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The role of the gut microbiota in carcinogenesis is increasingly being
acknowledged. Recent studies in multiple breast cancer mouse models have
found that antibiotics, by altering the gut microbiota, can accelerate tumour
growth. In humans, a recent cohort study restricted to triple negative breast
cancer showed that breast cancer patients using a greater number of anti-
biotics had markedly worse survival. These studies have raised concerns about
repeated antibiotic use in breast cancer patients. In this Registered Report, we
investigated whether breast cancer patients using oral antibiotics had
increased breast cancer-specific mortality. In population-based cohorts
(n=44,452), we did not observe a statistically significant association between
antibiotic prescriptions after diagnosis and breast cancer-specific mortality
(adjusted HR=1.07 95% Cl 0.87, 1.33) apart from prescriptions of 12 or more
antibiotics (adjusted HR =1.62 95% CI 1.31, 2.01). This association was weaker
after adjustment for infections (adjusted HR =1.44 95% 1.14, 1.81), when
restricted to antibiotics within five years (adjusted HR =1.33 95% 0.95, 1.84),
and was similar for deaths from other causes (adjusted HR =1.69 95% 1.19,
2.41). Frequent antibiotic users had higher cancer-specific mortality but the
attenuation of associations in sensitivity analyses, and similar findings for
other causes of death, suggest this increase may reflect residual confounding.
Protocol registration: The Stage 1 protocol for this Registered Report was
accepted in principle on 7 November 2023. The protocol, as accepted by the
journal, can be found at https://doi.org/10.6084/m9.figshare.24746721.v1.

in another, a third of patients with respiratory tract infections received

In the UK, antibiotics are commonly prescribed, with around 50 anti-  antibiotics despite national guidance recommending delaying or not
biotic prescriptions issued per 100 people in England during 2017, and  using antibiotics®. Under the umbrella term of Antimicrobial Stew-
there is increasing evidence of unnecessary use’. In one UK study, half  ardship (AMS), the UK government has set targets to reduce inap-
of antibiotic prescriptions did not have a clearly documented propriate antibiotic prescribing® via strategies such as avoiding or
indication’ (reference corrected from Stage 1 Registered Report), and  delaying the prescribing of antibiotics in typically self-limiting
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infections, using narrow-spectrum over broad-spectrum antibiotics,
and minimising treatment duration. In addition, further AMS inter-
ventions such as training and decision support tools have been
developed in primary care with the aim of reducing antibiotic
prescribing®.

Antibiotics are increasingly recognised as having a marked impact
on the gut microbiota”®. One review reported that antibiotics com-
monly used in primary care reduce both bacterial diversity and
abundance of gut flora and that differences were related to the anti-
biotic class®’. In addition, studies have shown that even short-term
antibiotic use can result in altered gut microbiota for up to 2 years after
treatment’.

There is increasing evidence that the gut microbiota is important
in cancer. Preclinical studies suggest the gut microbiota can alter
cancer susceptibility and progression by several mechanisms, includ-
ing influencing inflammation, inducing DNA damage, and via alteration
of the immune system response'®. Of particular importance to breast
cancer, gut microbiota have been shown to influence oestrogen
metabolism". Additionally, studies have shown differences in micro-
biome composition in breast cancer patients compared with
controls'™, such as one study that observed less diverse gut micro-
biota in breast cancer patients"”.

Antibiotics and breast cancer

Recently, two preclinical studies suggested that antibiotics could
impact breast cancer outcomes. In 2019, antibiotic use was shown to
increase tumour dissemination in a hormone receptor-positive (lumi-
nal A) breast cancer mouse model. In 20217, this study was repeated,
including the mouse model originally investigated (luminal A) but also
other breast cancer mouse models (luminal B and the basal-like sub-
type). Concerningly, this study showed that antibiotic use (including
commonly used antibiotics such as cephalexin) accelerated tumour
growth in all breast cancer subtypes investigated. The researchers
concluded that accelerated tumour growth likely resulted from the
loss of beneficial microbiota, potentially via anti-tumorigenic species
such as Faecalibaculum rodentium. These results suggest that anti-
biotic use may have a detrimental impact on breast cancer outcome by
altering the gut microbiota. However, it is unclear whether the findings
of these animal experiments will translate to humans’.

In humans, epidemiological studies have shown increases in
breast cancer risk of around 20% associated with antibiotic use" and
weak evidence that breast cancer patients using antibiotics before
diagnosis have less favourable tumour characteristics, such as higher
grade®. However, there has been limited research into antibiotics used
after diagnosis and survival or recurrence in breast cancer patients. An
earlier cohort study of 4216 breast cancer patients” showed that fre-
quent antibiotic users had a non-significant increase in the risk of
second breast cancer events (including recurrences and second pri-
mary breast cancer) and more marked increases in second events with
longer use of certain antibiotic classes. However, it did not investigate
survival outcomes and, due to limited power, called for further
research, particularly by antibiotic class. Another study observed
worse survival in 120 patients with breast cancer who received anti-
biotics within 30 days of chemotherapy”, but ignored antibiotic
exposure after 30 days. A recent study” of 772 triple-negative breast
cancer patients observed a significant increase in breast cancer-
specific mortality rates of 5% for each antibiotic prescription used and
18% for each class of antibiotic used.

This evidence highlights the need for a large study of antibiotics in
breast cancer patients, particularly given the high rates of antibiotic
use and high prevalence of breast cancer (estimates suggest 1.2 million
UK women will be living with breast cancer by 2030**). The primary
objective was to investigate whether breast cancer patients who use or
frequently use antibiotics have increased cancer-specific mortality.
The study investigated cohorts of breast cancer patients in England

and Wales identified from cancer registries (diagnosed 2000-2019)
with linked national mortality data and primary care prescribing
records.

Results
A summary of the preregistered main analyses is shown in Table 1.

Changes to data from Stage 1 report

The final analysis includes women diagnosed with breast cancer
between 2000 and 2019 in both England and Wales, but originally, we
had planned to include women diagnosed from 2000 to 2017.

Patient inclusion

A flow-chart of breast cancer patients included in the main analysis is
shown in Fig. 1. Overall, there were 28,750 stage 1-3 breast cancer
patients in the England cohort and 15,702 stage 1-3 breast cancer
patients in the Wales cohort included in the main analysis. There were
2495 breast cancer-specific deaths with a median follow-up of 5.7 years
(interquartile range 3.4-8.9) in the England cohort, and there were
2082 breast cancer-specific deaths with a median follow-up of 7.3
(4.0-11.9) years in the Wales cohort.

Patient characteristics

In England, 71% (20,459) of patients received an antibiotic after diag-
nosis, and 8% (2287) received 12 or more antibiotics. Similarly, in
Wales, 79% (12,334) of patients received an antibiotic after diagnosis,
and 15% (2331) received 12 or more antibiotics. Characteristics of
patients by antibiotic use are shown in Tables 2 and 3. Breast cancer
patients prescribed more antibiotics tended to be diagnosed in earlier
years, reflecting their increased duration of follow-up. Stage was fairly
similar across antibiotic categories. In England, 9% of antibiotic users
had stage 3 disease compared with 9% of non-users. In Wales, 9% of
users had stage 3 disease compared with 12% of non-users. Rates of
surgery and radiotherapy were similar in antibiotic users and non-
users in both cohorts. A slightly greater proportion of antibiotic users
had chemotherapy compared with non-users (39% versus 35% in Eng-
land; 39% versus 32% in Wales) and used tamoxifen in the year after
diagnosis (40% versus 31% in England; 39% versus 28% in Wales). Other
characteristics were generally similar in antibiotic users and non-users,
including hormone receptor status (although there was considerable
missing data), deprivation, other medication use, and co-morbidities.

Question 1a\1b: Antibiotic use after cancer diagnosis and breast
cancer-specific mortality. The pooled associations between anti-
biotic use after diagnosis and cancer-specific mortality are shown in
Table 4 and Fig. 2. Overall, there was no statistically significant differ-
ence in the rate of cancer-specific mortality in users of antibiotics after
diagnosis (pooled adjusted HR =1.07 95% CI 0.87,1.33) compared with
non-users. However, there was heterogeneity between England and
Wales (P=0.004) with a weak association in England (adjusted HR =
1.19 95% CI 1.08, 1.31), but no association in Wales (adjusted HR = 0.96
95% Cl 0.86, 1.07). There was evidence of a marked increase in breast
cancer-specific mortality with use of 12 or more antibiotics (pooled
adjusted HR =1.62 95% CI 1.31, 2.01), which was consistent in England
(adjusted HR =1.81 95% CI 1.48, 2.20) and Wales (adjusted HR =1.45,
95% CI 1.19, 1.78).

Question 2: Antibiotic use by class after cancer diagnosis and
cancer-specific mortality. The associations between breast-cancer-
specific mortality and antibiotic use by class after diagnosis are shown
in Table 4 and Fig. 2. The associations by class of antibiotic appeared
largely similar. For instance, excluding antibiotics with small numbers
(clindamycin, sulfonamides, and other antibiotics), the pooled adjus-
ted HR ranged from 1.09 (95% CI 0.87,1.37) for penicillin to 1.28 (95% CI
1.11, 1.48) for metronidazole.
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England

Breast cancer patients
registered at GP on
date of diagnosis

Wales

Breast cancer patients
registered at GP on
date of diagnosis

(n=90,178) (n=38,268)
Exclude previous Exclude previous
— cancer (n=2,963) — & cancer (n=1,680)
%
Included (n=87,215) Included (n=36,588)
Exclude less than one Exclude less than one
year of GP records year of GP records
> before cancer > before cancer

diagnosis (n=7,592) diagnosis (n=1,268)

W N

Included (n=79,623)

Included (n=35,320)

—

Exclude patients with
less than 12 months

follow-up after cancer
diagnosis (n=7,397)

Exclude patients with
less than 12 months
follow-up after cancer
diagnosis (n=3,014)

V

Vv

Included (n=72,226)

Included (n=32,306)

Restrict to stage 1to 3
(exclude stage 4 and
missing) (n=27,771)

Restrict to stage 1 to 3
(exclude stage 4 and
missing) (n=6,663)

V

V

Included (n=44,455)

Included (n=25,643)

Exclude if using
antibiotics in year
before cancer
diagnosis (n=15,705)

Exclude if using
antibiotics in year
before cancer
diagnosis (n=9,941)

v

V

Included in primary
analysis (n=28.750)

Included in primary
analysis (n=15,702)

Fig. 1| Flow chart of patients included in the study in England and Wales.

lag periods, and when restricting to antibiotics prescribed in the first 5
years after diagnosis. For instance, after additionally adjusting for
infections, the pooled adjusted hazard ratio in antibiotic users was 1.02
(95% C1 0.82,1.27) and in users of 12 or more antibiotics was 1.44 (95%
Cl 1.14, 1.81) compared with non-users. When using a 2-year lag, com-
pared with non-users, the pooled adjusted hazard ratio in users was

Question 3: Sensitivity analysis of antibiotic use after cancer diag-
nosis and cancer-specific mortality. Sensitivity analyses are shown in
Table 5 and Supplementary Table 1, including subgroup analyses
shown in Table 6 and Supplementary Table 2. The findings of most
analyses were similar to the main analysis, but the associations were
somewhat attenuated after adjusting for infections, when using longer
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Table 2 | Characteristics of breast cancer patients by antibiotic use after diagnosis in England and Wales 2000-2019

Characteristics England Wales

None 1+ 1-5 6-11 12+ None 1+ 1-5 6-11 12+
Age: 18-39 348 (4%) 801 (4%) 576 (4%) 146 (4%) 79 (3%) 106 (3%) 490 (4%) 276 (4%) 131 (5%) 83 (4%)
40-49 1220 (15%) 3133 (15%) 2252 (16%) 565 (15%) 316 (14%) 389 (12%) 1935 (16%) 1152 (16%) 415 (15%) 368 (16%)
50-59 2179 (26%) 5647 (28%) 4011 (28%) 1031(27%) 605 (26%) 865 (26%) 3455 (28%) 2025 (28%) 779 (28%) 651(28%)
60-69 2284 (28%) 5600 (27%) 3838 (27%) 1058 (27%) 704 (31%) 958 (28%) 3550 (29%) 2062 (28%) 795 (29%) 693 (30%)
70-79 1431 (17%) 3541 (17%) 2376 (17%) 732 (19%) 433 (19%) 618 (18%) 2026 (16%) 1177 (16%) 431 (16%) 418 (18%)
80+ 829 (10%) 1737 (8%) 1255 (9%) 332 (9%) 150 (7%) 432 (13%) 878 (7%) 574 (8%) 186 (7%) 118 (5%)
Year: 2000-2004 475 (6%) 2540 (12%) 1250 (9%) 630 (16%) 660 (29%) 589 (17%) 2582 (21%) 1094 (15%) 664 (24%) 824 (35%)
2005-2009 510 (6%) 2710 (13%) 1467 (10%) 674 (17%) 569 (25%) 426 (13%) 3004 (24%) 1433 (20%) 769 (28%) 802 (34%)
2010-2014 1828 (22%) 6238 (30%) M44 (29%) 1391(36%) 703 (31%) 789 (23%) 3696 (30%) 2289 (32%) 858 (31%) 549 (24%)
2015-2019 5478 (66%) 8971 (44%) 7447 (52%) 1169 (30%) 355 (16%) 1564 (46%) 3052 (25%) 2450 (34%) 446 (16%) 156 (7%)
Stage: 1 4057 (49%) 9897 (48%) 6810 (48%) 1936 (50%) 1151 (50%) 1596 (47%) 6056 (49%) 3455 (48%) 1391 (51%) 1210 (52%)
2 3494 (42%)  8821(43%) 6187 (43%) 1640 (42%) 994 (43%) 1377 (M%) 5122 (42%) 3068 (42%) 1117 (41%) 937 (40%)
3 740 (9%) 1741 (9%) 1311 (9%) 288 (7%) 142 (6%) 395 (12%) 1156 (9%) 743 (10%) 229 (8%) 184 (8%)
Grade: 1 1373 (17%) 3431 (17%) 2322 (16%) 677 (18%) 432 (19%) 482 (14%) 1888 (15%) 1080 (15%) 399 (15%) 409 (18%)
2 4285 (52%) 10,372 (51%) 7331 (51%) 1928 (50%) 1113 (49%) 1544 (46%) 5951(48%) 3471(48%) 1336 (49%) 1144 (49%)
& 2410 (29%) 6161 (30%) 4325 (30%) 1161(30%) 675(30%) 980 (29%) 3378 (27%) 2042 (28%) 760 (28%) 576 (25%)
Missing 223 (3%) 495 (2%) 330 (2%) 98 (3%) 67 (3%) 362 (11%) 1M17 (9%) 673 (9%) 242 (9%) 202 (9%)
Surgery 7782 (94%) 19,714 (96%) 13,760(96%) 3735(97%) 2219 (97%) 3058 (91%) 1,752(95%) 6895 (95%) 2630 (96%) 2227 (96%)
Radiotherapy 5827 (70%) 14,684 (72%) 10,359 (72%) 2761 (71%) 1564 (68%) 2071(61%) 7752(63%) 4706 (65%) 1702 (62%) 1344 (58%)
Chemotherapy 2904 (35%) 8059 (39%) 5744 (40%) 1480(38%) 835(37%) 1081(32%) 4833 (39%) 2840 (39%) 1110 (41%) 883 (38%)
Als® 4043 (49%) 9228 (45%) 6686 (47%) 1740 (45%) 802 (35%) 1730 (51%) 5713 (46%) 3643 (50%) 1194 (44%) 876 (38%)
Tamoxifen® 2543 (31%) 8175 (40%) 5345 (37%) 1693 (44%) 1137 (50%) 935 (28%) 4780 (39%) 2509 (35%) 1157 (42%) M4 (48%)
ER: Negative 823 (10%) 1682 (8%) 1257 (9%) 273 (7%) 152 (7%) 361 (11%) 1227 (10%) 781 (11%) 264 (10%) 182 (8%)
Positive 4594 (55%) 10,693 (52%) 7825 (55%) 1949 (50%) 919 (40%) 2220(66%) 7770 (63%) 4903 (67%) 1641 (60%) 1226 (53%)
Missing 2874 (35%) 8084 (40%) 5226 (37%) 1642 (42%) 1216 (53%) 787 (23%) 3337 (27%) 1582 (22%) 832 (30%) 923 (40%)
PR: Negative 1068 (13%) 2191 (11%) 1656 (12%) 366 (9%) 169 (7%) 485 (14%) 1666 (14%) 1080 (15%) 348 (13%) 238 (10%)
Positive 2490 (30%) 5404 (26%) 4022 (28%) 983 (25%) 399 (17%) 1056 (31%) 3363 (27%) 2208 (30%) 686 (25%) 469 (20%)
Missing 4733 (57%) 12,864 (63%) 8630 (60%) 2515(65%) 1719 (75%) 1827 (54%) 7305 (59%) 3978 (55%) 1703 (62%) 1624 (70%)
HER2: Negative 4877 (59%) 10,409 (51%) 7884 (55%) 1759 (46%) 766 (33%) 2105 (62%) 6680 (54%) 4352(60%) 1381 (50%) 947 (M1%)
Positive 661 (8%) 1758 (9%) 1286 (9%) 318 (8%) 154 (7%) 289 (9%) 1211 (10%) 766 (11%) 252 (9%) 193 (8%)
Missing 2753 (33%) 8292 (41%) 5138 (36%) 1787 (46%) 1367(60%) 974 (29%) 4443 (36%) 2148 (30%) 1104 (40%) 191 (51%)

“Aromatase inhibitors in the first year after diagnosis.
PTamoxifen in the first year after diagnosis

1.04 (95% C1 0.91, 1.20), and in users of 12 or more antibiotics was 1.40
(95% CI 1.19, 1.65) compared with non-users, and there was no het-
erogeneity between countries. Restricting to antibiotics used in the
first 5 years after diagnosis, the pooled adjusted hazard ratio in users
was 1.11 (95% CI 0.94, 1.30) and in users of 12 or more antibiotics was
1.33 (95% CI 0.95, 1.84) compared with non-users, and there was no
heterogeneity between countries. The associations appeared stronger
when analyses focused on antibiotics used later in life. For instance,
after removing antibiotics in the 12 months after diagnoses the
adjusted hazard ratio in users was 1.28 (95% CI 1.18, 1.38) and in users of
12 or more antibiotics was 1.85 (95% CI 1.58, 2.17) compared with non-
users and there was no heterogeneity between countries The asso-
ciation between antibiotics and breast cancer specific mortality
appeared similar in oestrogen receptor positive (pooled adjusted HR
for any use 1.08 95% CI 0.96, 1.22 and 12 or more prescriptions 1.48 95%
CI 1.06, 2.06) and oestrogen receptor negative breast cancer (pooled
adjusted HR for any use 0.89 95% Cl 0.69, 1.14 and 12 or more pre-
scriptions 1.95 95% ClI 1.27, 2.98).

Table 7 shows the analysis of different mortality outcomes. The
association with antibiotic use after diagnosis appeared stronger when
investigating all-cause mortality. Compared with non-users, the pooled
adjusted hazard ratio for all-cause mortality in users was 1.11 (95% ClI

0.87, 1.42), and in users of 12 or more antibiotics was 1.76 (95% CI
1.36, 2.29).

Results of unplanned analyses (Stage 2 analyses): Additional ana-
lysis of antibiotic use after diagnosis and mortality. Analysis of
additional outcomes is also shown in Table 7. There was a strong
association between antibiotic use and deaths where breast cancer was
not the underlying cause, and also for deaths where breast cancer was
not mentioned on the death certificate. The pooled adjusted hazard
ratio for deaths where breast cancer was not the underlying cause in
users of 12 or more antibiotics was 1.69 (95% CI 1.19, 2.41) compared
with non-users.

Discussion

In this Registered Report, prescriptions for antibiotics after breast
cancer diagnosis were not significantly associated with breast cancer-
specific mortality, apart from prescriptions for 12 or more antibiotics,
which were associated with a pooled 62% increased risk of breast
cancer-specific mortality. This increased risk in patients prescribed 12
or more antibiotics was reduced in sensitivity analyses adjusting for
infections to 44%, and also reduced in sensitivity analyses limiting
reverse causality (by applying longer lags or restricting to antibiotics in
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Table 3 | Further characteristics of breast cancer patients by antibiotic use after diagnosis in England and Wales

Characteristics England Wales

None 1+ 1-5 6-1 12+ None 1+ 1-5 6-1 12+
Deprivation
1st fifth (deprived) 1069 (13%) 2802 (14%) 1924 (13%) 532 (14%) 346 (15%) 474 (14%) 1798 (15%) 996 (14%) 397 (15%) 405 (17%)
2nd fifth 1469 (18%) 3549 (17%) 2480 (17%) 672 (17%) 397 (17%) 644 (19%) 2257 (18%) 1279 (18%) 518 (19%) 460 (20%)
3rd fifth 1664 (20%) 4153 (20%) 2901 (20%) 790 (20%) 462 (20%) 653 (19%) 2625 (21%) 1524 (21%) 576 (21%) 525 (23%)
4th fifth 1925 (23%) 4796 (23%) 3347 (23%) 908 (23%) 541 (24%) 4 (21%) 2585 (21%) 1599 (22%) 567 (21%) 419 (18%)
5th fifth (affluent) 2164 (26%) 5159 (25%) 3656 (26%) 962 (25%) 541 (24%) 878-83° (26%)  3062° (25%) 1863-8° (26%)  674-9° (25%)  517-22° (22%)
Myocardial infarction 102 (1%) 295 (1%) 176 (1%) 80 (2%) 39 (2%) 67 (2%) 156 (1%) 93 (1%) 29 (1%) 34 (1%)
Heart failure 88 (1%) 236 (1%) 159 (1%) 53 (1%) 24 (1%) 96 (3%) 206 (2%) 17 (2%) 49 (2%) 40 (2%)
PVD® 58 (1%) 176 (1%) 104 (1%) 45 (1%) 27 (1%) 58 (2%) 176 (1%) 97 (1%) 37 (1%) 42 (2%)
Stroke 221 (3%) 634 (3%) 404 (3%) 130 (3%) 100 (4%) 139 (4%) 420 (3%) 240 (3%) 95 (3%) 85 (4%)
COPD® 75 (1%) 345 (2%) 188 (1%) 76 (2%) 81(4%) 127 (4%) 543 (4%) 275 (4%) 122 (4%) 146 (6%)
Hemiplegia 23 (0%) 66 (0%) 43 (0%) 11(0%) 12 (1%) 24 (1%) 92 (1%) 55 (1%) 14 (1%) 23 (1%)
Dementia 60 (1%) 104 (1%) 71(0%) 21 (1%) 12 (1%) 40 (1%) 81 (1%) 52 (1%) 18 (1%) 11(0%)
Liver diseases 86 (1%) 226 (1%) 157 (1%) 42 (1%) 27 (1%) 27 (1%) 101 (1%) 60 (1%) 20 (1%) 21 (1%)
Peptic ulcer 127 (2%) 421 (2%) 263 (2%) 96 (2%) 62 (3%) 41 (1%) 211 (2%) 102 (1%) 48 (2%) 61(3%)
Diabetes 529 (6%) 1462 (7%) 977 (7%) 305 (8%) 180 (8%) 381 (11%) 1405 (11%) 828 (11%) 315 (12%) 262 (11%)
Chronic kidney disease 481 (6%) 1234 (6%) 838 (6%) 274 (7%) 122 (5%) 229 (7%) 669 (5%) 402 (6%) 155 (6%) 12 (5%)
Statin (after)® 1480 (18%) 4038 (20%) 2715 (19%) 838 (22%) 485 (21%) 566 (17%) 2431 (20%) 1376 (19%) 557 (20%) 498 (21%)
Aspirin (after)® 479 (6%) 1788 (9%) 1086 (8%) 415 (11%) 287 (13%) 278 (8%) 1319 (%) 687 (9%) 312 (M%) 320 (14%)
Metformin (after)® 351 (4%) 1004 (5%) 658 (5%) 215 (6%) 131 (6%) 137 (4%) 504 (4%) 285 (4%) M1 (4%) 108 (5%)
HRT (before)* 1654 (20%) 5217 (25%) 3294 (23%) 1102 (29%) 821 (36%) 631 (19%) 3198 (26%) 1697 (23%) 757 (28%) 744 (32%)
Smoking: Current 498 (6%) 1375 (7%) 910 (6%) 295 (8%) 170 (7%) 413 (12%) 1977 (16%) 1108 (15%) 438 (16%) 431 (18%)
Past 1710 (21%) 4819 (24%) 3395 (24%) 896 (23%) 528 (23%) 570 (17%) 2470 (20%) 1508 (21%) 534 (20%) 428 (18%)
Never 5073 (61%) 1,717 (57%) 8329 (58%) 2159 (56%) 1229 (54%) 1863 (55%) 6850 (56%) 4086 (56%) 1515 (55%) 1249 (54%)
Missing 560 (7%) 1164 (6%) 744 (5%) 234 (6%) 186 (8%) 522 (15%) 1037 (8%) 564 (8%) 250 (9%) 223 (10%)
BMI: <18.5 137 (2%) 219 (1%) 163 (1%) 36 (1%) 20 (1%) 38 (1%) 121 (1%) 78 (1%) 24 (1%) 19 (1%)
18.5-24.9 2660 (32%) 5949 (29%) 4330 (30%) 1076 (28%) 543 (24%) 917 (27%) 3414 (28%) 2120 (29%) 732 (27%) 562 (24%)
25-29.9 2299 (28%) 5855 (29%) 4067 (28%) 1138 (29%) 650 (28%) 822 (24%) 3454 (28%) 2022 (28%) 769 (28%) 663 (28%)
230 1636 (20%) 5014 (25%) 3326 (23%) 1016 (26%) 672 (29%) 669 (20%) 3002 (24%) 1655 (23%) 695 (25%) 652 (28%)
Missing 1559 (19%) 3422 (17%) 2422 (17%) 598 (15%) 402 (18%) 922 (27%) 2343 (19%) 1391 (19%) 517 (19%) 435 (19%)
Mean (s.d.) 27.0 (6.0) 27.7 (5.8) 275 (5.7) 28.0 (5.9) 28.7 (6.2) 27.2 (5.5) 27.8 (5.8) 27.5 (5.6) 28.0 (5.7) 28.6 (6.2)

“Peripheral vascular disease.

°Chronic obstructive pulmonary disease. *Medication use in the year after diagnosis. “Hormone replacement therapy use before diagnosis. °Range used to preserve disclosure control.

the 5 years after diagnosis). Additionally, in patients prescribed 12 or
more antibiotics, there was a similar increased risk of 69% in deaths for
which breast cancer was not the underlying cause.

Comparison with previous studies

Our findings for antibiotic use after diagnosis are broadly consistent
with previous studies, but these were based upon much smaller
numbers. An earlier cohort study of 4216 breast cancer patients”
observed an increased risk in breast cancer recurrence associated
with frequent (defined as four prescriptions in a year) antibiotic use
after diagnosis of 38% before adjustment for confounders (HR =1.38
95% Cl 1.03, 1.84), which reduced to 13% (adjusted HR =1.13 95% CI
0.83, 1.53) after adjustment for confounders including stage, treat-
ment and some infections. A recent study” of 772 triple-negative
breast cancer patients did not observe a significant association with
any antibiotic use after diagnosis (HR =1.39 95% CI 0.93, 2.29), which
could reflect the study size, but observed an increase in breast
cancer-specific mortality with increasing numbers of antibiotic
prescriptions (HR per prescription =1.05 95% CI 1.01, 1.08). Another
study?®, from the UK, observed a 36% (adjusted HR =1.36 95% C11.23,
1.49) increased risk of all-cause mortality in antibiotic users com-
pared with non-users, but it is more difficult to directly compare
with our findings because it investigated antibiotic use in the
3-month period before breast cancer diagnosis rather than after
diagnosis.

Interpretation

The cause of the increased breast cancer-specific mortality in
patients prescribed 12 or more antibiotics after diagnosis is
unknown. This association is consistent with animal studies that
suggest that repeated antibiotic use could have a detrimental carci-
nogenic impact on the microbiome, reducing beneficial microbiota,
and resulting in increased risk of breast cancer recurrence and
death'". However, this association could reflect confounding by
indication. Patients who were prescribed 12 or more antibiotics are
likely to have had multiple infections, and the association was partly
but not completely attenuated in sensitivity analysis, additionally
adjusting for recorded GP and hospital infections after diagnosis, but
residual confounding by infection remains likely, as these medical
records will not capture all infections. A previous study of a breast
cancer cohort showed a 37% increase in breast cancer-specific mor-
tality in patients who were hospitalised with an infection®, and
recent evidence from animal models and observational studies sug-
gests that respiratory infections can awaken dormant breast cancer
cells, increasing the risk of cancer recurrence and mortality”. Breast
cancer patients receiving multiple antibiotics may have underlying
health conditions, which could reduce their likelihood of receiving
comprehensive cancer treatment and lead to worse breast cancer
outcomes. Confounding by cancer progression, a recognised pro-
blem in studies of cancer survival, is also possible?. In our study, we
did not have data on cancer recurrence. Patients whose cancer
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Fig. 2 | Adjusted hazard ratios for the association between antibiotic use and  surgery, radiotherapy, chemotherapy, tamoxifen use (in year after diagnosis),

breast cancer-specific mortality, by country and pooled. The figure shows aromatase inhibitor use (in year after diagnosis), Charlson comorbidities (before
Hazard Ratios (and 95% Confidence Intervals) for antibiotics after diagnosis after diagnosis), hormone replacement therapy (before diagnosis) and statin, aspirin,
adjustment for age at diagnosis, year of diagnosis, deprivation, stage, grade, and metformin use (after diagnosis).
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Table 5 | Sensitivity analyses for the association between antibiotics and breast cancer-specific mortality

ABs England Wales P for hetero® Pooled adjusted® P
Unadjusted Adjusted® Unadjusted Adjusted® HR (95% CI)
HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)
Main analysis (events = 4577, person-years = 323,556)
Any 1.45 (1.33, 1.59) 1.19 (1.08, 1.31) 1.01(0.91, 1.12) 0.96 (0.86, 1.07) 0.004 1.07 (0.87, 1.33) 0.521
1-5 1.38 (1.26, 1.52) 1.15 (1.05, 1.27) 0.95 (0.86, 1.06) 0.93(0.83,1.04) 0.005 1.04 (0.84,1.28) 0.749
6-1 1.86 (1.60, 2.17) 1.39 (119, 1.62) 1.19 (1.01, 1.39) 1.05 (0.88, 1.25) 0.018 1.21(0.92, 1.59) 0.173
12+ 2.43 (2.00, 2.95) 1.81(1.48, 2.20) 1.70 (1.41, 2.05) 1.45 (1.19, 1.78) 0.127 1.62 (1.31, 2.01) <0.001
Adjusting for antibiotic use in the year before diagnosis® (events = 7484, person-years =503,230)
Any 1.47 (1.37, 1.59) 1.21 (1.12,1.30) 1.08 (0.99, 1.17) 1.02 (0.93,1.12) 0.008 1.11(0.95, 1.31) 0.197
1-5 1.38 (1.27, 1.49) 1.17 (1.08, 1.26) 1.01(0.93, 1.11) 0.99 (0.90, 1.09) 0.012 1.08 (0.92, 1.26) 0.357
6-1 1.81(1.62, 2.02) 1.38 (1.23, 1.55) 1.21(1.07,1.37) 112 (0.98, 1.28) 0.021 1.25 (1.02, 1.53) 0.034
12+ 214 (1.89, 2.42) 1.69 (1.48, 1.93) 1.49 (1.31, 1.69) 1.39 (1.20, 1.61) 0.051 1.54 (1.27,1.87) <0.001
Comparing broad-spectrum to narrow-spectrum antibiotics (events = 3063, person-years = 217,428)
Any 1.22 (110, 1.36) 1.11 (1.00, 1.24) 1.24 (110, 1.47) 1.15 (1.01, 1.31) 0.708 113 (1.04, 1.23) 0.005
Additional adjusting for infections* (events = 4577, person-years = 323,556)
Any 1.45 (1.33, 1.59) 1.14 (1.03, 1.26) 1.01(0.91,1.12) 0.91(0.81,1.03) 0.004 1.02 (0.82, 1.27) 0.851
1-5 1.38 (1.26, 1.52) 1.12 (1.01, 1.24) 0.95 (0.86, 1.06) 0.90 (0.80, 1.02) 0.006 1.01(0.81, 1.25) 0.95
6-11 1.86 (1.60, 2.17) 1.30 (110, 1.53) 1.19 (1.01, 1.39) 0.98 (0.81,1.18) 0.025 113 (0.86, 1.49) 0.388
12+ 2.43 (2.00, 2.95) 1.62 (1.32,1.99) 1.70 (1.41, 2.05) 1.28 (1.03, 1.59) 0.122 1.44 (1.14,1.81) 0.002
Adjusting for smoking and BMI with multiple imputation (events = 4577, person-years = 323,556)
Any 1.45 (1.33, 1.59) 1.19 (1.08, 1.31) 1.01(0.91,1.12) 0.96 (0.86, 1.07) 0.004 1.07 (0.87,1.32) 0.533
1-5 1.38 (1.26, 1.52) 1.15 (1.04, 1.27) 0.95 (0.86, 1.06) 0.93(0.83,1.04) 0.005 1.03 (0.84, 1.28) 0.758
6-1 1.86 (1.60, 2.17) 1.39 (119, 1.63) 1.19 (1.01, 1.39) 1.04 (0.88, 1.24) 0.015 1.21(0.91, 1.60) 0.188
12+ 2.43 (2.00, 2.95) 1.82(1.49, 2.22) 1.70 (1.41, 2.05) 1.44 (118, 1.76) 0.105 1.62 (1.29, 2.04) <0.001
Early stage (events = 3475, person-years = 301,681)
Any 1.45 (1.30, 1.61) 1.21(1.09, 1.35) 1.00 (0.89, 1.13) 0.96 (0.84, 1.09) 0.006 1.08 (0.85, 1.36) 0.520
1-5 1.37 (1.22,1.52) 1.17 (1.04, 1.30) 0.94 (0.84, 1.07) 0.92 (0.80, 1.05) 0.008 1.04 (0.82,1.31) 0.756
6-1 1.90 (1.61, 2.25) 1.45 (1.22,1.72) 1.19 (0.99, 1.42) 1.08 (0.89, 1.32) 0.030 1.26 (0.94, 1.67) 0.117
12+ 2.43 (1.96, 3.01) 1.85 (1.48, 2.30) 1.62 (1.31, 2.00) 1.44 (1.14,1.81) 0.122 1.63(1.28, 2.09) <0.001
Two-year lag (events = 3835, person-years = 280,115)
Any 1.36 (1.23, 1.50) 1.12 (1.01, 1.24) 1.01(0.90, 1.13) 0.97 (0.86, 1.10) 0.083 1.04 (0.91,1.20) 0.534
1-5 1.31(1.18, 1.45) 1.09 (0.98, 1.20) 0.97 (0.86, 1.08) 0.94 (0.83,1.07) 0.086 1.01(0.88, 1.17) 0.837
6-11 1.72 (1.45, 2.04) 1.31(1.10, 1.56) 1.20 (1.01,1.43) 1.11(0.92, 1.34) 0.197 1.21(1.03, 1.43) 0.024
12+ 1.97 (1.57, 2.48) 1.51(1.20, 1.91) 1.46 (118, 1.82) 1.29 (1.03, 1.63) 0.344 1.40 (1.19, 1.65) <0.001
Restricted to antibiotics in the first 5 years (events =1780, person-years =166,259)
Any 1.40 (1.19, 1.65) 1.20 (1.01, 1.42) 1.14 (0.96, 1.36) 1.01(0.84, 1.22) 0.193 1.11 (0.94, 1.30) 0.225
1-5 1.32 (112, 1.57) 1.16 (0.97, 1.38) 1.08 (0.90, 1.29) 0.97(0.80, 1.18) 0.186 1.07 (0.90, 1.27) 0.456
6-1 154 (1.23, 1.92) 1.25 (1.00, 1.58) 1.30 (1.04, 1.62) 113 (0.89, 1.44) 0.547 119 (1.01, 1.41) 0.035
12+ 2.02 (1.49, 2.74) 1.57 (115, 2.14) 1.40 (1.04, 1.90) 112 (0.81, 1.54) 0.138 1.33(0.95, 1.84) 0.094
Excluding antibiotics in the first 12 months after diagnosis (events = 3835, person-years =280,115)
Any 1.51(1.37,1.67) 1.29 (117, 1.43) 1.32(1.18, 1.48) 1.25 (111, 1.42) 0.720 1.28(1.18, 1.38) <0.001
1-5 1.43 (1.29, 1.58) 1.24 (1.11,1.37) 1.26 (1.12, 1.47) 1.21(1.07, 1.37) 0.822 1.23 (113, 1.33) <0.001
6-1 2.09(1.76, 2.48) 1.62 (1.36, 1.93) 1.57 (1.31,1.88) 1.44 (119, 1.74) 0.379 1.53(1.35, 1.75) <0.001
12+ 2.48 (1.99, 3.08) 1.98 (1.59, 2.47) 2.08 (1.68, 2.56) 1.73 (1.38, 2.16) 0.387 1.85 (1.58, 2.17) <0.001

“Adjusted model contains age, year of diagnosis, deprivation, stage, grade, surgery, radiotherapy, chemotherapy, tamoxifen use (in year after diagnosis), aromatase inhibitor use (in year after
diagnosis), Charlson comorbidities (before diagnosis), home replacement therapy (before diagnosis) and statin, aspirin, and metformin use (after diagnosis) and is based upon a complete case

analysis, except where otherwise stated.

®P-value for heterogeneity comparing the adjusted hazard ratio for England and Wales. *Model additionally contains antibiotic use in the year before diagnosis. “Model additionally contains infection

after diagnosis as a time-varying covariate.

recurred may have received additional treatment, including che-
motherapy known to cause immunosuppression”, which may have
increased their risk of infection and use of antibiotics, but we did not
have comprehensive data on treatments occurring later than 1 year
after diagnosis. There was evidence of this confounding, as in sen-
sitivity analyses with longer lags and restricting to antibiotics within

the first 5 years of diagnosis, our associations were attenuated, which
is consistent with this bias. Otherwise, breast cancer patients pre-
scribed more antibiotics may be more generally frail, and previous
studies have shown strong associations between frailty and
infection®® and, even in cancer-free populations, women frequently
using antibiotics have been shown to have increased all-cause
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Table 6 | Subgroup analyses for the association between antibiotics and breast cancer-specific mortality

ABs England Wales P for hetero® Pooled adjusted® P
Unadjusted Adjusted® Unadjusted Adjusted® HR (95% CI)
HR (95% ClI) HR (95% CI) HR (95% CI) HR (95% ClI)
Oestrogen receptor positive (events =1784, person-years =168,722)
Any 1.38 (1.18, 1.61) 112 (0.95, 1.31) 1.20 (1.03, 1.40) 1.05 (0.88, 1.24) 0.596 1.08 (0.96, 1.22) 0.179
1-5 1.33 (113, 1.55) 1.10 (0.93, 1.29) 114 (0.97,1.34) 1.04 (0.87, 1.23) 0.642 1.07 (0.95, 1.20) 0.278
6-1 1.57 (1.20, 2.04) 1.08 (0.82, 1.42) 1.36 (1.08, 1.72) 1.05 (0.82, 1.34) 0.858 1.06 (0.88, 1.28) 0.514
12+ 2.37(1.69, 3.32) 1.77 (1.26, 2.49) 1.81(1.38, 2.38) 1.26 (0.94, 1.69) 0.135 1.48 (1.06, 2.06) 0.023
Oestrogen receptor negative (events =719, person-years = 24,707)
Any 1.17 (0.94, 1.44) 1.00 (0.80, 1.24) 0.91(0.71,1.16) 0.77 (0.59, 1.00) 0.147 0.89 (0.69, 1.14) 0.338
1-5 1.12 (0.90, 1.39) 0.96 (0.77, 1.21) 0.85 (0.66, 1.10) 0.73 (0.56, 0.96) 0121 0.85 (0.65, 1.11) 0.231
6-1 1.56 (1.01, 2.40) 1.18 (0.75, 1.86) 1.07 (0.66, 1.74) 0.93(0.56, 1.54) 0.490 1.06 (0.76, 1.49) 0.736
12+ 2.62 (1.39, 4.92) 1.94 (1.03, 3.66) 2.68 (1.54, 4.67) 1.95 (110, 3.46) 0.988 1.95 (1.27, 2.98) 0.002
Tamoxifen or aromatase inhibitor treatment in the first year after diagnosis (events = 3163, person-years = 261,464)
Any 1.59 (1.42, 1.79) 1.25 (1.11, 1.41) 1.19 (1.05, 1.35) 1.14 (0.99, 1.31) 0.346 1.20 (110, 1.32) <0.001
1-5 1.51(1.34,1.71) 1.21(1.07,1.37) 113 (0.99, 1.28) 1.11 (0.96, 1.28) 0.381 117 (1.06, 1.28) 0.001
6-1 1.98 (1.66, 2.37) 1.39 (116, 1.67) 1.38 (1.15, 1.66) 1.19 (0.97, 1.46) 0.262 1.29 (1.11, 1.57) <0.001
12+ 2.52 (2.01, 3.15) 1.75 (1.39, 2.20) 1.90 (1.54, 2.36) 1.59 (1.26, 2.07) 0.57 1.67 (1.42,1.97) <0.001
No tamoxifen or aromatase inhibitor treatment in the first year after diagnosis (events = 1414, person-years = 62,094)
Any 1.23 (1.06, 1.44) 1.08 (0.92, 1.26) 0.74 (0.62, 0.89) 0.76 (0.63, 0.92) 0.007 0.91(0.65,1.27) 0.581
1-5 1.17 (1.01, 1.37) 1.04 (0.88, 1.22) 0.70 (0.59, 0.85) 0.73 (0.60, 0.89) 0.007 0.88 (0.62, 1.24) 0.451
6-11 1.64 (1.22, 2.20) 1.27 (0.94, 1.72) 0.90 (0.64, 1.25) 0.92 (0.65, 1.31) 0.177 1.10 (0.80, 1.50) 0.557
12+ 2.49 (1.67, 3.71) 1.93 (1.28, 2.90) 1.44 (0.96, 2.16) 1.20 (0.77,1.87) 0.124 1.53(0.96, 2.44) 0.07
Under age 50 years at diagnosis (events = 997, person-years = 65,986)
Any 1.39 (1.14,1.70) 1.09 (0.89, 1.35) 1.20 (0.95, 1.51) 1.21(0.94, 1.56) 0.549 114 (0.97,1.34) 014
1-5 1.32 (1.07, 1.61) 1.05 (0.85, 1.30) 113 (0.89, 1.43) 117 (0.91,1.52) 0.523 1.10 (0.93, 1.29) 0.262
6-1 1.93 (1.40, 2.65) 1.39 (1.00, 1.93) 1.44 (1.03, 2.02) 1.30 (0.90, 1.86) 0.774 1.35 (1.06, 1.72) 0.016
12+ 218 (1.42, 3.34) 1.46 (0.94, 2.27) 2.13(1.43, 3.18) 1.85 (1.19, 2.87) 0.452 1.64 (1.20, 2.24) 0.002
Over age 55 years at diagnosis (events = 3033, person-years = 206,626)
Any 1.44 (1.29, 1.62) 118 (1.05, 1.32) 0.94 (0.83, 1.06) 0.87(0.76, 1.00) 0.001 1.01(0.76, 1.36) 0.924
1-5 1.38 (1.23, 1.54) 114 (1.01, 1.29) 0.89(0.79, 1.01) 0.85(0.74, 0.98) 0.002 0.99 (0.74, 1.32) 0.929
6-1 1.78 (1.48, 2.14) 1.28 (1.05, 1.55) 1.05 (0.86, 1.28) 0.90 (0.72,1.12) 0.017 1.08 (0.76, 1.52) 0.683
12+ 2.48 (1.96, 3.14) 1.81(1.42, 2.30) 1.54 (1.22,1.95) 1.32 (1.03, 1.69) 0.070 1.54 (113, 2.11) 0.006

2Adjusted model contains age, year of diagnosis, deprivation, stage, grade, surgery, radiotherapy, chemotherapy, tamoxifen use (in year after diagnosis), aromatase inhibitor use (in year after
diagnosis), Charlson comorbidities (before diagnosis), hormone replacement therapy (before diagnosis) and statin, aspirin, and metformin use (after diagnosis) and is based upon a complete case

analysis, except where otherwise stated.
bP-value for heterogeneity comparing adjusted hazard ratio for England and Wales.

mortality”. In patients prescribed multiple antibiotics, we observed
marked differences even in the risk of death from causes not attri-
butable to breast cancer, which suggests the role of confounding by
variables not related to breast cancer, and confounding by frailty
may offer some explanation for these differences.

Strengths and limitations

Our study has many strengths. The study was much larger than
previous studies and included 44,452 breast cancer patients with
follow-up of up to 22 years. However, the average duration of follow-
up may not have allowed us to capture later breast cancer-specific
mortality. The study also included fewer breast cancer patients than
in the pre-study sample size calculation, but as these calculations
were conservative and the proportion using antibiotics was larger
than anticipated, post-hoc power calculations would indicate we had
sufficient power to detect the hazard ratios hypothesised. For
example, with ~70% using antibiotics and 4577 breast cancer-specific
deaths, we would still have over 95% power to detect an HR of 1.2 in
breast cancer-specific mortality in antibiotic users compared with
non-users after diagnosis. A further strength was that our analyses

were conducted in two independent data sources from England and
Wales. This revealed some heterogeneity in the estimates, and in the
main analysis, associations were consistently stronger in England
compared with Wales, but associations were more similar for indi-
vidual antibiotics and in some sensitivity analyses (e.g., when using
longer lags or when excluding antibiotics in the first 6 months after
diagnosis).

We ascertained antibiotics from prescribing records, eliminating
recall bias. However, we would not have captured antibiotics pre-
scribed in the hospital, which may have a broader spectrum, or anti-
biotics given in dental care. Further, our data sources do not capture
information on adherence to antibiotics, but a previous UK study*
showed that over 95% of patients prescribed an antibiotic took at least
some antibiotic, and 75% finished the full course. Another study®
showed that 70% of individuals prescribed an antibiotic for immediate
use took at least some antibiotic, although some took a different
antibiotic from that originally prescribed.

A limitation of our study was that, since it was observational,
breast cancer patients were not randomly allocated to antibiotics
after diagnosis, and consequently, recorded and unrecorded
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Table 7 | Sensitivity analyses for the association between antibiotics and different outcomes

ABs England Wales P for hetero® Pooled adjusted® P
Unadjusted Adjusted® Unadjusted Adjusted® HR (95% CI)
HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)
Main analysis: Breast cancer, underlying cause of death (events = 4577, person-years = 323,557)
Any 1.45 (1.33, 1.59) 1.19 (1.08, 1.31) 1.01(0.91, 1.12) 0.96 (0.86, 1.07) 0.004 1.07 (0.87,1.33) 0.521
1-5 1.38 (1.26, 1.52) 1.15 (1.05, 1.27) 0.95 (0.86, 1.06) 0.93(0.83,1.04) 0.005 1.04 (0.84, 1.28) 0.749
6-1 1.86 (1.60, 2.17) 1.39 (119, 1.62) 1.19 (1.01, 1.39) 1.05 (0.88, 1.25) 0.018 1.21(0.92, 1.59) 0.173
12+ 2.43 (2.00, 2.95) 1.81(1.48, 2.20) 1.70 (1.41, 2.05) 1.45 (119, 1.78) 0.127 1.62 (1.31, 2.01) <0.001
All-cause mortality (events = 9671, person-years = 323,557)
Any 1.47 (1.38, 1.58) 1.26 (117, 1.35) 1.01(0.93, 1.08) 0.98 (0.90, 1.06) <0.001 111(0.87,1.42) 0.410
1-5 1.36 (1.26, 1.45) 119 (1.11,1.28) 0.92(0.85, 0.99) 0.92 (0.85, 1.00) <0.001 1.05 (0.82, 1.34) 0.
6-1 2.03 (1.84, 2.24) 1.53 (1.38, 1.70) 119 (1.07,1.32) 1.09 (0.97,1.22) <0.001 1.29 (0.92, 1.81) 0.136
12+ 2.81(2.50, 3.16) 2.02 (1.79, 2.28) 1.86 (1.66, 2.08) 1.54 (1.36, 1.75) 0.002 1.76 (1.36, 2.29) <0.001
Breast cancer anywhere on the death certificate (events = 5368, person-years = 323,556)
Any 1.47 (1.35, 1.60) 1.23 (113, 1.34) 1.00 (0.91, 1.10) 0.97 (0.87, 1.08) <0.001 1.09 (0.87, 1.38) 0.449
1-5 1.39(1.27,1.52) 1.18 (1.08, 1.29) 0.94 (0.85, 1.04) 0.93(0.83,1.04) <0.001 1.05 (0.83,1.32) 0.692
6-1 1.96 (1.7, 2.25) 1.47 (1.28, 1.69) 1.20 (1.04, 1.40) 1.09 (0.93, 1.28) 0.006 1.27 (0.95, 1.70) 0.106
12+ 2.62(2.20, 3.12) 1.96 (1.64, 2.34) 1.80 (1.52, 2.13) 1.54 (1.28, 1.85) 0.068 1.74 (1.38, 2.20) <0.001
Breast cancer is not the underlying cause of death (events = 5094, person-years = 323,556)
Any 1.50 (1.36, 1.65) 1.28 (116, 1.42) 1.00 (0.90, 1.12) 0.93(0.82, 1.06) <0.001 1.09 (0.80, 1.49) 0.569
1-5 1.33 (1.20, 1.47) 119 (1.07, 1.32) 0.88 (0.78, 0.98) 0.86 (0.76, 0.98) <0.001 1.01(0.74, 1.38) 0.927
6-1 2.15(1.88, 2.46) 1.58 (1.38, 1.82) 1.17 (1.01, 1.35) 1.02 (0.87, 1.20) <0.001 1.27 (0.83, 1.95) 0.274
12+ 3.04 (2.61, 3.54) 2.03 (1.73, 2.37) 1.91(1.64, 2.21) 1.41 (1.20, 1.67) 0.002 1.69 (1.19, 2.41) 0.004
Breast cancer not anywhere on death certificate (events = 4303, person-years = 323,556)
Any 1.48 (1.32, 1.65) 1.25 (1.11, 1.39) 1.01(0.90, 1.14) 0.93(0.81, 1.06) <0.001 1.08 (0.81, 1.44) 0.619
1-5 1.30 (1.16, 1.46) 1.15 (1.03, 1.30) 0.88(0.78, 1.00) 0.86 (0.75, 0.99) 0.002 1.00 (0.75, 1.33) 0.994
6-1 2.08 (1.79, 2.41) 1.51(1.30, 1.76) 1.16 (0.99, 1.35) 0.99 (0.84, 1.18) <0.001 1.23 (0.81, 1.86) 0.332
12+ 2.93(2.48, 3.45) 1.92 (1.62, 2.28) 1.87 (1.59, 2.19) 1.37 (115, 1.64) 0.008 1.63(1.17, 2.26) 0.004

“Adjusted model contains age, year of diagnosis, deprivation, stage, grade, surgery, radiotherapy, chemotherapy, tamoxifen use (in year after diagnosis), aromatase inhibitor use (in year after
diagnosis), Charlson comorbidities (before diagnosis), hormone replacement therapy (before diagnosis) and statin, aspirin, and metformin use (after diagnosis) and is based upon a complete case

analysis, except where otherwise stated.
®P-value for heterogeneity comparing adjusted hazard ratio for England and Wales.

characteristics of antibiotic non-users and users, particularly those
receiving 12 or more prescriptions, are likely to be different both at
breast cancer diagnosis and after diagnosis when antibiotic pre-
scriptions were received. We attempted to address these differences
by adjusting for confounders captured within routinely collected
electronic health records, but large differences persisted in mortality
outcomes unrelated to breast cancer, suggesting residual con-
founding remains. Future studies of antibiotics and breast cancer
outcomes should utilise prospective cohort designs to capture more
detailed information on the outcome (including date of breast can-
cer recurrence and related treatments), the exposure (including
reason for antibiotic use), and important covariates (such as frailty,
the type and timing of infections after breast cancer diagnosis, and
use of probiotics).

In this Registered Report, we observed similar breast cancer-
specific mortality in breast cancer patients prescribed antibiotics after
diagnosis, but higher breast cancer-specific mortality in breast cancer
patients prescribed 12 or more antibiotics. These patients requiring
multiple antibiotic courses are likely to have had multiple infections,
have poorer general health, and are inherently likely to have a higher
mortality risk. The attenuation of this association for multiple anti-
biotics after various adjustments, and a similar association with mul-
tiple antibiotics for deaths not attributable to breast cancer, highlights
the role of confounding in the association between antibiotics and
breast cancer-specific mortality, and it is not clear whether we were
able to fully account for this in our analysis.

Methods

Data sources

The study used two independent data sources: Secure Anonymised
Information Linkage (SAIL) Databank (Wales)*, and QResearch
(England)®. The SAIL Databank is a population-based data repository
from Wales with linkages between datasets conducted on a unique
identifier. The study used the following datasets from SAIL Databank:
Welsh cancer registry data (the Welsh Cancer Intelligence Surveillance
Unit), national mortality data (from the Annual District Death Extract),
GP data (from Welsh Longitudinal General Practice Dataset), and
hospital data (Patient Episode Dataset Wales). QResearch is a database
of anonymised health records from England based on GP records
(from the Optum computer system). The study used linkages (based
upon encrypted NHS number) between the GP records and other
sources, including mortality data (from Office of National Statistics),
cancer registration data (from Public Health England cancer registra-
tion data), and hospital data (from Hospital Episode Statistics). These
data sources were selected because they contain high-quality cancer
registry data, mortality data, prescribing data, and detailed patient
characteristics.

Study population

Population-based cohorts of women newly diagnosed, from 2000 to
2017, with incident breast cancer (based upon ICD 10 code C50) of
stage 1-3 were identified using cancer registry records in England and
Wales (from the Welsh Cancer Intelligence and Surveillance Unit).
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Patients previously diagnosed with other invasive cancer diagnoses
(apart from non-melanoma skin cancer) were excluded. Patients were
registered with a GP on the date of their breast cancer diagnosis and
had a year of GP records prior to the date of their breast cancer
diagnosis.

Exposure

Oral antibiotic use was ascertained from electronic GP prescribing
records in England and Wales based upon Section 5.1 of the British
National Formulary (BNF)*. Oral antibiotics were categorised by drug
class (based on BNF** classification) into the following types: peni-
cillins, cephalosporins, tetracyclines, macrolides, clindamycin, sul-
phonamides, trimethoprim, metronidazole and tinadazole,
quinolones, nitrofurantoin and methenamine, and other anti-
bacterials. Antibiotics were also categorised by specificity (categorised
as broad- or narrow-spectrum®).

Outcome

The primary outcome was breast cancer-specific mortality (based
upon ICD-10 code C50 breast cancer as the underlying cause of death)
identified from 2000 up to 2021 from national mortality records.
Sensitivity analyses investigated breast cancer-specific mortality based
on breast cancer listed anywhere on the death certificate. Secondary
analyses investigated all-cause mortality.

Covariates

The following covariates were identified:

a) age and year of breast cancer diagnosis (from cancer registry
records),

b) cancer stage and grade at diagnosis (from cancer registry
records),

c) cancer treatment (surgery, radiotherapy, and chemotherapy from
cancer registry and hospital records for the year after diagnosis),

d) hormone receptor status (England only, from cancer registry
records),

e) hormone therapy (including tamoxifen and aromatase inhibitors,
from GP prescribing records),

f) comorbidities (including the Charlson comorbidity conditions
myocardial infarction, congestive heart failure, peripheral vas-
cular disease, stroke, COPD, hemiplegia, dementia, liver disease,
peptic ulcer disease, diabetes and chronic kidney disease, from GP
records and hospital admissions),

g) medication use (medications potentially associated with breast
cancer-specific mortality, such as aspirin®®, statins*’, metformin*°,
and hormone replacement therapy” from GP prescribing
records),

h) deprivation (using the 2011 Index of Multiple Deprivation in Wales
and the 2011 Townsend deprivation score in England from GP
records),

i) smoking status and BMI (from GP records), and

j) diagnosed infections (from GP records and hospital admissions).

Statistical analysis

Table 1 provides a summary of all planned analyses. There is the pos-
sibility of information bias** caused by missing data. In general, where
appropriate, we used multiple imputation to impute missing values®.
Twenty imputed datasets were created, and as recommended, breast
cancer-specific mortality status and the cumulative hazard** along with
covariates were included in imputation models, and results were
combined using Rubin’s rules*’. STATA version 18 (StataCorp, TX) was
used for all analyses. Analyses were reported according to STROBE
guidelines. At the time of writing the Stage 1 Registered Report, all of
the data or evidence that was used to answer the research question
existed but was inaccessible to the research team (consistent with a
level 5 Registered Report). However, the research team had conducted

previous research in earlier breast cancer cohorts from SAIL
Databank* and QResearch®, but these data were obtained under
licence for other purposes, and antibiotics were not investigated. The
analyses commenced in December 2023 and were completed in
September 2025.

Main analysis

There were two main analyses of oral antibiotic use after breast cancer
diagnosis: one part investigated the use of any antibiotic (any use and
frequency of use), and one part investigated antibiotic use by type. In
these main analyses, breast cancer patients with stage 1-3 disease were
followed from 12 months after diagnosis to breast cancer-specific
mortality (censoring on death from other causes, end of mortality
follow-up, or end of GP records). Patients who died in the first
12 months after diagnosis were excluded, as it seems unlikely that
antibiotic use after diagnosis could impact such deaths. Patients were
required to have medication records for the year before cancer diag-
nosis. Patients using antibiotics in the year prior to diagnosis, who may
have depleted microbiota at cancer diagnosis, were excluded. Anti-
biotic use after diagnosis was modelled as a time-varying covariate to
avoid immortal time bias*® and was lagged by 12 months* with anti-
biotic users compared with antibiotic non-users (described in Fig. 1).
This 12-month lag will reduce reverse causation from antibiotics used
for infections as part of end-of-life care. Sensitivity analyses, described
below, were conducted by varying the duration of the lag (using a lag
of 2 years and 3 years).

The first part of the main analysis investigated the use of any
antibiotic (1 or more prescriptions compared with non-users) and
frequent use of any antibiotic based upon the cumulative number of
prescriptions (1-5, 6-11, 12 or more prescriptions compared with non-
users). The second part of the main analysis investigated the use of
antibiotics by type. Time-dependent Cox proportional hazards (PH)
regression models were used to calculate Hazard Ratios (HRs), and 95%
confidence intervals (Cls), for antibiotic use compared with non-use
after breast cancer diagnosis adjusting for age at diagnosis (con-
tinuous), year of diagnosis (continuous), stage (in categories 1-3),
grade (in categories 1-3), surgery (yes or no), radiotherapy (yes or no),
chemotherapy (yes or no), hormone therapy use (any versus none,
after diagnosis as time varying covariates), Charlson comorbidities
(separately before diagnosis), hormone replacement therapy use (yes
or no, before diagnosis), other medication use (including statin, aspirin
and metformin, any versus none, after diagnosis as time varying cov-
ariates) and deprivation (in fifths). The PH assumptions were checked
by visual inspection of log(-log) plots. A two-stage analysis procedure
using random effects models was conducted to pool results across
cohorts using the Hazard Ratios and corresponding standard errors in
each cohort".

Sensitivity analyses

A number of sensitivity analyses were conducted to explore the con-
sistency of the association between antibiotic use and breast cancer-
specific mortality. Despite the number of sensitivity analyses, we have
not made any correction for multiple comparisons because none of
these sensitivity analyses will be interpreted in isolation from each
other. First, an analysis of antibiotic use after diagnosis was conducted,
not excluding individuals using antibiotics in the year before diagnosis.
Second, an analysis of antibiotic use after diagnosis was conducted,
adjusting for antibiotic use in the 1 year before diagnosis. Third, an
active comparator analysis was conducted comparing broad-spectrum
with narrow-spectrum antibiotics as both broad and narrow-spectrum
antibiotics may have similar indications, but narrow-spectrum anti-
biotics are likely to have less impact on the microbiome*®. Fourth, an
analysis was conducted of antibiotics prescribed after diagnosis and
breast cancer-specific mortality, additionally adjusting for infections.
Fifth, analyses were conducted to investigate potential reverse
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causation: (a) an analysis was repeated restricted to early stage disease
(stage 1-2); (b) separate analyses were conducted using a 2 year
medication lag (starting follow-up at 24 months) and 3 year medication
lag (starting follow-up at 36 months); (c) an analysis was conducted
only investigating antibiotic use within the first 5 years after breast
cancer diagnosis (starting follow-up at 5 years), and (d) an analysis was
conducted excluding antibiotic use in the 6 months after diagnosis
(starting follow-up at 18 months) and excluding antibiotic use in the
year after diagnosis (starting follow-up at 24 months). Sixth, in Eng-
land, analyses were repeated by hormone receptor status (as the
immune system may play a greater role in the biology of oestrogen
receptor negative disease*’) and the analyses were repeated in both
datasets by receipt of any endocrine therapy (tamoxifen or aromatase
inhibitors) in the first 12 months after diagnosis, a proxy for oestrogen
receptor status. Seventh, the main analysis was repeated, additionally
adjusting for smoking and BMI, which are potential confounders as
they may be associated with both antibiotic use*® and cancer-specific
mortality’*>. Multiple imputation and complete case analyses were
conducted because we anticipated missing data for these variables, as
in a previous study using UK GP records, BMI and smoking were
missing for around 20% of breast cancer patients®. Eighth, as a proxy
for menopausal status, the main analysis was repeated, restricted to
women aged over 55 (a proxy for postmenopausal status) and under 50
(a proxy for premenopausal status). Finally, the analyses were repe-
ated, investigating breast cancer-specific mortality based on breast
cancer listed anywhere on the death certificate and all-cause mortality.

Further details on preregistered analyses

In the sensitivity analysis of antibiotics and breast cancer-specific
mortality, additionally adjusting for infections, infections were iden-
tified using previously published code lists from GP** and hospital
records™, and separate GP infection and hospital infection variables
were included in models as time-varying covariates.

Changes to preregistered analyses

Originally, based upon anticipated data availability, we had planned to
include population-based cohorts of women diagnosed with breast
cancer from 2000 to 2017 and followed for mortality up to 2021, but
the final analysis included women diagnosed between 2000 to 2019
and followed up to July 2023 in both England and Wales. We had
originally planned to only identify and analyse hormone receptor
status in England, but using records from the Cancer Network Infor-
mation System (CNIS) in Wales, we were also able to conduct subgroup
analyses by hormone receptor status in Wales.

Unplanned analyses (Stage 2 analyses)

In addition to the planned analyses of the Registered Report, we
conducted some additional analyses to explore the specificity of the
observed association between antibiotic use and breast cancer-specific
mortality. Specifically, we repeated the main analysis using the out-
comes of death where breast cancer was not the underlying cause and
death where breast cancer was not mentioned on the death certificate.

Sample size calculation

We estimated the Welsh breast cancer cohort would contain over
17,000 stage 1-3 breast cancer patients newly diagnosed from 2000 to
2017, in whom there would be 2125 cancer-specific deaths. In England,
we estimated there would be over 60,000 stage 1-3 breast cancer
patients in whom we would expect 7500 cancer-specific deaths, based
upon Welsh cancer-specific mortality rates. Antibiotic prescribing
prevalence was estimated from a previous case-control study®. In the
year before breast cancer diagnosis, an estimated 30% of breast cancer
patients received an antibiotic prescription; in a 5-year period, 55% of
all breast cancer patients received an antibiotic prescription, and 4%
received 12 or more antibiotic prescriptions.

Using Schoenfeld’s method®, based upon the numbers above,
we would have over 95% power to detect a clinically important,
relative 20% increase (i.e., a HR of 1.2) in breast cancer-specific
mortality in antibiotic users compared with non-users after diag-
nosis. Similarly, in users of 12 or more antibiotics, we could detect a
25% increase in cancer-specific mortality, and by antibiotic class, we
could detect a 20% increase in cancer-specific mortality with use of
cephalosporins (the antibiotic type used in the mouse model
experiments”) or penicillin (based upon 10% use of cephalosporins
and 33% use of penicillin).

Ethics

Ethical approval for the QResearch database is obtained annually from
the East Midlands—Derby Research Ethics Committee (Ref. 18:/EM/
0400). Approval for our analysis of the English data has been obtained
from the QResearch Scientific Committee. Approval for analysis of the
Welsh data has been obtained from the SAIL Databank Information
Governance Review Panel.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasets from Wales (SAIL databank; Swansea University, https://
saildatabank.com/) and England (QResearch; Queen Mary University
of London, https://www.qresearch.org/) were obtained under strict
data access conditions that allowed the study to be conducted but do
not allow direct data sharing. However, the data analysed in this study
would, in principle, be available to a researcher who applied to the data
custodians and obtained the same approvals.

Code availability

Relevant STATA code is available in the Supplementary Material.
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