression (first event of loco-regional relapse,
distant metastasis, or death due to breast cancer), estimated by Cox regression

Hazard ratio (95% CI)

Detection mode Number Person-years Events Events BMI≥25 vs. BMI <25 PD≥20 vs. PD <20

All 1925 21,859 153 1.18 (0.84 to 1.64) 1.11 (0.79 to 1.55)

Screen-detected cancers 1397 15,932 81 0.97 (0.62 to 1.52) 0.99 (0.62 to 1.58)

Interval cancers 528 5927 72 1.70 (1.04 to 2.77) 1.03 (0.57 to 1.53)

Follow up ended on 31 December 2015. The hazard ratio estimates were adjusted for age at diagnosis, body mass index (BMI) and mammographic percent
density (PD). Values in bold represent associations with p values <0.05
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that among women with interval cancer, having high
BMI doubled the risk of being diagnosed with a large
tumor while among women with screen-detected cancer
the risk increase was less pronounced. Based on pub-
lished findings from our group, we speculate that high
BMI makes clinical detection especially difficult, but has
limited or no effect on mammographic detection [17].
The clinical difficulty is possibly related to women with
higher BMI, on average, having a larger breast size,
which reduces the sensitivity of palpation. In a Norwe-
gian study performed by Maehle et al., which included
breast cancer cases diagnosed before public screening
mammography was introduced, it was observed that
there was a significant difference in BMI (measured on
average 12.5 years before diagnosis) between women
diagnosed with tumors smaller than 2 cm and women
diagnosed with tumors larger than 2 cm [18]. An add-
itional hypothesis is that BMI is related to faster-
growing tumors since it has been shown that tumors in
women with high BMI were more likely to express
markers of high proliferation [19]. The biological mech-
anism has been suggested to be that women with high
BMI have a higher local aromatase gene expression
resulting in higher local estrogen levels [20].
Our results cast new light on the finding in the paper

mentioned in the "Background" section, that the inci-
dence of large tumors had not decreased after the intro-
duction of breast cancer screening programs, when
comparing the late 1970s with the late 2000s [2]. The

American NHANES surveys found that the proportion
of obese women was 17.0% in 1976 to 1980, and had in-
creased to 36.1% in 2009 to 2010 [21]. Given our finding
that higher BMI is strongly associated with larger tumor
size at clinical detection, it is possible that the incidence
of large tumors would have been markedly higher today
without the establishment of mammographic screening
programs. Another important consideration is that our
results based on women regularly attending screening
suggest that it is especially important for women with
high BMI to attend screening. There is mixed evidence
from prior studies on the current attendance rate; in
some studies women with high BMI were less likely to
attend than women with normal BMI while in others
there was no significant difference [22, 23].
In contrast, even though women with high PD more

often are diagnosed with interval cancer, among women
with interval cancer the tumors were smaller in women
with high PD than in women with low PD. The basis for
this observation might be that the meaning of a negative
screening mammogram differs between dense and less
dense breasts. In less dense breasts, the majority of
tumors are detected. In dense breasts, only the tumors
that have reached a larger size since the last screening
are detected while the smaller, presumably slower-
growing ones, to a larger extent remain undetected. This
hypothesis is supported by a prior study from our group,
where it was shown that interval cancers in breasts with
high PD were not more aggressive than screen-detected
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cancers [6]. The increased likelihood of detecting the
tumor whilst it is still small might be related to the
slower growth rate.
Breast-cancer event, defined as the first event of

loco-regional recurrence, distant metastasis, or death
due to breast cancer, was associated with BMI among
women with interval cancer. No such association was
identified for women with screen-detected cancer. Previ-
ous studies have not taken detection mode into account.
Some have demonstrated that high BMI is associated
with a worse prognosis [19, 24–27], while other studies
have not [28–31]. Our results, showing that BMI
adversely affects prognosis among clinically detected
cancers only, are in agreement with a prior Swedish
study suggesting that the prognostic effect of BMI was
stronger before than after the introduction of
population-wide screening programs [32]. The associ-
ation between BMI and prognosis might be related both
to factors at diagnosis, i.e., larger tumors, but also to
other factors related to BMI after taking both stage and
treatment into account, as was shown by Gierach et al.
[33] in a prior study of over 9000 patients with breast
cancer in the US Breast Cancer Surveillance Consor-
tium. In the same study high mammographic density
was not associated with mortality, which is in line with
our not finding an association between PD and progno-
sis both in screen-detected and interval cancers.
To some extent, the adverse effect on breast cancer

prognosis might be explained by our finding that women
with high BMI had tumor molecular subtypes that are
known to be associated with poor prognosis [34]. The
associations found regarding molecular subtypes of
interval cancers were based on a relatively small sample.
Therefore, one should be cautious about making any
clear conclusions from these findings. In our data,
among both women with interval cancers and screen-
detected cancers, high BMI was associated with a rela-
tive increase in the luminal B. However, high BMI was
associated with a relative increase in basal-like and
Her2-overexpressing tumors only in women with inter-
val cancer. The instability of receptor expression
throughout breast cancer tumor progression has been
demonstrated previously [35]. A speculative hypothesis
on a biological basis could be that women with high
BMI have tumors that from the start have a higher
proliferation rate, and that such tumors that left undiag-
nosed for longer due to difficulty in palpation have more
opportunity to transition into Her2 overexpressing or
basal-like subtypes. The lack of association between PD
and molecular subtype, even after stratification by mode
of detection, can be due to low statistical power or it can
be due to PD being a marker of general breast cancer
risk rather than subtype-specific risks. This is in line
with prior case-case studies in which PD did not differ

between molecular subtypes, and cohort studies showing
similarly increased risks irrespective of the molecular
subtype [36–38].
A major strength of our study is that it was performed

within a population-based screening cohort. Further, the
study had completeness of follow up during an extensive
time period, up to 14 years after diagnosis. A weakness
of our study was that mammographic percent density
was estimated on mammograms between 3 years before
and up until diagnosis. However, we only used contralat-
eral mammograms to ensure that density was not influ-
enced by tumor presence. A potential weakness is that
BMI was measured at study inclusion after diagnosis.
This opens up the theoretical possibility of reverse
causality, i.e., a larger tumor might cause a rise in BMI.
However, this does not seem biologically plausible. Our
sensitivity analysis of the risk associations between BMI
and tumor size that was stratified by the time between
diagnosis and BMI measurement showed similar effect
sizes of the association independent of this time delay.
Furthermore, meta-analysis has shown that higher BMI
is associated with worse prognosis regardless of the time
when it is ascertained, i.e., if it was before or after diag-
nosis, or if it was more or less than 12 months after
diagnosis [25]. Another potential weakness concerns the
observed differences in weight gain related to differences
in chemotherapy and chemo-hormonal therapy [39].
Adjusting the models for differences in the use of adju-
vant treatment between different cancer subtypes did
not change our results. However, such an approach
might not fully account for treatment effects. Finally,
having a categorical cutoff at a certain tumor size is to
some extent arbitrary, even if the same limit has been
used in several other publications and systems. There-
fore, it was reassuring that our linear regression model-
ing confirmed the corresponding associations with BMI
and PD. A limitation was the relatively small number of
tumors for which the molecular surrogate subtypes
could be determined, which means that the estimated
association measures for tumor subgroups have high
uncertainty.
When considering changes to the current screening

paradigm, it is important to take absolute risks into
account. Our study population of cases did not allow a
direct calculation of absolute risks. However, an analysis
by Törnberg et al. [4] of Swedish screening examinations
among women regularly attending screening between
1989 and 1997 showed that the absolute incidence per
10,000 screenings was 22 and 48 for interval cancer and
screen-detected cancer, respectively. Törnberg et al. [4]
also showed that among the interval cancers with avail-
able staging information, 30% were stage T2 or higher
(corresponding to a tumor size of more than 2 cm). The
corresponding percentage of large cancers in our study
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was 34%, which is in line with this prior report. The abso-
lute incidence of large interval cancers can be estimated
to be 7 per 10,000 screenings. Combining the incidence
rate in the prior report with the proportions in our study,
the absolute incidence of large screen-detected tumors
would similarly be estimated to be 9 per 10,000 screen-
ings. Answering the question as to whether or not making
changes to the screening program to avoid some of these
large tumors would have a beneficial cost-effectiveness ra-
tio is beyond the scope of our current study.

Conclusions
In conclusion, women with high BMI had an increased
risk of having a tumor larger than 2 cm at diagnosis, and
had a worse long-term prognosis if their tumor was de-
tected as an interval cancer. Therefore, women with high
BMI should be especially encouraged to participate in
screening. To study the effects of potential changes to
current screening programs, we propose that high PD
and high BMI could independently trigger an adapted
screening regime, for example, high PD could trigger ad-
junct screening modalities such as ultrasound or mag-
netic resonance imaging (MRI), and high BMI could
trigger more frequent screenings. Before implementing
any such changes cost-effectiveness analyses, taking ab-
solute risks into account, would need to be performed.
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