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Summary
Background Circadian rhythm impacts broad biological processes, including response to cancer treatment. Evi-
dence conflicts on whether treatment time affects risk of radiotherapy side-effects, likely because of differing time
analyses and target tissues. We previously showed interactive effects of time and genotypes of circadian genes on
late toxicity after breast radiotherapy and aimed to validate those results in a multi-centre cohort.
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Methods Clinical and genotype data from 1690 REQUITE breast cancer patients were used with erythema (acute;
n=340) and breast atrophy (two years post-radiotherapy; n=514) as primary endpoints. Local datetimes per fraction
were converted into solar times as predictors. Genetic chronotype markers were included in logistic regressions to
identify primary endpoint predictors.

Findings Significant predictors for erythema included BMI, radiation dose and PER3 genotype (OR 1.27(95%CI 1.03-
1.56); P < 0.03). Effect of treatment time effect on acute toxicity was inconclusive, with no interaction between time
and genotype. For late toxicity (breast atrophy), predictors included BMI, radiation dose, surgery type, treatment
time and SNPs in CLOCK (OR 0.62 (95%CI 0.4-0.9); P < 0.01), PER3 (OR 0.65 (95%CI 0.44-0.97); P < 0.04) and
RASD1 (OR 0.56 (95%CI 0.35-0.89); P < 0.02). There was a statistically significant interaction between time and
genotypes of circadian rhythm genes (CLOCK OR 1.13 (95%CI 1.03-1.23), P < 0.01; PER3 OR 1.1 (95%CI 1.01-1.2),
P < 0.04; RASD1 OR 1.15 (95%CI 1.04-1.28), P < 0.008), with peak time for toxicity determined by genotype.

Interpretation Late atrophy can be mitigated by selecting optimal treatment time according to circadian genotypes
(e.g. treat PER3 rs2087947C/C genotypes in mornings; T/T in afternoons). We predict triple-homozygous patients
(14%) reduce chance of atrophy from 70% to 33% by treating in mornings as opposed to mid-afternoon. Future clini-
cal trials could stratify patients treated at optimal times compared to those scheduled normally.

Funding EU-FP7.

Copyright � 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
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Research in context

Evidence before this study

We searched PubMed for articles describing human
studies of circadian rhythm effects on side effects from
radiotherapy for breast cancer up to 18 June 2021. The
search terms included were “radiotherapy” and “breast”
and “circadian” and “toxicity” or “side effect” or “adverse
reaction” or “skin reaction”. The search resulted in seven
articles, of which four are reviews and one is a study on
tumour response in radiotherapy patients with bone
metastases. Two articles describe observational studies
on whether time of radiotherapy affects toxicity: Noh et
al 2014 which found that in 395 breast cancer patients
skin reactions were most common in the afternoon
group, but with no genetic analysis. The other is our
paper Johnson et al 2019, which described analysis of a
cohort of 535 patients.

Added value of this study

This study improves on previous studies through use of
a large pan-European cohort of patients (n=1690) from
multiple recruitment locations, and a time-of-day analy-
sis based on solar time (continuous) rather than AM/PM
stratification. Treatment time as a predictor of late atro-
phy is confirmed, while we also find new significant
interactions between multiple circadian genes (PER3,
CLOCK and RASD1) and treatment time with respect to
late atrophy (P=0.005-0.02). Crucially, we determine that
peak time of toxicity is determined by circadian
genotypes.

Implications of all the available evidence

This data show that radiation toxicity, particularly late
atrophy, can be sensitive to treatment time dependant
on circadian genotypes. Allocating time of treatment
according to genotype can therefore reduce occurrence
of late radiation toxicities. Remarkably, we predict tri-
ple-homozygous patients (14% of patients) reduce their
chance of atrophy from 70% to 33% by treating in the
morning as opposed to mid-afternoon. This personal-
ised approach to radiation therapy requires testing in a
large international trial.
Introduction
Ten year all-stage survival from breast cancer has almost
doubled in England and Wales from 1971 to 2017. Age
standardised 10-year survival increased from 40% to
76%1 and has improved across Europe.2 The reasons
for the improvement in survival in breast cancer are
complex and include earlier diagnosis (including
screening) and improvements in surgery, radiotherapy,
chemotherapy, and hormone treatment. Radiotherapy
is given to most patients treated after breast conserva-
tion surgery and selected patients after mastectomy
but can lead to life-long side-effects (toxicity). Amongst
www.thelancet.com Vol 84 October, 2022
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the 2215 patients in the START-B trial, physician
assessed incidence of breast shrinkage at 10 years after
treatment was 26.2% (40Gy) and 31.2% (50Gy), with
induration in the tumour bed in 14.3% and 17.4%
respectively.3

Circadian rhythms are daily oscillations of metabolic
activity driven by the master clock of the suprachias-
matic nucleus in the brain, with peripheral clocks in
every organ system. Tissues at risk of late damage in the
breast include fat, skin, and connective tissue. It has
been known for over 50 years that skin cell division is
under circadian control.4 S-phase of the cell cycle has
been shown to be maximal close to noon by flow cytom-
etry and in tritiated thymidine studies.5 The cell cycle in
skin is under genetic control particularly by the PER
(period) family of genes. Janich and colleagues identi-
fied five peaks of circadian gene activity over 24 hours
and were related to keratinocyte differentiation.6 The
dynamics of diurnal cycles are less well understood in
subcutaneous tissue but there is considerable evidence
of a circadian clock present in connective tissues and in
cells in the extra-cellular matrix.7 Recently, circadian
rhythms in genes expressed in the epidermis have been
used to generate a reliable phase biomarker for an indi-
vidual’s circadian cycle.8 The cyclic nature of skin and
subcutaneous cell division has implications when
assessing the normal tissue effects of irradiation of the
human breast as radio-sensitivity varies considerably as
cells progress through the cell cycle, with relative radio-
resistance in the S-phase and increased radiosensitivity
in late G2 and mitosis.9

There is good evidence for the benefit of delivering
various chemotherapeutic agents at specific times-of-
day based on the circadian rhythm of the patient, espe-
cially in reducing side effects. The literature on circa-
dian rhythm effects on radiotherapy has until now been
mixed.12 Clinical studies in several cancer types, includ-
ing head & neck, cervical and prostate cancers, have
shown a difference in radiotherapy side effects accord-
ing to time of treatment. The studies however are incon-
sistent and hard to compare as they use various time
analysis methods.10

Evidence already exists linking afternoon treatment
to increased acute side-effects from radiotherapy in
breast cancer patients,11 while we previously investi-
gated genetic circadian rhythm variants for association
with acute and late toxicity and receipt of radiotherapy
in the morning,12 Late radiation toxicity was assessed in
the LeND cohort of 535 patients recruited retrospectively
and scored using the late effects in normal tissue-sub-
jective objective management analysis (LENT-SOMA).
Acute side-effects were assessed in a prospectively
recruited cohort of 343 patients from Leicester scored
according to CTCAEv4. Genotyping was carried out for
candidate circadian rhythm variants. In the LeND
cohort, patients who had radiotherapy in the morning
www.thelancet.com Vol 84 October, 2022
had significantly increased late toxicity in univariate
(P=0.03) and multivariate analysis (P=0.01). Acute
effects in the prospective Leicester cohort were also sta-
tistically significantly increased in univariate (P=0.03)
but not multivariate analysis. Increased late effects in
the LeND cohort receiving morning radiotherapy were
associated with the PER3 variable number tandem
repeat (VNTR) 4/4 genotype (P=0.006) and the NOCT
rs131116075 AA genotype (P=0.005).12

Previously we divided participants into groups in
which >66% of fractions were delivered morning or
afternoon, and a mixed group where fractions were
delivered across the day. This simple cut-off was neces-
sitated by sample size but assumes that radiotherapy cir-
cadian effects vary linearly over the time-window of
treatment (08.00-18.00 in Leicester). That assumption
is not well-founded, and rendered void by the wider
time-window of patients treated at multiple centres. A
further problem is that there is no consensus in the lit-
erature over the time cut-offs, with other studies having
used various times to define morning and evening
groups.10

The aim of this study was to extend our previous
investigation to include over 2,000 breast cancer
patients recruited into the multi-centre prospective
REQUITE cohort study with a minimum follow up of
two years. The objectives were to evaluate a time-of-day
effect upon the incidence of acute and late radiation tox-
icity in this larger prospective cohort, and to validate the
association of previously investigated genetic circadian
variants with late toxicity.
Methods

Participants
The REQUITE (https://requite.eu) cohort study
recruited breast, prostate, and lung cancer patients
from eight countries between April 2014 and March
2017 and continue to be followed up.13 A centralised
database containing pre-treatment, treatment and fol-
low up data is available to validate predictive models
and potential biomarkers in over 4400 patients. DNA
(n=4409) was stored in a centralised biobank. Partici-
pants were drawn from the breast cohort of REQUITE,
comprising 2057 women. Recruiting centres are listed
in Table 1. Inclusion criteria included women over the
age of 18 with a confirmed diagnosis of breast cancer
and no evidence of distant metastases treated with
radiotherapy with curative intent. Exclusion criteria
included prior irradiation at the same site, male breast
cancer patients, concomitant chemo-radiation, bilateral
tumours and mastectomy (see13 for full list). Tumour
excision was performed by one of three surgical techni-
ques: wide local excision (lumpectomy; removal of all
grossly visible tumour mass plus a narrow margin of
3
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Characteristic Overall,

N = 1,727

Barcelona,

N = 193

Gent, N = 295 Leicester,

N = 343

Leuven,

N = 252

Mannheim,

N = 37

Milan,

N = 102

Montpellier,

N = 405

Santiago,

N = 100

Latitude (degrees) 41.4 51.1 52.6 50.9 49.5 45.5 43.6 42.9

Longitude (degrees) -2.2 3.7 -1.1 4.7 8.5 9.2 3.9 -8.5

Shortest day (hours) 9.2 7.9 7.6 7.9 8.1 8.7 8.9 9

Longest day (hours) 15.2 16.6 16.8 16.5 16.3 15.7 15.4 15.3

Genotypes 1,640 (95%) 176 (91%) 287 (97%) 312 (91%) 249 (99%) 37 (100%) 98 (96%) 382 (94%) 99 (99%)

Age (years) 58 (11) 56 (12) 58 (11) 61 (11) 58 (11) 52 (9) 53 (10) 59 (11) 57 (11)

BMI (kg/m2) 26.4 (5.6) 26.4 (5.3) 25.9 (4.6) 28.3 (6.6) 25.7 (4.6) 25.3 (7.3) 23.7 (4.0) 25.9 (5.6) 29.2 (5.6)

(no data) 17 0 3 6 5 0 1 1 1

Tumour histological grade

1 330 (20%) 34 (18%) 45 (16%) 81 (24%) 50 (20%) 7 (21%) 16 (16%) 71 (18%) 26 (26%)

2 890 (53%) 105 (55%) 129 (47%) 175 (51%) 130 (53%) 17 (50%) 57 (56%) 231 (58%) 46 (46%)

3 462 (27%) 53 (28%) 99 (36%) 87 (25%) 64 (26%) 10 (29%) 28 (28%) 94 (24%) 27 (27%)

(no data) 45 1 22 0 8 3 1 9 1

Menopausal status

Pre 404 (24%) 66 (34%) 50 (17%) 41 (12%) 52 (22%) 13 (35%) 53 (52%) 108 (27%) 21 (21%)

Post 1,167 (69%) 116 (60%) 217 (74%) 245 (72%) 168 (72%) 20 (54%) 41 (40%) 289 (73%) 71 (71%)

Peri 127 (7.5%) 10 (5.2%) 28 (9.5%) 55 (16%) 14 (6.0%) 4 (11%) 8 (7.8%) 0 (0%) 8 (8.0%)

(no data) 29 1 0 2 18 0 0 8 0

Diabetes 105 (6.1%) 11 (5.7%) 18 (6.1%) 29 (8.5%) 13 (5.2%) 2 (5.4%) 3 (2.9%) 23 (5.7%) 6 (6.0%)

Smoking status

Never 946 (55%) 117 (61%) 181 (62%) 182 (53%) 126 (55%) 18 (49%) 73 (72%) 189 (47%) 60 (60%)

Ex-smoker (before cancer diagnosis) 446 (26%) 34 (18%) 70 (24%) 111 (32%) 65 (28%) 5 (14%) 8 (7.8%) 132 (33%) 21 (21%)

Ex-smoker (since cancer diagnosis) 73 (4.3%) 13 (6.7%) 9 (3.1%) 13 (3.8%) 7 (3.0%) 4 (11%) 11 (11%) 10 (2.5%) 6 (6.0%)

Current smoker 240 (14%) 29 (15%) 34 (12%) 37 (11%) 33 (14%) 10 (27%) 10 (9.8%) 74 (18%) 13 (13%)

(no data) 22 0 1 0 21 0 0 0 0

Surgery type

Segmentectomy / Quadrantectomy 841 (49%) 191 (99%) 35 (12%) 22 (6.4%) 0 (0%) 31 (91%) 102 (100%) 361 (89%) 99 (99%)

Wide local excision 882 (51%) 2 (1.0%) 260 (88%) 321 (94%) 252 (100%) 3 (8.8%) 0 (0%) 43 (11%) 1 (1.0%)

(no data) 4 0 0 0 0 3 0 1 0

Neoadjuvant chemotherapy (anthracycline) 138 (8.0%) 38 (20%) 7 (2.4%) 15 (4.4%) 34 (13%) 7 (19%) 5 (4.9%) 12 (3.0%) 20 (20%)

Neoadjuvant chemotherapy (non-anthracycline) 153 (8.9%) 45 (23%) 7 (2.4%) 15 (4.4%) 39 (15%) 9 (24%) 5 (4.9%) 12 (3.0%) 21 (21%)

Adjuvant chemotherapy (anthracycline) 352 (20%) 50 (26%) 82 (28%) 56 (16%) 24 (9.5%) 4 (11%) 37 (36%) 65 (16%) 34 (34%)

(no data) 1 0 0 0 0 1 0 0 0

Adjuvant chemotherapy (non-anthracycline) 374 (22%) 65 (34%) 88 (30%) 32 (9.3%) 38 (15%) 4 (11%) 39 (38%) 71 (18%) 37 (37%)

BED (acute toxicity) (Gy) 65 (11) 71 (9) 58 (6) 53 (5) 73 (5) 75 (7) 69 (7) 72 (9) 67 (10)

BED (late toxicity) (Gy) 94 (14) 100 (12) 88 (8) 78 (6) 109 (7) 104 (9) 96 (8) 99 (13) 96 (14)

Boost 1,158 (67%) 161 (83%) 221 (75%) 35 (10%) 251 (100%) 30 (81%) 83 (81%) 301 (74%) 76 (76%)

Intensity-modulated radiation therapy (IMRT) 898 (52%) 29 (15%) 264 (89%) 305 (89%) 216 (86%) 29 (78%) 1 (1.0%) 54 (13%) 0 (0%)

Mean treatment time (hours from local midnight) 12.63 (2.74) 13.89 (3.60) 11.75 (1.76) 12.60 (1.89) 11.76 (2.02) 10.49 (1.72) 12.40 (2.38) 12.94 (3.18) 14.83 (3.34)

Table 1 (Continued)
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normal tissue); quadrantectomy (removal of a quarter of
the breast tissue, sometimes with excision of overlying
skin and underlying fascia); or segmentectomy (removal
of an anatomical segment of the breast containing the
tumour). Figure 1 (STROBE diagram) provides an out-
line of patient selection and eligibility for our analyses.
Sample size determination and data management
Sample size for this study was determined by the avail-
ability of data from suitable patients recruited to the
REQUITE Project. Patients were treated according to
local radiotherapy protocols but information was col-
lected on standardised project forms. REQUITE recruit-
ment centres were invited to provide the time and date
of each radiotherapy fraction giving a total of 1727
potential participants, of which 1640 had genotyping
data. Data from patients were collected and input into
electronic case report forms (CRFs) � further details
are available elsewhere.13
Toxicity endpoints
We used the most common acute and late (two-years
after radiotherapy) side-effects in the cohort: erythema
and atrophy (Table 2). Baseline and 24-month grading,
including atrophy, were scored by the physicians accord-
ing to CTCAE v4.00. Breast photos were taken at each
time-point. Patients with baseline (post-surgery, pre-
radiotherapy) scores > 0 for erythema and > 1 atrophy
were removed from our analyses. Baseline erythema in
these patients was likely due to surgically induced
inflammation rather than radiotherapy. Similarly, the
76 patients with gross atrophy before radiotherapy prob-
ably already had marked tissue loss from surgery. Ery-
thema was dichotomised with a cut off >= grade 2.
Atrophy deterioration was dichotomised for worsening
of >=1 grade at 24 months versus baseline. No blinding
procedures on outcomes were carried out.
Genetic analysis
Genotyping was carried out centrally using Illumina
Infinium OncoArrays on 600k single nucleotide poly-
morphisms (SNPs) and subjected to standard quality
control procedures. A total of 7,409,901 SNP variants
were imputed with minor-allele frequency (MAF) >

0.05 using the 1000 Genomes Project data. A power cal-
culation assuming n=1054, atrophy frequency 35%,
power = 0.80 and OR=1.3 (assumes Johnson et al.12 OR
is over-inflated) shows for different minor allele fre-
quencies (MAFs) we have: MAF 0.05 a=0.25, MAF 0.1
a=0.05, MAF 0.2 a=0.005, suggesting adequate power
for up to 10 SNPs. Candidate SNPs were selected from
Johnson et al 201912 (SNPs in PER3, NOCT and
CLOCK) where a genotype-modulated treatment time
effect has previously been reported. SNPs were also
selected from further circadian rhythm genes (VAMP3,
5



Figure 1. STROBE diagram showing selection of patient cohorts for analysis of erythema and atrophy.
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RASD1, PER2, HCRTR2) (Table 2) on the basis of signif-
icant association with morningness phenotype, a well-
known circadian role and a minimum minor allele fre-
quency of 0.05.14 We used a polygenic risk score (PRS)
for chronotype calculated in ldpred15 using SNPs from a
combined UK Biobank / 23andMe GWAS of 697,828
individuals.16
Circadian analysis
Local time and date of each radiotherapy fraction were
converted into solar time (whereby solar noon is when
the sun reaches its zenith for a given location) using the
photobiology R package17 v.0.10.5, thus adjusting for lon-
gitude, time zone, daylight savings and seasonal solar
orbit variations (Figure 2a). Mean treatment time as a
continuous predictor was used as a more powerful alter-
native to grouping by morning/afternoon used in other
studies. As the signals from the suprachiasmatic nucleus
are influenced by the amount of light reaching the retina,
additional metrics day length (Figure 2b), maximum
solar elevation and standard deviation of the fraction
times (Figure 2c) were calculated. Milan patients were
given radiotherapy at the same time each day, but times
in other centres varied (Figure 2c). Patients with a wide
range of treatment times (SD > 2 h) were excluded as it
is not possible to analyse the contribution of time-of-day
in such patients. As cell cycle phase varies throughout
the day, we identified 00:00 and 15:30 as optimal solar
time offset for erythema and atrophy by constructing
models at varying times and selecting for minimal
Akaike information criteria (AIC).
www.thelancet.com Vol 84 October, 2022



Gene Reason tested Chromosome rs number Position (NCBI37) Alleles(alelle2 frequency) Allele 2 morningness
odds radio(95%CI)p-value
(GWAS-derived SNPs only)

PER3 Validation gene. Strong LD with

VNTR used in Johnson et al

(2019)12

1 rs2087947 7851093 C/T

(0.31)

N/A

CLOCK Validation Johnson et al (2019)12 4 rs1801260 56301369 A/G

(0.27)

N/A

NOCT Validation from Johnson et al

(2019)12
4 rs13116075 139930032 A/G

(0.15)

N/A

VAMP3 Close to PER3. Statistically signifi-

cant in GWAS study 14

1 rs11121022 7836659 A/C

(0.42)

1.07

(1.04-1.09)

P = 2 £ 10-8

PER2

(120kb upstream)

Statistically significant in GWAS

study14
2 rs55694368 239317692 G/T

(0.11)

0.86

(0.81-0.9)

P = 2.6 £ 10-9

RASD1 Statistically significant in GWAS

study14
17 rs11545787 17398278 G/A

(0.25)

1.08

(1.05-1.11)

P= 1.4 £ 10-8

HCRTR2 Statistically significant in GWAS

study14
6 rs35833281 55021561 G/C

(0.23)

0.92

(0.9-0.95)

P = 3.7 £ 10-9

Table 2: Selected SNPs in circadian genes. For SNPs selected from GWAS studies we also show associated odds ratio for morningness, plus p-value.
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Figure 2. a) Comparison of local time and solar time. Local time/solar time difference is affected by longitude, time zone and day-
light savings adjustments. Note that sites sharing the same or similar longitudes may have different time zones (for example,
between the UK and Europe). In this figure, the local time in Milan in late July is approximately 100 minutes ahead of solar time.
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Statistical methodology
To adjust for different radiotherapy regimens, dose was
calculated as the biologically effective dose (BED), a
widely used method of comparing different radiation
treatment fractionation schedules which assigns a
numerical score based on the linear quadratic model.
The alpha value is the number of logs of cell kill per Gy
(Gray) from the linear portion of the cell survival curve
and the beta is the number of logs of cell per Gy squared
from the quadratic component. BED is the product of
the number of fractions (n), dose per fraction (d), includ-
ing any boost doses, and a factor determined by the dose
and a/b ratio (10 Gy for acute effects and 3 Gy for late
effects9):

BED ¼ nd 1þ d
a=b

� �

Statistical analysis was carried out in R version 4.0.3
18 with the tidyverse packages used for data handling
and visualisations.19 Graphs were produced with
ggplot2 3.3.2.20 Pearson’s Chi-squared test or Wilcoxon
rank sum tests were performed for univariate analyses.
All multivariate analyses were conducted using logistic
regression (generalised linear model (GLM) with bino-
mial link function). Optimal logistic regression base
models for erythema deterioration and atrophy deterio-
ration were derived using stepwise predictor removal
and replacement (stepAIC function from the R MASS
package21 version 7.3, using both forward and backward
replacement). Age, diabetes, smoking status, BMI, sur-
gery type, BED, use of IMRT, neoadjuvant and adjuvant
chemotherapy (both anthracycline and non-anthracy-
cline), day length (season), latitude, solar zenith angle
(accounts for both season and latitude), mean treatment
time (solar) and standard deviation of treatment time
were used in the initial model. An optimised model was
selected based on minimising AIC and removing any
further statistically non-significant predictors. SNPs
(gene dosages, 0-2) were systematically and individually
added to this base model (including an interaction
between SNP and treatment time) to identify genetic
predictors with statistically significant effects. No cor-
rections were made for multiple testing. To address
potential effects of unmodelled confounding factors
between treatment centres (e.g. biases in grading and
other unadjusted differences) a secondary, confirmatory
analysis using mixed effects logistic regression models
Small seasonal variations in the difference between local and solar t
Seasonal variation in day length for each site. Dashed line indicates
equal length. As all centres span a small range of temperate latitude
sites closer to the equator will see smaller differences in the maxim
continuous) for each patient (y-axis, nominal), grouped by site and o
cate +/- 1 s.d. (in hours), after removing all patients with >= 2 s.d. (
time for each site and development of erythema as a dichotomous
treatment time for each site and deterioration in atrophy at 24 mon
Box and whisker plots show box = interquartile range, line = median

www.thelancet.com Vol 84 October, 2022
was constructed using R’s lme4 package (version1.1)22

with site (recruitment centre) as the sole random inter-
cept. Model performance was assessed using ROC curve
analysis carried out using tidymodels23 on 100 repeats
of 4-fold cross-validation sets stratified by atrophy. AUC
was taken as the mean of all folds and repeats. No blind-
ing procedures for predictors were carried out.

Missing data were not imputed and incomplete
records were omitted in their entirety when carrying out
logistic regression. Figure 1 demonstrates inclusion/
exclusion criteria and results n for both erythema and
atrophy models. All reported effect sizes, confidence
intervals and p-values were obtained through logistic
regression (LR), unless otherwise stated. We have
applied the TRIPOD, STROBE and STREGA reporting
guidelines.
Ethics
The REQUITE study was reviewed and approved by
North West - Great Manchester East Ethics Committee
(UK, reference 14 NW 0035) and by the local Ethics
Committees of all participating centres. The patients
provided their written informed consent to participate
in this study and for the publication of the data included
in this article.
Role of funders
Funders had no role in study design, data collection,
data analyses, interpretation, or writing of the report.
Results

Cohort description
The characteristics of the cohort are shown in Table 2
and results for univariate analyses (chi-squared and Wil-
coxon rank-sum tests for erythema and atrophy) are
shown in Supplementary table 1. Variables known to
affect radiotherapy toxicity in breast vary between clini-
cal centres and therefore need to be controlled for
include radiotherapy treatment parameters (dose, boost
doses, use of intensity-modulated radiation therapy
(IMRT)), diabetes, smoking status, BMI and type of pre-
radiotherapy surgery.
ime are seen due to the Earth’s elliptical orbit around the sun. b)
the spring and autumn equinoxes, where day and night are of
s, only a small inter-site variation in daylength is seen, although
um and minimum day lengths. c) Mean treatment time (x-axis,
rdered (top to bottom) by mean treatment time. Grey lines indi-
n = 1385). d) Univariate comparison of solar-adjusted treatment
variable (n = 1198). e) Univariate comparison of solar-adjusted
ths compared to baseline as a dichotomous variable (n = 1054).
, whiskers = range (without outliers), dots = outliers.
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Acute toxicity analysis
Erythema was analysed as the most common acute tox-
icity (recorded post-radiotherapy) in the REQUITE
breast cohort and considered as a dichotomous measure
(CTCAE score 0-1 vs >=2, after excluding patients with
baseline >0 due to the possible effect of surgical inflam-
mation) (Figure 2d). Patients with a treatment time SD
> 2 hours were also removed (n=1198 remaining).

Logistic regression analysis with fixed effects was
performed. As expected, the final models showed statis-
tically significant effects of BMI and radiation dose to
the breast (including boost doses) (Table 3). We also
observed a strong and statistically significant effect of
fraction time variation (OR 0.64 (95%CI 0.49-0.83), P
< 0.001 (LR)), although this was skewed by eliminating
patients with treatment time SD > 2 hours and higher
rates of erythema at Milan where patients were treated
at the same time each visit. To account for clustering
(ICC r = 0.1), mixed-effect models were fitted with treat-
ment centre as a random intercept. As expected, treat-
ment time variation in these models became statistically
non-significant.

Models containing mean solar zenith angle across
fractions were constructed to address the possibility that
increased erythema may be influenced by increased UV
exposure from sunlight (even through clothing). Such
an approach accounts for both latitude and time of year
(season), but, as well as day length also considered inde-
pendently, ultimately did not prove statistically signifi-
cant.

Model optimisation revealed an optimum origin for
time was at solar midnight. Time of day (solar) was
Non-SNP model

BMI 1.04 (1.02 � 1.07)

P = 0.0005

Biological equivalent dose to breast (BED) (Gy) 1.02 (1.01 � 1.03)

P = 0.0004

Mean treatment time (hours from solar midnight) 1.05 (0.999 � 1.1)

P = 0.05

Standard deviation of treatment times (solar time) 0.64 (0.491 � 0.83

P = 0.0009

rs2087947 (dosage, T allele)

(Random Effect)

Treatment centre

stdev:__(Intercept)

N 1198

ROC AUC (95% CI) a 0.61 (0.55�0.67)

AIC 1,244

Table 3: Logistic regression models for acute erythema (0/1).
Logistic regression. Statistics shown: odds ratio (95% CI).

a see Supplementary Figure 1.
statistically significant (P=0.05 (LR)) in the fixed effects
model, but not the mixed effects model (P=0.49 (LR)).
Expanding our model to incorporate individual SNPs
from previously investigated circadian genes12 (CLOCK,
NOCT and PER3) revealed a statistically significant
effect (OR 1.27 (95%CI 1.03-1.56), P=0.02 (LR)) from a
SNP intronic to the PER3 gene (Table 3). This SNP
(rs2087947) shows strong linkage disequilibrium (LD)
(|D0|=0.95, r2=0.74) with the previously examined PER3
VNTR and thus serves as a suitable proxy.

In light of the more recent publication of a major
GWAS study on self-reported chronotype,14 four further
SNPs were included in our analysis (Table 2). None of
these additional SNPs were statistically significant, even
when the model was adapted to include genotype x time
interactions (not shown).
Late toxicity analysis
We repeated the analysis method used for acute ery-
thema with atrophy of the breast at 24 months post-
radiotherapy as the most common late radiation toxicity
amongst our participants (35%). Atrophy deterioration
(dichotomous) was defined as worsening atrophy by
one grade or more compared to baseline. Patients with
post-operative baseline atrophy >= grade 2 were
excluded from the study leaving n=1109. We investi-
gated whether mean solar time of radiotherapy from the
circadian peak of 15:30 affected atrophy using multivari-
ate logistic regression. The optimal model contained
BMI, surgery type and radiation dose to the breast as
statistically significant co-variates. Solar-adjusted time
+ rs2087947 C/T (PER3)
(fixed effects)

+ rs2087947 C/T (PER3)
(random effects)

1.04 (1.02 � 1.07)

P = 0.0006

1.05 (1.03 � 1.08)

P < 0.0001

1.02 (1.01 � 1.03)

P = 0.0005

1.02 (1.01 � 1.04)

P = 0.003

1.05 (1 � 1.1)

P = 0.043

1.02 (0.966 � 1.07)

P = 0.49

2) 0.645 (0.495 � 0.839)

P = 0.001

0.812 (0.545 � 1.08)

P = 0.2

1.27 (1.03 � 1.56)

P = 0.024

1.27 (1 � 1.54)

P = 0.027

0.59

1198 1198

0.62 (0.56�0.68)

1,241 1,203

www.thelancet.com Vol 84 October, 2022
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of radiotherapy was statistically significant, with atrophy
decreasing with time away from 15:30 (OR 0.94 per
1 hour (95% CI 0.89-0.99); P < 0.02 (LR)) apparently
favouring morning treatment for reduced side effects.
We did not see any effect of day length (season), lati-
tude, or a combination metric (solar zenith angle),
although we note that all our sites span only a narrow
band of temperate latitudes with similar seasonal day
length variation (Table 2; Figure 2b).

To test the effects of candidate circadian SNPs the
model was modified by adding a single SNP at a time
for the subset of patients with genotyping data
(n=1054). ROC curve analysis (Supplementary Figure 1)
shows no significant change in AUC when adding
CLOCK and PER3 SNPs independently or in combina-
tion (AUC=0.64-0.65). Nonetheless, CLOCK SNP
rs1801260 and PER3 SNP rs2087947 were both found
to be statistically significant (OR 0.62 (95%CI 0.41-
0.92) and 0.65 (95%CI 0.44-0.97); P < 0.04) (LR)
(Table 4)) although NOCT was not found to be statisti-
cally significant (not shown).

Most intriguing was a statistically significant interac-
tion between treatment time and each of the CLOCK
and PER3 SNPs, with treatment time effect direction
dependant on genotypes (Figure 3). We expanded our
investigations to include SNPs from genes with well-
known circadian roles previously highlighted in a large-
scale circadian GWAS and exhibiting a minor allele fre-
quency (MAF) > 0.05 (PER2, RASD1, VAMP3 and
HCRTR2). Of these, only rs11545787 in RASD1 was sig-
nificant with a large effect (OR 0.56 (95%CI 0.35-0.89);
P=0.015 (LR); ROC AUC=0.65). Again, the interaction
with treatment time was present, with the less common
A allele (MAF 0.25, associated with morning chrono-
type) predicting higher rates of atrophy for patients
treated in the morning (OR 1.15 (95%CI 1.04-1.28);
P=0.008 (LR)).

Finally, to assess the impact of genetically deter-
mined chronotype on a genome-wide basis, we gener-
ated PRS scores for morningness (based on a
chronotype GWAS from »86k individuals14) but did
not see any statistically significant effect on atrophy
rates either independently of treatment time, nor with
interactions (Table 4).

Treatment time and genotype results remained sta-
tistically significant in a mixed-effect model with treat-
ment site as a random intercept (ICC for treatment
centre r = 0.11, see Supplementary Table 2 for mixed-
effect logistic regression results), and in a sensitivity
analysis where patients with baseline atrophy scores
> 0 were removed (remaining n=732). Surgery type was
not statistically significant in our mixed-effect models
due to the strong association with treatment centre. We
therefore cannot rule out the possibility that the surgery
type effect is actually just an artifact of differences in
grading of atrophy between treatment centres.
www.thelancet.com Vol 84 October, 2022
Discussion
This study provides further evidence for an effect of
treatment time-of-day on the occurrence of radiotherapy
side effects in breast cancer patients. We re-analysed cir-
cadian variants, SNPs within the PER3 and CLOCK
genes, and found associations with the late radiotherapy
side effect of breast atrophy two years after treatment
and identified a third associated circadian variant in the
RASD1 gene.

Acute side effects show an association with time-
based parameters in fixed-effect models; however, those
effects are no longer seen when treatment centre is con-
sidered as a random effect, agreeing with the findings
from our previous study.12 Late side-effect analysis
(fixed and mixed) shows that average treatment time is
a statistically significant predictor, with a maximum at
15:30 solar time and an odds ratio of 0.94 for each hour
before or after that. In this analysis it would be expected
that atrophy would be reduced by the same amount at
13:30 and 17:30, and most substantially reduced in those
patients treated in the morning. As few patients were
treated late in the evening we cannot judge what effect
treatment at night would have. Furthermore, there is a
statistically significant positive interaction between
genotype and time effects in the regression analysis.
This interaction can be better described by graphical
presentation of atrophy prediction based on our logistic
regression models at different times of day for each
genotype (Figure 3).

We report that circadian genes can have a notable
effect on radiosensitivity. For PER3 the T/T genotype of
rs2087947 (in strong LD with the 5/5 allele of the previ-
ously investigated nearby VNTR associated with
extreme morning preference24) shows the most reduced
atrophy when treated at 15:30. The A/A genotype of
rs11545787 in RASD1 also associated with morning-
ness14 shows the same effect. For both genes, the oppo-
site homozygotes are predicted to show highest rates of
atrophy when treated at 15:30. Conversely, the G/G
allele of rs1801260 in CLOCK, where previous studies
conflict on an association with evening preference chro-
notype,25�27 shows lowest rates of atrophy for afternoon
treatment. Heterozygotes for each of the three genes
show no statistically significant variation in rates of atro-
phy across time, and risk of atrophy is expected to be
equal at around 10:30 for all genotypes (Figure 3).

The consequence of the differing interactions
between genotypes for these three genes is that to
design a strategy to reduce radiotherapy side-effects we
need to directly consider patient genotypes rather than
self-reported chronotypes. For example, considering
just rs2087947 in PER3, we predict the optimum strat-
egy would be to irradiate patients of C/C genotypes in
the morning and the T/T patients in the afternoon. As
each SNP has similar odds ratios, allele dosages can be
combined into an unweighted PRS score. Considering
11



No SNPs + rs1801260 A/G
(dosage) (CLOCK)

+ rs2087947 C/T
(dosage) (PER3)

+ rs11545787 G/A
(dosage) (RASD1)

+ 3 SNPs unweighted PRS + GWAS PRS

BMI (kg/m^2) 1.06 (1.03 � 1.08)

P < 0.0001

1.06 (1.03 � 1.09)

P < 0.0001

1.06 (1.04 � 1.09)

P < 0.0001

1.06 (1.03 � 1.09)

P < 0.0001

1.06 (1.04 � 1.09)

P < 0.0001

1.06 (1.03 � 1.09)

P < 0.0001

Biological equivalent dose (BED)

to breast (Gy)

1.02 (1.01 � 1.03)

P = 0.0008

1.02 (1.01 � 1.03)

P = 0.002

1.02 (1.01 � 1.03)

P = 0.001

1.02 (1.01 � 1.03)

P = 0.0017

1.02 (1.01 � 1.03)

P = 0.0014

1.02 (1.01 � 1.03)

P = 0.0017

Surgery: wide local excision vs.

segmentectomy /

quadrantectomy

2.13 (1.64 � 2.77)

P < 0.0001

2.17 (1.66 � 2.84)

P < 0.0001

2.19 (1.68 � 2.87)

P < 0.0001

2.22 (1.7 � 2.91)

P < 0.0001

2.17 (1.66 � 2.85)

P < 0.0001

2.21 (1.69 � 2.89)

P < 0.0001

Mean treatment time from solar

1530 (hours)

0.939 (0.888 � 0.991)

P = 0.02

0.874 (0.81 � 0.942)

P = 0.0005

0.88 (0.812 � 0.953)

P = 0.0016

0.867 (0.8 � 0.937)

P = 0.0004

0.772 (0.691 � 0.859)

P < 0.0001

0.93 (0.879 � 0.984)

P = 0.012

SNP (dosage; allele 2) 0.616 (0.408 � 0.923)

P = 0.02

0.653 (0.437 � 0.971)

P = 0.037

0.557 (0.345 � 0.889)

P = 0.015

SNP x time from solar 1530

interaction

1.13 (1.03 � 1.23)

P = 0.009

1.1 (1.01 � 1.2)

P = 0.035

1.15 (1.04 � 1.28)

P = 0.0076

3 SNP unweighted polygenic risk

score (PRS) for reduced

atrophya

0.619 (0.483 � 0.79)

P = 0.0001

3 SNP unweighted PRS for

reduced atrophya x time from

solar 1530 interaction

1.12 (1.06 � 1.18)

P = 0.0004

Morningness PRS (from morn-

ingness GWAS)

1.32 (0.864 � 2.01)

P = 0.2

N 1109 1054 1054 1054 1054 1052

ROC AUC (95% CI) 0.64 (0.6�0.7) 0.65 (0.6�0.7) 0.64 (0.6�0.7) 0.65 (0.6�0.7) 0.66 (0.61�0.71)

AIC 1,383 1,310 1,312 1,310 1,299 1,310

Table 4: Logistic regression models for late atrophy (dichotomous).
Logistic regression. Statistics shown: odds ratio (95% CI).

Atrophy (0/1) - change of >= 1 grade atrophy. Sample includes patients with baseline atrophy up to and including Grade 1.
a Unweighted PRS score is generated by summing the dosage of allele 2 (0-2) for each of the circadian SNPs rs1801260 (CLOCK), rs2087947 (PER3) and rs11545787 (RASD1) separately analysed. As each SNP shows all overall

decrease in atrophy for allele 2 when considered independently of treatment time, they can be simply combined into a single risk score (0-6), where the ‘risk’ is overall reduced atrophy.
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Figure 3. Probability of deterioration in atrophy for a patient of mean BMI (26.5) and biological equivalent dose (BED) (94 Gy) for
both wide local excision and segmentectomy / quadrantectomy surgery, derived from fixed-effect logistic regression models incor-
porating a) rs1801260 in CLOCK, b) rs2087947 in PER3, c) rs11545787 in RASD1, d) Combined unweighted PRS score generated by
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these SNPs in a composite measure (Table 4) shows tri-
ple-homozygotes for either minor or major alleles can
have radically different chances of developing atrophy
depending on treatment time (OR 1.12 (95% CI 1.06-
1.18); P < 0.0001 (LR)), illustrated in Figure 3d. An
extreme example would be patients treated after wide
area excision at 15:30 having probabilities of developing
atrophy between 12% (0-23 95% CI) and 70% (60-80
95% CI) depending on genotypes. Based on allele fre-
quencies in our European cohort (Table 2), we estimate
» 1,400 in 10,000 patients would be at the highest risk.
Our models predict treating these patients six hours ear-
lier reduces the risk from 70% to 33%.

Of the three SNPs shown to have alleles associated
with late toxicity, the CLOCK gene SNP rs1801260 has
been experimentally demonstrated to change the
mRNA level, with a knock-on effect of higher expression
of PER2, one of its transcriptional targets.28 The PER3
SNP is in high linkage disequilibrium with the VNTR
which alters by 20% the level of phosphorylation by
CK1, the kinase which is responsible for translocating
PER3 to the nucleus where it inhibits the central molec-
ular clock by binding to CLOCK/BMAL1.29 There is no
published functional evidence for the RASD1 SNP
rs11545787, but it is in the 3’ UTR of the gene and alters
a CpG methylation site (Encode methylation track on
UCSC genome browser).

These results agree in key ways with our previous
analysis of the retrospective LeND cohort,12 but advance
them through use of a prospective cohort, data from
multiple clinical centres in different European coun-
tries, higher patient numbers and more sophisticated
time analyses. The analyses both find an effect of time
of treatment and the PER3 gene on late radiotherapy
side effects in the breast, and both find an interaction
between time and genetic effects such that the optimal
time of treatment is different according to genotype.

There is however a difference between the results in
that the earlier study found that the late toxicity end-
point used, that of STAT score, was highest in patients
treated in the morning, whereas here we report the
peak for atrophy to be in the afternoon. STAT scores are
composite endpoints that use the average of the Z-
scores of individual measures.30 In Johnson et al.12 the
STAT score included fibrosis, telangiectasia, atrophy
and oedema, but was dominated by telangiectasia as the
most common late effect. Breast atrophy as used in the
present study is mainly due to tissue loss, with some
retraction caused by fibrosis. Therefore, the two late
combining minor allele dosages of all three SNPs where probabil
10,000 patients; 6 - estimated 4 per 10,000 patients) and triple hete
no additional SNPs. Shaded areas bounded by dashed lines show
treatment time and the probability of developing atrophy (e), which
in panel b), the lowest probability of atrophy when treated in the mo
T/T genotype have the lowest probability of atrophy for afternoon t
toxicity end-points used were due to different tissues:
vascular endothelium for the STAT score12; adipocytes,
glandular tissue and fibroblasts in this study. There is
abundant evidence that the circadian control of cell cycle
varies between cell types,31 with peaks of mitosis at dif-
ferent times of day, providing one possible explanation
for the apparent discrepancy between the two studies.

Our previous hypothesis was a direct effect of chro-
notype on radiation response, with variation in radio-
sensitivity over the cell cycle being the biological
mechanism. Here, we find no effect from PRS for self-
reported morningness, while a previous analysis on
268 Leicester REQUITE patients comparing responses
to the Munich Chronotype Questionnaire32 found no
association with either PER3 or CLOCK.33 This is sug-
gestive of a more direct role of circadian genes on cell
cycle rather than overall chronotype, supported further
by the finding that patients with alleles associated with
‘morningness’ actually have improved outcomes when
treated later in the day. Long-term tissue loss is highly
suggestive of increased stem cell loss following radio-
therapy and a failure to maintain a tissue profile during
the normal tissue turnover with time. We hypothesise
increased stem cell loss is due to differential timing of
the G2/M transition in patients with different geno-
types.

We acknowledge this study has some limitations.
Patients were treated on different radiotherapy protocols
in each centre. Despite controlling for different factors
and validation through use of random effect models,
cryptic differences between the centres may cause false
positive results. Time of radiotherapy fractions was not
randomised but determined either by choice of the
patients or clinic availability, with some patients having
treatment fractions spread across a wide gamut of
times. A more refined approach would be to conduct a
trial in which patients are genotyped in advance and
advised of the optimal time window for their treatment.
We have only included candidate genes in this analysis,
which is generally considered weaker than a non-
hypothesis driven approach using genome-wide SNPs
and inevitably misses some of the causative genetic vari-
ation. In future analyses we will include more SNPs,
but given the experimental design there is insufficient
power for a genome-wide analysis without a greatly
expanded cohort size. Finally, our study is limited by its
lack of generalizability to multi-ethnic populations.
Individuals in this study are self-selected and all of
European descent, with REQUITE patients from other
ities are shown for triple homozygous (0 - estimated 1427 per
rozygous genotypes (3 � estimated 632 per 10,000 patients), e)
95% confidence intervals. A clear relationship is seen between
is modified or even reversed by genotype (a,b,c,d). For example,
rning is seen for patients with a C/C genotype; patients with the
reatment.
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ethnicities not included in the genetic analysis through
use of principal components analysis for ancestry. It is
possible that other ethnicities might have different allele
frequencies for the polymorphisms used and therefore
produce different results. Future studies could increase
generalizability by assessing the effect of time and geno-
type in populations of different ethnicities and living at
different latitudes.

The results reported in this paper support our earlier
finding of an interactive effect of treatment time and
genotype on late radiotherapy toxicity in breast cancer
patients. An analysis of the REQUITE prostate cancer
cohorts is ongoing, while in breast cancer, having car-
ried out retrospective and prospective observational
studies, the next stage should be a clinical trial in which
the optimal time of treatment for different toxicity end-
points is calculated in advance and used to guide treat-
ment. Given the low cost and trivial nature of the inter-
vention (guiding time of treatment) it should be
possible to carry out a large multi-centre clinical trial to
show that ‘chronoradiotherapy’ can reduce side effects.
In breast cancer, having carried out retrospective and
prospective observational studies, the next stage prior to
changing European practice would be a clinical trial in
which the optimal time of treatment for different toxic-
ity end-points is calculated in advance and used to guide
treatment. Patients would need to be randomized to
non-chronomodulated or chronomodulated treatment
groups. For the chronomodulated group SNP typing
would identify the optimum time of treatment. Radio-
therapy fractions would then be delivered at fixed times
and the patients followed up for at least two years. Late
toxicity would be the primary end-point, secondary end-
points being acute toxicity, local tumour recurrence and
patient quality-of-life.
Contributors
CJT and RPS contributed to conceptualisation and
design of the study. AJW was responsible for the con-
duct of the study. MAB, DA, CB, MB, RB, ACh, ACi,
DdR, MCdS, AGC, SGE, KJ, RLB, GP, BSR, VR, AS,
PSF, ES, BTV, RV, AV, LV recruited patients or col-
lected data. EB, HSto and TW were patient representa-
tives. AMD, LF, SK: SNP assay. AJW was responsible
for the clinical database. AJW, CJT, TRat and EH con-
tributed to the formal analysis. PS and JCC were respon-
sible for data curation. RME and HSum were
responsible for project management. AJW contributed
to the methodology and visualisation of data. AJW, CJT
and RPS wrote the original draft of the manuscript.
TRat, JCC, CMW, PS, ES, DA, AVG, AMD, TRan, SGE
contributed to review and editing of the manuscript.
CMW led the REQUITE study. RPS and CJT supervised
the study reported. AJW and PS verified the underlying
data. All authors read and approved the final version of
the manuscript
www.thelancet.com Vol 84 October, 2022
Data sharing statement
Funding for the five year REQUITE project ended on
30th September 2018. REQUITE does not benefit finan-
cially from supplying data and/or samples to research-
ers but does make a charge to cover its costs and
support continued maintenance of the database and bio-
bank beyond the ending of the funding period. To facili-
tate this continued access to researchers, the REQUITE
Steering Committee approved a tiered cost recovery
model for access to data and/ or samples. Contact
REQUITE (requite@manchester.ac.uk) for more infor-
mation on pricing. All authors had access to all the data
reported in the study. The senior authors had full access
to all the data in the study and had the final responsibil-
ity for the decision to submit for publication.
Declaration of interests
AC reports grants or contracts from Cancer Research
UK, Prostate Cancer UK, UK Research Institute,
National Institute of Health Research and Elekta AB;
payments or honoraria from Bayer PLC, Janssen, AZ,
ASTRO, ASCO, Roche and Merck. All other authors
declare no potential conflicts of interest.
Acknowledgements
We thank all our patients who participated in this research
via inclusion on the REQUITE project, together with staff
at REQUITE recruitment centres. This project has received
funding from the European Union’s Seventh Framework
Programme for research, technological development and
demonstration under grant agreement no 601826. In
VHIO-Barcelona: we acknowledge the Cellex Foundation
for providing research facilities and thank CERCA Pro-
gramme/Generalitat de Catalunya for institutional sup-
port. S. Guti�errez-Enr�ıquez was supported by the Miguel
Servet Program from Spanish Instituto de Salud Carlos III
(ISCIII) (contract number: CPII16/00034). DKFZ
acknowledge the input of Anusha M€uller and Irmgard
Helmbold (study data management). CMW and AC acn-
knowledge the support of the NIHR Manchester Biomedi-
cal Research Centre. TRat is currently an NIHR Clinical
Lecturer (CL 2017-11-002). He was previously funded by a
National Institute of Health Research (NIHR) Doctoral
Research Fellowship (DRF 2014-07-079). This publication
presents independent research funded by the NIHR. The
views expressed are those of the authors and not necessar-
ily those of the NHS, the NIHR or the Department of
Health. CJT acknowledges support from the Leicester
ECMC and Hope Against Cancer charity.
Supplementary materials
Supplementary material associated with this article can
be found in the online version at doi:10.1016/j.
ebiom.2022.104269.
15

https://requite@manchester.ac.uk
https://doi.org/10.1016/j.ebiom.2022.104269
https://doi.org/10.1016/j.ebiom.2022.104269


Articles

16
References
1 Cancer Research UK: Breast Cancer Statistics. 2022; Available at:

https://www.cancerresearchuk.org/health-professional/cancer-sta
tistics/statistics-by-cancer-type/breast-cancer. Accessed 15 March
2022.

2 De Angelis R, Minicozzi P, Sant M, et al. Survival variations by
country and age for lymphoid and myeloid malignancies in Europe
2000-2007: results of EUROCARE-5 population-based study. Eur J
Cancer. 2015;51(15):2254–2268.

3 Haviland JS, Owen JR, Dewar JA, et al. The UK standardisation of
breast radiotherapy (START) trials of radiotherapy hypofractiona-
tion for treatment of early breast cancer: 10-year follow-up results
of two randomised controlled trials. Lancet Oncol. 2013;14
(11):1086–1094.

4 Fisher LB. The diurnal mitotic rhythm in the human epidemis. Br
J Dermatol. 1968;80(2):75–80.

5 Brown WR. A review and mathematical analysis of circadian
rhythms in cell proliferation in mouse, rat, and human epidermis.
J Invest Dermatol. 1991;97(2):273–280.

6 Janich P, Toufighi K, Solanas G, et al. Human epidermal stem cell
function is regulated by circadian oscillations. Cell Stem Cell.
2013;13(6):745–753.

7 Sherratt MJ, Hopkinson L, Naven M, et al. Circadian rhythms in
skin and other elastic tissues.Matrix Biol. 2019;84:97–110.

8 Wu G, Ruben MD, Francey LJ, et al. A population-based gene
expression signature of molecular clock phase from a single epider-
mal sample. Genome medicine. 2020;12(1):1–73.

9 Hall EJ, Giaccia AJ. Radiobiology for the Radiologist. 8th Ed. Lippin-
cott Williams & Wilkins; 2018.

10 Harper E, Talbot CJ. Is it time to change radiotherapy: the dawning
of chronoradiotherapy? Clin Oncol (R Coll Radiol). 2019;31(5):326–
335.

11 Noh JM, Choi DH, Park H, et al. Comparison of acute skin reaction
following morning versus late afternoon radiotherapy in patients
with breast cancer who have undergone curative surgical resection.
J Rad Res. 2014;55(3):553–558.

12 Johnson K, Chang-Claude J, Critchley A, et al. Genetic variants pre-
dict optimal timing of radiotherapy to reduce side-effects in breast
cancer patients. Clin Oncol (R Coll Radiol). 2019;31(1):9–16.

13 Seibold P, Webb A, Aguado-Barrera ME, et al. REQUITE: a pro-
spective multicentre cohort study of patients undergoing radiother-
apy for breast, lung or prostate cancer. Radiother Oncol.
2019;138:59–67.

14 Hu Y, Shmygelska A, Tran D, Eriksson N, Tung JY, Hinds DA.
GWAS of 89,283 individuals identifies genetic variants associated
with self-reporting of being a morning person. Nat Commun.
2016;7:10448.

15 Vilhj�almsson BJ, Yang J, Finucane HK, et al. Modeling linkage dis-
equilibrium increases accuracy of polygenic risk scores. Am J Hum
Genet. 2015;97(4):576–592.

16 Jones SE, Lane JM, Wood AR, et al. Genome-wide association anal-
yses of chronotype in 697,828 individuals provides insights into
circadian rhythms. Nat Commun. 2019;10(1):343.

17 Aphalo PJ, The r4photobiology suite, UV4Plants Bulletin, 2015 (1) ,
2015, 21-29.
18 Core Team R. R: A Language and Environment for Statistical Comput-
ing. Vienna, Austria: R Foundation for Statistical Computing;
2020.

19 Wickham H, Averick M, Bryan J, et al. Welcome to the tidyverse. J
Open Source Softw. 2019;4(43):1686. https://doi.org/10.21105/
joss.01686.

20 Wickham H. ggplot2: Elegant Graphics for Data Analysis. New York:
Springer-Verlag; 2016. https://ggplot2.tidyverse.org. Accessed 12
September 2022.

21 Venables WN, Ripley BD. Modern applied statistics with S. 4th edi-
tion Springer; 2002. ISBN 0-387-95457-0.

22 Bates D, M€achler M, Bolker B, Walker S. Fitting Linear Mixed-
Effects Models Using lme4. J Open Source Softw. 2015;67(1):1–48.
https://doi.org/10.18637/jss.v067.i01.

23 Kuhn M, Wickham H. Tidymodels: a collection of packages for
modeling and machine learning using tidyverse principles. 2020;
https://www.tidymodels.org. Accessed 12 September 2022.

24 Archer SN, Robilliard DL, Skene DJ, et al. A length polymorphism
in the circadian clock gene per3 is linked to delayed sleep phase
syndrome and extreme diurnal preference. Sleep. 2003;26(4):413–
415.

25 Katzenberg D, Young T, Finn L, et al. A CLOCK polymorphism
associated with human diurnal preference. Sleep. 1998;21(6):569–
576.

26 Mishima K, Tozawa T, Satoh K, Saitoh H, Mishima Y. The 3111T/C
polymorphism of hClock is associated with evening preference and
delayed sleep timing in a Japanese population sample. Am J Med
Genet Part B. 2005;133B(1):101–104.

27 Robilliard DL, Archer SN, Arendt J, et al. The 3111 Clock gene poly-
morphism is not associated with sleep and circadian rhythmicity in
phenotypically characterized human subjects. J Sleep Res. 2002;11
(4):305–312.

28 Ozburn AR, Purohit K, Parekh PK, et al. Functional implications of
the CLOCK 3111T/C single-nucleotide polymorphism. Front Psychi-
atry. 2016;7:67.

29 Archer SN, Schmidt C, Vandewalle G, Dijk D. Phenotyping of
PER3 variants reveals widespread effects on circadian prefer-
ence, sleep regulation, and health. Sleep Med Rev. 2018;40:
109–126.

30 Barnett GC, West CM, Coles CE, et al. Standardized total average
toxicity score: a scale- and grade-independent measure of late radio-
therapy toxicity to facilitate pooling of data from different studies.
Int J Radiat Oncol Biol Phys. 2012;82(3):1065–1074. https://doi.org/
10.1016/j.ijrobp.2011.03.015.

31 Brown AJ, Pendergast JS, Yamazaki S. Peripheral circadian oscilla-
tors. Yale J Biol Med. 2019;92(2):327–335.

32 Roenneberg T, Wirz-Justice A, Merrow M. Life between clocks:
daily temporal patterns of human chronotypes. J Biol Rhythms.
2003;18(1):80–90.

33 Johnson KA. Predicting Radiotherapy Toxicity in Patients Treated
with Radical Radiotherapy Using Predictive Assays and Circadian
Rhythm. Leicester, United Kingdom: University of Leicester;
2018.
www.thelancet.com Vol 84 October, 2022

https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/breast-cancer
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/breast-cancer
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0002
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0002
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0002
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0002
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0003
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0003
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0003
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0003
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0003
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0004
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0004
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0005
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0005
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0005
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0006
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0006
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0006
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0007
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0007
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0008
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0008
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0008
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0009
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0009
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0010
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0010
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0010
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0011
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0011
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0011
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0011
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0012
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0012
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0012
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0013
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0013
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0013
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0013
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0014
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0014
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0014
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0014
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0015
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0015
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0015
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0015
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0016
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0016
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0016
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0018
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0018
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0018
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://ggplot2.tidyverse.org
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0021
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0021
https://doi.org/10.18637/jss.v067.i01
https://www.tidymodels.org
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0024
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0024
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0024
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0024
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0025
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0025
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0025
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0026
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0026
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0026
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0026
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0027
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0027
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0027
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0027
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0028
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0028
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0028
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0029
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0029
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0029
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0029
https://doi.org/10.1016/j.ijrobp.2011.03.015
https://doi.org/10.1016/j.ijrobp.2011.03.015
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0031
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0031
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0032
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0032
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0032
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0033
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0033
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0033
http://refhub.elsevier.com/S2352-3964(22)00451-0/sbref0033

	Treatment time and circadian genotype interact to influence radiotherapy side-effects. A prospective European validation study using the REQUITE cohort
	Introduction
	Methods
	Participants
	Sample size determination and data management
	Toxicity endpoints
	Genetic analysis
	Circadian analysis
	Statistical methodology
	Ethics
	Role of funders

	Results
	Cohort description
	Acute toxicity analysis
	Late toxicity analysis

	Discussion
	Contributors
	Data sharing statement
	Declaration of interests
	Acknowledgements
	Supplementary materials
	References



