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Summary
Background Hyperthyroidism has been associated with increased risk of breast cancer and in vitro studies have 
shown that thyroid hormones may influence breast tumorigenesis. We aimed to study associations between pre-
diagnostic circulating thyroid hormone concentrations and breast cancer risk.

Methods We evaluated associations between breast cancer risk and circulating concentrations of thyroid-stimulating 
hormone (TSH), free triiodothyronine (fT3), free thyroxine (fT4), fT3/fT4 ratio, and anti-thyroid peroxidase antibody 
(TPO-Ab) positivity, in plasma samples from 1518 invasive breast cancer cases (diagnosed between 2 and 14 years 
after blood collection) and 1518 matched controls from a case–control study nested in the European Prospective 
Investigation into Cancer and Nutrition (EPIC) cohort using validated immunoassays. Conditional logistic
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regression models were used to evaluate associations with breast cancer, with adjustment for established breast 
cancer risk factors.

Findings In fully adjusted models, fT3 (OR per standard deviation (SD) (95% CI) = 1.16 (1.05–1.29)) and fT4 (OR per 

SD = 1.11 (1.01–1.22)) concentrations were positively associated with breast cancer risk. For fT3, the association was 
stronger for HER2-positive tumours (HER2+: OR per SD = 1.59 (1.20–2.11); HER2−: OR per SD = 1.10 (0.98–1.23)) 
compared to other tumour types (P-heterogeneity = 0.01). TSH concentrations, fT3/fT4 ratio, and TPO-Ab 
positivity were not associated with breast cancer risk.

Interpretation In this large-scale study, higher prediagnostic circulating fT3 and fT4 concentrations were associated 
with increased breast cancer risk, particularly for HER2-positive tumours. Confirming these findings is critical to 
achieving a better understanding of the associations between thyroid function and breast cancer risk, which may 
inform personalised prevention.

Funding This work was funded by the French National Cancer Institute (grant number 2018-118).

Copyright © 2025 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND IGO license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/igo/).
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Introduction
Breast cancer is the second most common cancer 
worldwide, and affects mostly women, with almost 2.3 
million new cases diagnosed in 2022. 1 Thyroid 
dysfunction also affects women much more frequently 
than men, with an estimated prevalence of 5–15% 
among women in iodine-replete populations. 2–4 A link 
between thyroid dysfunction and breast cancer has 
been long suspected–as early as 1896, Beatson started 
treating patients with inoperable breast cancer with 
thyroid extracts. 5 Over the last decades, several epide-
miological studies have been undertaken to investigate 
a potential link between thyroid disorders and breast 
cancer, 4,6–10 yielding contrasting results, with evidence 
suggesting a higher risk of breast cancer among women 
with hyperthyroidism 4,7 and among women with auto-
immune thyroid diseases. 7,9

The major thyroid hormones triiodothyronine (T3) 
and thyroxine (T4) and their active forms, free T3 (fT3) 
and free T4 (fT4), may play an important role in breast 
cancer development. 11,12 In a meta-analysis of case– 
control studies, fT3 and fT4 concentrations were found 
to be higher in breast cancer cases compared with con-
trols, 13 but these findings could have been influenced by 
reverse causality since hormones were measured after 
diagnosis. A limited number of prospective studies have 
evaluated pre-diagnostic thyroid hormone levels and 
breast cancer risk, with a maximum sample size of 
around 800 cases, 14–21 and few have explored heteroge-
neity by breast cancer hormonal subtype. 11,12 

Thyroid-stimulating hormone (TSH) is a poly-
peptide hormone secreted by the anterior pituitary 
gland that regulates thyroid function and thyroid hor-
mone production. 22 Inverse associations have been

Research in context

Evidence before this study
A link between thyroid dysfunction and breast cancer has 
long been suspected, and could be mediated through thyroid 
hormones or auto-immune pathways. Previous prospective 
studies evaluating pre-diagnostic circulating thyroid 
hormone levels with breast cancer risk were conducted on 
limited sample sizes (around 800 cases), and few of them 

explored heterogeneity by breast cancer hormonal subtype.

Added value of this study
In a large (n = 1518 cases) nested case–control study, we 
investigated the association between circulating 
concentrations of thyroid-stimulating hormone (TSH), free 
triiodothyronine (fT3), free thyroxine (fT4), the fT3/fT4 ratio, 
thyroid peroxidase antibodies (TPO-Ab) status, and breast

cancer risk, overall and by breast cancer subtype. 
Concentrations of fT3 and fT4 were positively associated 
with breast cancer risk. For fT3, stronger associations were 
observed for HER2+ tumours. Concentrations of TSH, fT3/fT4 
ratio, and TPO-Ab status were not associated with breast 
cancer risk overall or by tumour receptor status.

Implications of all the available evidence
Thyroid hormones may be involved in breast cancer 
development, and future studies should investigate breast 
cancer subtypes. Confirming these findings is critical to 
obtaining a better understanding of associations between 
thyroid function and breast cancer risk, which could open 
important perspectives for personalised prevention.
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reported between measured TSH concentrations and 
breast cancer risk in some prospective studies 14,18,19 but 
not all, 15–17,20,21 which warrants further investigation.

It has also been hypothesised that hypothyroidism 
could influence breast cancer risk not only through a 
reduced production of thyroid hormones, but also 
through an autoimmune pathway. 23–25 Autoimmune 
thyroiditis, characterised by pathological levels of thy-
roid peroxidase antibodies (TPO-Ab) and thyroglobulin 
antibodies (Tg-Ab) sustained over years and a hypo-
thyroid state, has been positively associated with breast 
cancer risk, 23,24 as have increased concentrations of 
TPO-Ab and Tg-Ab. 13 However, these associations have 
mainly been observed in studies on patients with breast 
cancer, who may have developed a general autoimmune 
response, and prospective studies are lacking.

Therefore, the present work aims to investigate the 
associations between circulating concentrations of 
TSH, fT3, fT4, fT3/fT4 ratio, TPO-Ab status, and breast 
cancer risk in a large case–control study nested within 
the European Prospective Investigation into Cancer and 
Nutrition (EPIC), overall and by breast cancer subtypes.

Methods
Study population, blood collection and follow-up
EPIC is a prospective multi-centre cohort study 
including more than 500,000 participants recruited 
between 1992 and 2000 from ten European countries. 26 

Female participants (n = 367,903) were aged 35–75 
years old at inclusion. At recruitment, detailed infor-
mation on dietary, lifestyle, reproductive and medical 
data was collected, and anthropometric variables were 
measured. 26 Blood was collected at baseline from 
around 70% of female participants according to a 
standardised protocol in France, Germany, Italy, the 
Netherlands, Norway, Spain and the United Kingdom. 26 

Serum (except in Norway), plasma, erythrocytes and 
buffy coat aliquots were stored in liquid nitrogen 
(−196 ◦ C) in a centralised biobank at the International 
Agency for Research on Cancer (IARC). In Denmark, 
blood fractions were stored in the vapour phase of 
liquid nitrogen containers (−150 ◦ C) and in Sweden, 
they were stored at −80 ◦ C in standard freezers.

Incident cancer cases were identified through record 
linkage with cancer registries in most countries, except 
for France and Germany, where cases were identified 
through health insurance records, cancer and pathology 
registries, and active follow-up of study participants. 
End of follow-up was defined as the latest date of 
complete follow-up for both cancer incidence and vital 
status (dates varied between centres, from June 2008 to 
December 2012).

Ethics
All participants provided written informed consent to 
participate in the EPIC study. The study was approved

by the ethics committee of the IARC (No. 18-2) and all 
participating centres.

Selection of cases and controls
Participants for the current study were selected among 
women who had blood collected and were cancer-free 
(other than non-melanoma skin cancer) at recruit-
ment into the cohort. Cancers were coded according to 
the Third Edition of the International Classification of 
Diseases for Oncology. All women diagnosed with first 
primary invasive breast cancer (code C50) at least two 
years after blood collection and before December 2012, 
for whom oestrogen receptor (ER), progesterone re-
ceptor (PR), and human epidermal growth factor re-
ceptor 2 (HER2) statuses of the tumours were available, 
were included as cases for the current study.

For each breast cancer case, one control was chosen 
at random from appropriate risk sets comprising all 
women who were alive and without a cancer diagnosis 
(other than non-melanoma skin cancer) at the time of 
diagnosis of the index case. Using incidence density 
sampling, controls were matched to cases on age (±6 
months), centre of recruitment, menopausal status at 
blood collection (premenopausal, perimenopausal, 
postmenopausal, surgically postmenopausal 27 ), use of 
exogenous sex steroid hormones at blood collection, 
time of day (±1 h), and fasting status at blood collection 
(non-fasting (<3 h since last meal), intermediate 
(3–6 h), fasting (>6 h), or unknown). Premenopausal 
women were also matched by phase of the menstrual 
cycle at blood collection. 27

Of the 1521 case–control pairs available, two pairs 
were excluded because one member of the pair was 
pregnant at blood collection. An additional pair was 
excluded due to a technical issue with one sample, 
leading to a final analytical population of 1518 breast 
cancer cases and 1518 matched controls. This sample 
size provided 85% power to detect a relative risk of 1.24 
between extreme quartiles of exposure.

Laboratory measurements
Plasma samples were analysed at IARC using validated 
immuno-assays to quantify TSH, fT3, fT4, and TPO-
Ab. 28 Cases and their matched controls were analysed in 
the same analytical batch, and the laboratory technician 
performing the analysis was blinded to the case/control 
status of the samples.

Three quality control samples were included in 
duplicate in each batch of analyses. Overall, within-
batch coefficients of variations (CVs) ranged from 
4.5% for fT4 to 8.3% for fT3. Between-batch coefficients 
of variations ranged from 9.8% for fT4 to 20.0% for 
TPO-Ab. For each hormone, values below the lower 
limit of quantification were imputed to the lower limit 
of quantification of the assay (n = 97 for TSH; n = 1 for 
fT3; n = 39 for fT4) and values above the upper limit of 
quantification were imputed to this upper limit (n = 35
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for TSH; none for fT4 and fT3). For TPO-Ab, values 
were dichotomised according to a cut-off recommended 
by the vendor (40 IU/mL), and samples showing TPO-
Ab concentration above this threshold were considered 
TPO-Ab-positive. The cut-off of 40 IU/mL was chosen 
because varying the threshold from 30 to 60 IU/mL did 
not materially affect the proportion of positive in-
dividuals (11.3% with 40 IU/mL threshold; 12.7% for 
30 IU/mL and 9.3% for 60 IU/mL).

Of note, samples from only 1212 case–control pairs 
were analysed for fT3 and fT4, since these analyses 
required samples not previously thawed, which were 
not available for the remaining participants. TSH and 
TPO-Ab measures are not affected by freeze/thaw 
cycles.

Statistics
Characteristics of selected cases and controls were 
described using mean and standard deviation (SD) or 
frequency and percentage. Hormone concentrations 
were described separately for cases and controls using 
geometric means and percentiles.

We analysed hormone concentrations as continuous 
variables and in quartiles derived using cut-offs identi-
fied among control participants, except for TPO-Ab 
which was categorised as positive vs negative accord-
ing to the vendor’s cut-off. We estimated the risk of 
breast cancer per SD increase in log-transformed hor-
mone concentration (log-transformation reduced 
skewness), and by quartiles using the lowest quartile as 
the reference. We first used a conditional logistic 
regression model conditioned on matching variables to 
estimate odds ratios (ORs) and 95% confidence in-
tervals (CIs). We then evaluated a model additionally 
adjusted for established breast cancer risk factors at 
recruitment, including: age at menarche (continuous), 
number of full-term pregnancies (nulliparous/1/2/≥3), 
age at first full-term pregnancy (nulliparous/quartiles), 
breastfeeding (ever/never/nulliparous), use of oral 
contraceptives (ever/never), use of menopausal hor-
mone therapy (ever/never/missing), smoking status 
(never/former/current), level of physical activity (Cam-
bridge index 29 : inactive/moderately inactive/moderately 
active/active), alcohol consumption (non-drinker, 
0–3 g/day, >3–12 g/day, >12–24 g/day, >24 g/day), ed-
ucation level (no schooling or primary/technical, pro-
fessional or secondary/longer education), height 
(continuous), and body mass index (BMI) (continuous). 
For these variables, missing values were assigned the 
median (for continuous variables) or mode (for cate-
gorical variables) if they represented less than 5% of the 
population (as was the case for all continuous variables) 
otherwise, they were classified in a “missing” category 
(e.g. use of menopausal hormone therapy). For tests of 
linear trend across quartiles, participants were assigned 
the median concentration in each quartile and the

Controls (n = 1518) Cases (n = 1518)

Age at blood collection (years) 
(mean (SD))

52.5 (7.9) 52.5 (7.9)

Age at diagnosis (years) (mean 
(SD))

60.8 (8.3)

Time to diagnosis (years) (mean 
(SD))

8.6 (2.7)

ER status (%)
Negative 296 (19.5)
Positive 1222 (80.5)

PR status (%)
Negative 482 (31.8)
Positive 1036 (68.2)

HER2 status (%)
Negative 1187 (78.2)
Positive 331 (21.8)

Fasting status at blood collection 
(%)
No (<3 h since last meal) 731 (48.2) 730 (48.1)
In between (3–6 h since last
meal)

272 (17.9) 273 (18.0)

Yes (>6 h since last meal) 515 (33.9) 515 (33.9)
Menopausal status at blood 
collection (%) 
Premenopausal 410 (27.0) 410 (27.0)
Postmenopausal (including
surgical menopause) 

816 (53.8) 816 (53.8)

Perimenopausal 292 (19.2) 292 (19.2)
Use of oral contraceptives or MHT
at blood collection (%)

486 (32.0) 486 (32.0)

Age at first menstrual period 
(years) (mean (SD))

13.06 (1.57) 13.02 (1.53)

Number of full-term pregnancies 
(%)
0 212 (14.0) 239 (15.7)
1 240 (15.8) 285 (18.8)
2 677 (44.6) 637 (42.0)
3 or more 389 (25.6) 357 (23.5)

Age at first full-term pregnancy a

(years) (mean (SD)) 
24.9 (4.3) 25.3 (4.4)

Ever breastfed (%) 
Nulliparous 212 (14.0) 239 (15.7)
No 189 (12.5) 199 (13.1)
Yes 1117 (73.6) 1080 (71.1)

Education level (%) 
Primary/no schooling 589 (38.8) 575 (37.9)
Technical/professional/
secondary

627 (41.3) 629 (41.4)

Longer 302 (19.9) 314 (20.7)
Physical activity (Cambridge 
Index) (%)
Inactive 306 (20.2) 337 (22.2)
Moderately inactive 616 (40.6) 570 (37.5)
Moderately active 325 (21.4) 336 (22.1)
Active 271 (17.9) 275 (18.1)

Smoking status (%)
Never 865 (57.0) 861 (56.7)
Former 327 (21.5) 349 (23.0)
Current 326 (21.5) 308 (20.3) 

(Table 1 continues on next page)
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corresponding variables were modelled as a continuous 
term. Departure from linearity was evaluated using 
restricted cubic splines (N = 4 knots, at the 20th, 40th, 
60th and 80th percentiles), compared with the main 
linear models on a continuous scale using likelihood 
ratio tests.

We also examined whether associations observed in 
the adjusted models differed by: menopausal status at 
blood collection (premenopausal/perimenopausal/ 
postmenopausal (including surgical menopause)), use 
of sex steroid hormones (oral contraceptives or meno-
pausal hormone therapy, yes/no) at blood collection, 
fasting status at blood collection (fasting (>6 h since last 
meal)/non-fasting (<3 h since last meal/in between 
(3–6 h since last meal)), or BMI at recruitment 
(</≥25 kg/m 2 ). For BMI, we used logistic regression 
adjusted for matching factors since BMI was not a 
matching variable and stratification would have resulted 
in exclusion of many case–control pairs. We also eval-
uated potential heterogeneity by breast cancer subtype 
using ER, PR, and HER2 status (positive/negative for 
each and combined as ER-PR-HER2−, ER-PR-HER2+, 
ER + PR ± HER2− (i.e. ER + HER2−, regardless of 
PR status); ER + PR ± HER2+ (i.e. ER + HER2+, 
regardless of PR status)), by age at diagnosis (</≥50 
years), and by time from blood collection to diagnosis 
(</≥ 8.6 years (median)). Heterogeneity was tested 
using a likelihood ratio test after including an interac-
tion term in the model.

As a sensitivity analysis, we evaluated associations 
between hormone concentrations and breast cancer 
risk after excluding participants with TPO-Ab positivity 
(resulting in 1348 cases and 1366 controls for TSH, 
1073 cases and 1090 controls for fT3 and fT4), using 
logistic regression adjusted for matching criteria and 
the factors listed above. We also evaluated a fully 
adjusted model with mutual adjustment for fT3 and fT4 
concentrations to account for potential correlations be-
tween these hormones.

To better understand potential associations be-
tween the measured hormones and breast cancer risk, 
we examined correlations between thyroid hormones 
and TSH among control participants, and for a subset 
of participants with available data from previous 
studies, 27,30–33 we also examined correlations with sex 
steroids (androstenedione, dehydroepiandrosterone-
sulphate (DHEAS), oestrone, oestradiol, progester-
one, testosterone), sex hormone binding globulin 
(SHBG), C-peptide, insulin-like growth factor 1 
(IGF1), and IGF-binding protein 3 (IGFBP3). We first 
estimated residuals of each biomarker’s concentration 
regressed on the analytical batches used for the mea-
surements of the specific biomarkers. These residuals 
were then used to calculate partial Spearman’s corre-
lations separately in pre- and postmenopausal women, 
adjusted for age at blood collection, centre, and

menstrual cycle phase at blood collection (for pre-
menopausal women only).

All statistical tests were two-sided. Analyses were 
conducted using R version 4.2.1.

Role of funders
The funders were not involved in the design of the 
study; the collection, analysis or interpretation of the 
data; or the writing or submission of the manuscript for 
publication.

Results
Study population characteristics are described in 
Table 1. At blood collection, the average age was 52.5 
years old, 33.9% of participants were fasting, 27.0% of 
participants were premenopausal, and 32.0% were us-
ing exogenous sex steroid hormones (oral contracep-
tives or menopausal hormone therapy). Cases were 
diagnosed on average 8.6 years after blood collection.

Controls (n = 1518) Cases (n = 1518)

(Continued from previous page) 

Alcohol consumption (g/day) (%) 
Non drinker 220 (14.5) 217 (14.3)
0–3 430 (28.3) 396 (26.1)
>3–12 447 (29.4) 428 (28.2)
>12–24 256 (16.9) 270 (17.8)
>24 165 (10.9) 207 (13.6)

Height (cm) (mean (SD)) 161.5 (6.6) 162.1 (6.6)
BMI (kg/m 2 ) (mean (SD)) 25.4 (4.1) 25.8 (4.7)
TPO-Ab Positive (%) 160 (10.5) 178 (11.7)

Abbreviations: BMI body mass index; ER oestrogen receptor; HER2 human epidermal growth factor receptor 2; 
PR progesterone receptor; SD standard deviation; TPO-Ab thyroid peroxidase antibodies. a Among parous 
women.

Table 1: Population characteristics of study participants by case/control status.

N Geometric 
mean (SD)

Median 5th
percentile

25th
percentile

75th
percentile

95th
percentile

Controls 
TSH (mIU/L) 1518 1.30 (2.36) 1.39 0.25 0.89 2.20 4.51
fT3 (pmol/L) 1203 6.08 (1.27) 6.13 4.15 5.38 7.01 8.47
fT4 (pmol/L) 1203 7.06 (1.36) 7.18 4.15 5.83 8.50 11.60
fT3/fT4 1203 0.86 (1.40) 0.86 0.50 0.70 1.06 1.47

Cases 
TSH (mIU/L) 1518 1.34 (2.31) 1.41 0.29 0.91 2.23 4.47
fT3 (pmol/L) 1203 6.23 (1.27) 6.31 4.18 5.44 7.15 8.75
fT4 (pmol/L) 1203 7.21 (1.36) 7.25 4.31 6.00 8.69 11.54
fT3/fT4 1203 0.86 (1.38) 0.86 0.52 0.71 1.04 1.46

Abbreviations: fT3 free triiodothyronine; fT4 free thyroxine; IU international unit; SD standard deviation; TSH 
thyroid-stimulating hormone.

Table 2: Distribution of TSH, fT3 and fT4 plasma concentrations among cases and control 
participants.
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Overall, ER-positive, PR-positive, and HER2-positive 
tumours represented 80.5%, 68.2%, and 21.8% of 
cases respectively, with ER + PR ± HER2− representing 
66.6%, ER + PR ± HER2+ 13.8%, ER-PR-HER2− 10.1%, 
and ER-PR-HER2+ 7.4% (not tabulated). Compared 
with controls, cases were more likely to be nulliparous 
(14.0% in controls; 15.7% in cases), and among alcohol 
consumers, were more likely to consume more than 
24 g/day (10.9% in controls; 13.6% in cases).

The distributions of TSH, fT3, and fT4 concentra-
tions in baseline blood samples are described for cases 
and controls in Table 2 and overall in Supplementary 
Figure S1 (Additional File 1).

As shown in Table 3, concentrations of fT3 were 
positively associated with breast cancer risk in both the 
base model (OR per SD (95% CI) = 1.17 (1.06–1.29); OR 
quartile (Q) 4 vs Q1 = 1.41 (1.07–1.85), P-trend across 
quartiles = 0.004) and the fully-adjusted model (OR per 
SD = 1.16 (1.05–1.29); OR Q4 vs Q1 = 1.41 (1.06–1.87), P-
trend = 0.006). A positive association was also observed 
for fT4 (base model: OR per SD = 1.09 (1.00–1.20); OR Q4 

vs Q1 = 1.31 (1.02–1.70), P-trend = 0.058; fully-adjusted 
model (OR per SD = 1.11 (1.01–1.22); OR Q4 vs Q1 = 1.37 
(1.05–1.79), P-trend = 0.028)). TSH, fT3/fT4 ratio, and 
TPO-Ab positivity were not associated with breast can-
cer risk. There was no evidence of departure from 
linearity based on tests comparing models with hor-
mone concentrations as continuous variables (per SD) 
and models including a restricted cubic spline (P-
values, fully adjusted model: TSH = 0.82; fT3 = 0.47; 
fT4 = 0.91; fT3/fT4 = 0.19). When fT3 and fT4 con-
centrations were mutually adjusted for, the association 
between fT3 and breast cancer risk remained statisti-
cally significant (OR per SD = 1.14 (1.02–1.27), not tabu-
lated), whereas the association with fT4 was attenuated 
and no longer statistically significant (OR per SD = 1.07 
(0.97–1.18), not tabulated).

In subgroup analyses (Fig. 1), there was evidence for 
heterogeneity in the associations of fT3 with breast 
cancer risk by HER2 status (P-heterogeneity = 0.01; 
HER2−: OR per SD = 1.10 (0.98–1.23); HER2+: OR per 
SD = 1.59 (1.20–2.11)). When considering ER, PR, and 
HER2 combined, the strongest OR was observed for 
ER + PR ± HER2+ tumours (OR per SD = 1.76 
(1.23–2.50); P-heterogeneity = 0.11). The association 
between fT3 and breast cancer risk was limited to 
women not using exogenous hormones (non-users: 
OR per SD = 1.24 (1.09–1.41); users: OR per SD = 1.03 
(0.85–1.25); P-heterogeneity = 0.09), and to women 
diagnosed more than 8.6 years after blood collection 
(<8.6 years: OR per SD = 1.05 (0.90–1.23); ≥8.6 years: 
OR per SD = 1.26 (1.09–1.47); P-heterogeneity = 0.08). For 
TSH (Additional File 1; Supplementary Figure S2), we 
observed a suggestion of heterogeneity by hormone use 
at blood collection (P-heterogeneity = 0.06), with a non-
significant positive association in non-users (non-users: 
OR per SD = 1.08 (0.98–1.19); users: OR per SD = 0.92 
(0.80–1.06)). For fT4 (Fig. 2) and TPO-Ab (Additional 
File 1; Supplementary Figure S3), there was no evi-
dence of heterogeneity for any of the associations 
examined (all P-heterogeneity ≥0.16 for fT4; ≥0.13 for 
TPO-Ab). Excluding TPO-Ab-positive participants did 
not modify the positive association between fT3 and 
breast cancer risk, while the association between fT4 
and breast cancer risk was no longer statistically sig-
nificant in TPO-Ab-negative participants (continuously

Cases/controls Base model a Fully-adjusted model b

OR (95% CI) OR (95% CI)

TSH
Per SD increment 1518/1518 1.04 (0.96–1.12) 1.02 (0.95–1.11)
Quartiles (mIU/L) 
≤0.89 362/380 1 (ref.) 1 (ref.)
(0.89, 1.39] 381/380 1.06 (0.86–1.30) 1.05 (0.85–1.30)
(1.39, 2.20] 388/378 1.08 (0.88–1.34) 1.06 (0.86–1.32)
>2.20 387/380 1.08 (0.87–1.35) 1.05 (0.84–1.32)

P-trend 0.54 0.75
fT3
Per SD increment 1203/1203 1.17 (1.06–1.29) 1.16 (1.05–1.29)
Quartiles (pmol/L) 
≤5.38 282/301 1 (ref.) 1 (ref.)
(5.38, 6.13] 248/301 0.90 (0.70–1.15) 0.89 (0.69–1.15)
(6.13, 7.01] 328/300 1.26 (0.98–1.63) 1.23 (0.94–1.60)
>7.01 345/301 1.41 (1.07–1.85) 1.41 (1.06–1.87)

P-trend 0.004 0.006
fT4
Per SD increment 1203/1203 1.09 (1.00–1.20) 1.11 (1.01–1.22)
Quartiles (pmol/L) 
≤5.83 271/301 1 (ref.) 1 (ref.)
(5.83, 7.18] 309/301 1.17 (0.92–1.49) 1.20 (0.94–1.53)
(7.18, 8.50] 287/300 1.10 (0.86–1.41) 1.17 (0.91–1.51)
>8.50 336/301 1.31 (1.02–1.70) 1.37 (1.05–1.79)

P-trend 0.058 0.028
fT3/fT4
Per SD increment 1203/1203 1.02 (0.92–1.12) 0.99 (0.90–1.10)
Quartiles
≤0.70 280/301 1 (ref.) 1 (ref.)
(0.70, 0.86] 324/301 1.17 (0.92–1.48) 1.19 (0.93–1.51)
(0.86, 1.06] 312/300 1.13 (0.88–1.45) 1.13 (0.87–1.46)
>1.06 287/301 1.03 (0.79–1.35) 0.97 (0.74–1.28)

P-trend 0.92 0.53
TPO-Ab
Negative 1340/1358 1 (ref.) 1 (ref.)
Positive 178/160 1.12 (0.90–1.41) 1.11 (0.89–1.40)

Abbreviations: CI; confidence interval; fT3 free triiodothyronine; fT4 free thyroxine; OR odds ratio; Q quartile; 
SD standard deviation; TPO-Ab thyroid peroxidase antibodies; TSH thyroid-stimulating hormone. a Conditional 
logistic regression matched on centre of recruitment, age, menopausal status, phase of the menstrual cycle for 
premenopausal women, use of exogenous hormones at blood collection, time of the day and fasting status at 
blood collection. b Additionally adjusted for age at first menstrual period (numeric), number of full-term 

pregnancies (nulliparous/1/2/≥3), age at first full-term pregnancy (never pregnant/quartiles), breastfeeding 
(ever/never/nulliparous), use of oral contraceptives (ever/never), use of menopause hormonal treatment (ever/ 
never/missing), smoking status (never/former/current), level of physical activity (inactive/moderately inactive/ 
moderately active/active), alcohol consumption (non-drinker, 0–3 g/day, >3–12 g/day, >12–24 g/day, >24 g/ 
day), education level (no schooling or primary/technical, professional or secondary/longer education), height 
(continuous), body mass index (continuous).

Table 3: Associations between TSH, fT3, fT4, and TPO-Ab status, and breast cancer risk overall.
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and in quartiles, Additional File 1; Supplementary 
Table S1).

In premenopausal and postmenopausal women, fT4 
was positively correlated with fT3 (premeno-
pausal = 0.19, post-menopausal = 0.27) and inversely 
correlated with TSH (r = −0.22 in pre- and post-
menopausal women) and androstenedione (D4) con-
centrations (premenopausal = −0.37; post-
menopausal = −0.34) (Fig. 3). TSH concentration was 
positively correlated with oestrone in premenopausal 
women (r = 0.41) and with androstenedione in post-
menopausal women (r = 0.37) and inversely correlated 
with SHBG (r = −0.23), and IGF1 (r = −0.24) in post-
menopausal women.

Discussion
In this large-scale prospective analysis of the association 
between circulating thyroid hormones and breast can-
cer risk, concentrations of fT3 and fT4 were positively 
associated with breast cancer risk. For fT3, stronger

associations were observed for HER2+ tumours. Con-
centrations of TSH, fT3/fT4 ratio, and TPO-Ab status 
were not associated with breast cancer risk overall or by 
tumour receptor status.

Few prospective studies have been conducted on the 
association between circulating thyroid hormones and 
breast cancer risk. 14–21 The observed positive association 
for fT3 is in line with the results from the Malmö 
Preventive Project (n = 173 cases), 20 but contrasts with 
the absence of association reported overall for fT3 in the 
Malmö Diet and Cancer Study (n = 676 cases), 14,21 and 
in a large cohort of Korean women (n = 834 cases). 18 

Consistent with our findings, positive associations 
between fT4 and breast cancer risk have previously 
been reported in the Rotterdam Study (n = 227 cases), 17 

the Malmö Diet and Cancer Study (n = 676 cases), 14,21 

and the Kangbuk Samsung Health Study in Korean 
women (n = 834 cases). 18 A fourth prospective study 
based on Australian participants (38% premenopausal), 
suggested a positive association with fT4 of borderline 
significance (OR per unit increase = 1.07 (0.99–1.17)),

Menopausal status at blood collection 
  Premenopausal
  Perimenopausal
  Postmenopausal
BMI at inclusion
  <25
  >=25
Hormone use at blood collection
  No
  Yes
Fasting status at blood collection
  No
  In between
  Yes
Subtype
  ER+PR+/−HER2+
  ER+PR+/−HER2−
  ER−PR−HER2+
  ER−PR−HER2−
ER status
  ER+
  ER−
PR status
  PR+
  PR−
HER2 status
  HER2+
  HER2−
Age at diagnosis
  < 50 years
  >= 50 years
Time from blood collection to diagnosis
  < 8.6 years
  >= 8.6 years

N Cases/ N Controls

373/373
253/253
577/577

604/629
587/563

835/835
368/368

548/548
197/197
439/439

162/162
818/818
84/84

115/115

980/980
223/223

828/828
375/375

253/253
950/950

170/170
1033/1033

625/625
578/578

OR, per SD (95% CI)

1.31 (1.07−1.60)
1.02 (0.79−1.31)
1.16 (0.99−1.35)

1.24 (0.98−1.59)
1.46 (1.09−1.97)

1.24 (1.09−1.41)
1.03 (0.85−1.25)

1.16 (1.00−1.36)
1.24 (0.95−1.63)
1.18 (0.98−1.41)

1.76 (1.23−2.50)
1.13 (1.00−1.28)
1.17 (0.64−2.13)
0.81 (0.53−1.23)

1.18 (1.06−1.32)
1.07 (0.81−1.41)

1.19 (1.06−1.35)
1.08 (0.88−1.32)

1.59 (1.20−2.11)
1.10 (0.98−1.23)

1.14 (0.81−1.61)
1.19 (1.06−1.33)

1.05 (0.90−1.23)
1.26 (1.09−1.47)

P−heterogeneity

0.28

0.52

0.09

0.98

0.11

0.60

0.47

0.01

0.48

0.08

0.75 1.0 1.25 1.5
OR (95% CI)

Fig. 1: Associations between fT3 and breast cancer risk in subgroups. Odds ratios were obtained from logistic regression conditioned on 
matching variables (see main text), and adjusted for age at first menstrual period, number of full-term pregnancies, age at first full-term 

pregnancy, breastfeeding, use of oral contraceptives, use of menopause hormonal treatment, smoking status, level of physical activity, 
alcohol consumption, education level, height, body mass index. Abbreviations: BMI body mass index; ER oestrogen receptor; HER2 human 
epidermal growth factor receptor 2; CI; confidence interval; fT3 free triiodothyronine; OR odds ratio; PR progesterone receptor; SD standard 
deviation.
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but included a more limited number of cases 
(n = 100). 15 Although one prospective study (n = 61 
cases) reported higher breast cancer risk among post-
menopausal women with low fT4 concentrations, 19 a 
recent, large Mendelian Randomisation analysis 
combining two large studies–the Breast Cancer Asso-
ciation Consortium (n = 122,977 cases) and the UK 
Biobank (n = 13,666 cases)–confirmed that genetically-
predicted fT4 concentrations were positively associ-
ated with breast cancer risk). 34

Although heterogeneity by ER or PR status was not 
statistically significant in the present work, our findings 
support stronger associations of thyroid hormones with 
breast cancer risk in hormone-receptor positive tu-
mours, as previously suggested for fT4 in the Malmö 
Diet and Cancer Study and the Breast Cancer Associa-
tion Consortium. 14,34 However, in our study, these 
stronger associations were seen mainly for fT3, in 
contrast with previous findings that fT3 was positively 
associated with breast cancer risk only for ER-tumours

(but not ER+) in the Malmö Preventive Project, 35 and 
was not associated with ER + or ER-breast cancers in 
the Malmö Diet and Cancer Study. 14 Of note, in the 
present study, no strong (>0.50) correlations were 
observed between fT3 or fT4 and various hormones or 
binding proteins known to be associated with breast 
cancer risk. Evidence from experimental studies sug-
gests a role for thyroid hormones in oestrogen-
dependent proliferation of breast cancer cells through 
increased expression of oestrogen receptors, and the 
ability of thyroid hormone nuclear receptors to act as 
transcription factors on oestrogen receptor response 
elements in addition to thyroid response elements, 
since they share an identical half-site. 11 Thyroid hor-
mones also act through membrane ανβ3 integrin, 
which could activate phosphorylation of nuclear ERα. 11 
Additional mechanisms may also promote tumour 
cell growth independently of ER, through the ανβ3 
integrin. 11,36,37 Furthermore, thyroid hormone receptors
α and β have been observed in both malignant and

Menopausal status at blood collection 
  Premenopausal
  Perimenopausal
  Postmenopausal
BMI at inclusion
  <25
  >=25
Hormone use at blood collection
  No
  Yes
Fasting status at blood collection
  No
  In between
  Yes
Subtype
  ER+PR+/−HER2+
  ER+PR+/−HER2−
  ER−PR−HER2+
  ER−PR−HER2−
ER status
  ER+
  ER−
PR status
  PR+
  PR−
HER2 status
  HER2+
  HER2−
Age at diagnosis
  < 50 years
  >= 50 years
Time from blood collection to diagnosis
  < 8.6 years
  >= 8.6 years

N Cases/ N Controls

373/373
253/253
577/577

604/629
587/563

835/835
368/368

548/548
197/197
439/439

162/162
818/818
84/84

115/115

980/980
223/223

828/828
375/375

253/253
950/950

170/170
1033/1033

625/625
578/578

OR, per SD (95% CI)

1.19 (0.97−1.46)
1.07 (0.87−1.32)
1.16 (1.01−1.32)

1.21 (0.93−1.58)
1.08 (0.84−1.39)

1.12 (1.00−1.26)
1.12 (0.94−1.33)

1.17 (1.01−1.36)
1.06 (0.84−1.34)
1.04 (0.88−1.23)

1.30 (0.92−1.82)
1.11 (0.99−1.24)
1.12 (0.65−1.90)
1.04 (0.70−1.54)

1.13 (1.02−1.26)
1.08 (0.84−1.40)

1.12 (1.00−1.26)
1.08 (0.90−1.29)

1.22 (0.94−1.58)
1.08 (0.98−1.20)

0.93 (0.64−1.33)
1.15 (1.04−1.27)

1.07 (0.93−1.23)
1.20 (1.04−1.37)

P−heterogeneity

0.94

0.75

0.98

0.48

0.72

0.58

0.73

0.29

0.16

0.44

0.75 1.0 1.25 1.5
OR (95% CI)

Fig. 2: Associations between fT4 and breast cancer risk in subgroups. Odds ratios were obtained from logistic regression conditioned on 
matching variables (see main text), and adjusted for age at first menstrual period, number of full-term pregnancies, age at first full-term 

pregnancy, breastfeeding, use of oral contraceptives, use of menopause hormonal treatment, smoking status, level of physical activity, 
alcohol consumption, education level, height, body mass index. Abbreviations: BMI body mass index; ER oestrogen receptor; HER2 human 
epidermal growth factor receptor 2; CI; confidence interval; fT4 free thyroxine; OR odds ratio; PR progesterone receptor; SD standard 
deviation.
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normal breast cells, and substantial changes in the 
expression profile of these receptors may trigger breast 
cancer development. 38 Evidence regarding potential 
mechanisms of action on HER2+ tumours is limited, 
but a study in mice suggested that integrins could 
promote ERBB2 signalling in undifferentiated thyroid 
carcinoma, although not specific to the ανβ3 integrin. 39 
Only one epidemiological study has previously investi-
gated potential heterogeneity by HER2 status, using a 
retrospective cohort design, in which the 
ER + PR + HER2/neu-subtype was associated with 
higher pre-diagnosis TSH concentrations than the 
ER + PR + HER2/neu + subtype, but fT3 and fT4 were 
not studied. 40 Therefore, further investigation of HER2 
status in prospective studies of thyroid hormones and 
breast cancer is warranted to clarify these associations, 
particularly for hormone receptor-positive and HER2+ 
tumours, which represent about 10% of breast cancer 
cases. 41

We did not observe an association between breast 
cancer risk and the fT3/fT4 ratio, which reflects vari-
ability in the metabolism of thyroid hormones via the

conversion of fT4 to fT3 through the action of deiodi-
nases. 42 Although associations have been reported be-
tween the fT3/fT4 ratio and the prognosis of specific 
cardiometabolic diseases, 42 no prospective studies have 
evaluated its association with breast cancer risk.

Most prospective studies examining blood concen-
trations of TSH have not found an association with 
breast cancer overall. 14–17,20,21 An inverse association was 
observed among Korean women 18 and in a small Dutch 
study including only postmenopausal women (n = 61 
cases), 19 as well as in the Malmö Diet and Cancer Study 
for ER + tumours only. 14 This finding was confirmed by 
a recent Mendelian Randomisation analysis using 
GWAS summary statistics from the Breast Cancer As-
sociation Consortium and the UK Biobank, showing a 
negative association between genetically predicted TSH 
and breast cancer risk, restricted to ER + tumours. 34 

While we did not observe any association between 
TSH and breast cancer overall, there was a suggestion 
of heterogeneity by hormone use (menopausal hor-
mone therapy or oral contraceptives) with a suggestive 
positive association restricted to non-users—a direction
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Fig. 3: Correlations between circulating concentrations of thyroid hormones, sex steroids, C-peptide, IGF1 and IGF-BP among control 
participants. Spearman’s correlations were estimated between residuals of biomarker concentration regressed on analytical batch for the 
specific biomarker analysis. Partial correlations adjusted for age and centre at blood collection are presented here. For premenopausal women, 
phase of the menstrual cycle at blood collection was also adjusted for. Bold edges indicate statistically significant correlations (P < 0.05). 
Sample size used for each correlation is specified, and Spearman’s correlation coefficient is shown for all. Abbreviations: D4 Androstenedione; 
DHEAS dehydroepiandrosterone sulphate; fT3 free triiodothyronine; fT4 free thyroxine; IGF1 insulin-like growth factor 1; IGF-BP3; IGF binding 
protein 3; SHBG sex hormone binding globulin.
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that contrasts with previously reported associations. 
This positive association between TSH and breast 
cancer in women not using hormones aligns with the 
observed positive correlations between TSH and oes-
trone in premenopausal women, and androstenedione 
in postmenopausal women in our study. Although 
most studies adjusted for menopausal hormone therapy 
use, further analyses exploring potential effect modifi-
cation by use of exogenous sex steroid hormones are 
needed, since cross-talk exists between sex steroids and 
thyroid hormones, 43 and increased breast cancer risk in 
hormone users may dilute or mask associations. 44

In the present study, TPO-Ab positivity was not 
associated with breast cancer risk, consistent with 
findings from prospective studies in Australia and in 
the Netherlands. 15,19 In the Malmö Diet and Cancer 
Study, TPO-Ab positivity was not associated with overall 
breast cancer risk, but a lower risk was reported with 
increasing TPO-Ab concentrations, 21 limited to ER + or 
PR + tumours. 14 The positive association between fT3 
and breast cancer risk identified in our study persisted 
even after exclusion of women with TPO-Ab positivity. 
Potential auto-immune mechanisms could support an 
association between hypothyroidism and lower breast 
cancer risk. 11 For instance, antibodies against natrium-
iodide symporter–which facilitates iodide uptake and 
whose increased expression has been observed in breast 
cancer tissues 25 –are commonly found in autoimmune 
thyroid disease. However, our results point more to-
wards a role of thyroid hormones rather than TPO-Ab. 

Major strengths of this study include its large sam-
ple size, availability of hormone receptor and HER2 
status information, and detailed data on lifestyle and 
anthropometric factors. In addition, the exclusion of 
cases diagnosed within two years after blood collection 
and the observation of stronger associations in cases 
diagnosed more than eight years after blood collection 
help rule out potential reverse causality. We were also 
able to examine correlations between thyroid hormones 
and other biomarkers previously measured in a subset 
of the population, showing no strong correlations, 
which provides interesting perspectives for the inter-
pretation of these associations.

One of the main limitations of this study was the 
lack of clinical information about thyroid diseases or 
medications that could influence thyroid function. 
Moreover, biomarker concentrations were assessed at a 
single time point; however, TSH concentrations have 
been shown to remain stable over one to three years. 45 

In addition, TSH and thyroid hormones are very sta-
ble when stored at −80 ◦ C or below, and all EPIC 
samples are stored under these conditions. For fT3 and 
fT4, only previously unthawed samples were used. To 
better understand the associations studied here, pro-
spective studies with repeated assessments of plasma 
thyroid hormone concentrations and detailed records of 
thyroid disease and medication use would be highly

valuable. Lastly, since this study was conducted in a 
European population, findings may not be general-
isable to other settings.

In this large prospective study investigating associ-
ations between plasma thyroid hormone concentrations 
and breast cancer, higher circulating fT3 and fT4 con-
centrations were associated with increased breast can-
cer risk, especially in HER2-positive tumours. 
Confirming these findings is critical to provide a better 
understanding of associations between thyroid function 
and breast cancer risk, which could open important 
perspectives for personalised prevention.
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