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Abstract

Introduction

In locally advanced rectal cancer, longer delay to surgery after neoadjuvant radiotherapy
increases the likelihood of histopathological tumour response. Chronomodulated radiother-
apy in rectal cancer has recently been reported as a factor increasing tumour response to
neoadjuvant treatment in patients having earlier surgery, with patients receiving a larger pro-
portion of afternoon treatments showing improved response. This paper aims to replicate
this work by exploring the impact of these two temporal factors, independently and in combi-
nation, on histopathological tumour response in rectal cancer patients.

Methods

A retrospective review of all patients with rectal adenocarcinoma who received long course
(>24 fractions) neoadjuvant radiotherapy with or without chemotherapy at a tertiary referral
centre was conducted. Delay to surgery and radiotherapy treatment time were correlated to
clinicopathologic characteristics with a particular focus on tumour regression grade. A
review of the literature and meta-analysis were also conducted to ascertain the impact of
time to surgery from preoperative radiotherapy on tumour regression.

Results

From a cohort of 367 patients, 197 patients met the inclusion criteria. Complete pathologic
response (AJCC regression grade 0) was seen in 46 (23%) patients with a further 44
patients (22%) having at most small groups of residual cells (AJCC regression grade 1).
Median time to surgery was 63 days, and no statistically significant difference was seen in
tumour regression between patients having early or late surgery. There was a non-signifi-
cant trend towards a larger proportion of morning treatments in patients with grade 0 or 1
regression (p = 0.077). There was no difference in tumour regression when composite
groups of the two temporal variables were analysed. Visualisation of data from 39 reviewed
papers (describing 27379 patients) demonstrated a plateau of response to neoadjuvant
radiotherapy after approximately 60 days, and a meta-analysis found improved complete
pathologic response in patients having later surgery.
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Conclusions

There was no observed benefit of chronomodulated radiotherapy in our cohort of rectal can-
cer patients. Review of the literature and meta-analysis confirms the benefit of delayed sur-
gery, with a plateau in complete response rates at approximately 60-days between
completion of radiotherapy and surgery. In our cohort, time to surgery for the majority of our
patients lay along this plateau and this may be a more dominant factor in determining
response to neoadjuvant therapy, obscuring any effects of chronomodulation on tumour
response. We would recommend surgery be performed between 8 and 11 weeks after com-
pletion of neoadjuvant radiotherapy in patients with locally advanced rectal cancer.

Introduction

Neoadjuvant radiotherapy has been established as a key part of the treatment algorithm for
locally advanced rectal adenocarcinomas and has been demonstrated to reduce the risk of local
recurrence [1], with the addition of adjuvant chemotherapy further enhancing this effect [2].
A recent study from Canberra demonstrated that rectal cancer patients receiving their radio-
therapy later in the day have improved pathological response to treatment, though this impact
is confined to patients having earlier (<7 weeks) surgery [3]. This has been impetus to perform
a replication study exploring the impact of temporal factors on radiotherapy for rectal carci-
noma, with two separate factors being of particular interest-delay between radiotherapy and
surgery and the timing of radiotherapy during the day.

It has long been appreciated that a longer delay to surgery after completion of neoadjuvant
accelerated hypofractionated radiotherapy without concurrent chemotherapy results in greater
histopathological tumour response though without survival advantage [4]. It is clear that early
surgery is not ideal, but the optimal delay time has not been precisely defined, with a broad
range of 6-11 weeks provided in ASTRO consensus guidelines [5]. Two large retrospective
reviews looking at conventionally fractionated neoadjuvant chemoradiotherapy have sug-
gested a gap of 8 weeks to maximise tumour response [6, 7] though other papers have sug-
gested that delays of up to 10-11 weeks [8-10] further benefits tumour response without
adversely affecting complication rates.

Separately, there has been growing recognition that circadian oscillations are critical for the
regulation and synchronisation of cellular processes, with dysregulation of circadian rhythm
leading to the development of cancer through myriad pathways, including impact upon DNA
repair, cell cycle regulation and epigenetic modifications [11, 12]. This has been investigated in
vitro, with restoration of normal circadian oscillations observed to reduce tumour cell growth
in melanoma and colon adenocarcinoma cell lines [13]. Given this evidence, there have been
attempts to improve the efficacy of currently available treatment modalities through chrono-
modulated therapy, where treatments are timed to leverage circadian differences, either
improving tumour cell kill or reducing toxicity.

Whilst there have been attempts at chronomodulated chemotherapy as far back as 1994,
with one trial demonstrating diminished side effects and improved survival in colorectal carci-
noma [14], a meta-analysis has failed to find sufficient evidence to support these findings [15].
Interest in chronomodulated radiotherapy, by contrast, is much more recent. Multiple groups
have investigated the clinical impact of radiotherapy treatment time in breast, head and neck
and cervical tumours, finding statistically significant differences in treatment-induced toxicity
between morning and afternoon treatments [16-21].
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The evidence suggests temporal variables may alter tumour response to radiation therapy
in rectal cancer. This study aims to replicate previous work done in rectal cancer to assess the
impact of treatment time and delay to surgery on histopathological tumour regression.

Materials and methods

We conducted a retrospective review of all patients with rectal adenocarcinoma who received
long course neoadjuvant radiotherapy (>24 fractions) with or without concurrent fluoropyri-
midine chemotherapy at the Alfred Hospital and who subsequently had definitive surgery at
either the Alfred or Cabrini Hospital. Patients were excluded if there was a delay of greater
than 6 months (180 days) to surgery after completion of radiotherapy. Approval to conduct
this project was granted by the Alfred Health Human Research Ethics Committee (reference
765/19) and Cabrini Research Governance (reference 03-24-02-20), with a waiver on the
requirement for patient consent for this low-risk retrospective review.

Data was retrieved from the radiotherapy planning system (ARIA, Varian Medical Sys-
tems), Cabrini Monash Colorectal Database, and the Alfred Radiation Oncology research data-
base. Demographic, staging, treatment, recurrence and survival data were collected from the
Colorectal database, with staging according to the AJCC 7 edition. Pre- and post- radiother-
apy tumour and nodal stage as well as AJCC tumour regression grade, being the most accurate
classification system for predicting local recurrence [22], were retrieved through a manual
review of radiology and histopathology reports. Preoperative staging was determined by MRI,
unless there were clinical contraindications, in which case staging was completed by endo-
scopic ultrasound and CT. The neoadjuvant rectal score (NAR) was calculated as previously
described and used as an adjunct measure of outcome [23]. Treatment starting times were
extracted from the planning system and split into “morning” and “afternoon” around 12:30
hours, which demarcated the middle of the work day. Where patients received 2 fractions in a
single day to make up for missed treatments, each treatment was added to the total for the
appropriate time period.

A review of the literature was conducted through a PubMed search in accordance with
PRISMA principles, using the keywords “rectal”, “neoadjuvant” or “preoperative”, “radio-
therapy” and “time” or “delay”. All studies presenting data for complete pathological
response rates after neoadjuvant radiotherapy as well as time between completion of radio-
therapy and surgery were included. Complete pathological response was targeted for analysis
as it can be consistently interpreted between studies which use differing classification
schemes to quantify response to neoadjuvant therapy. Results for each study were extracted
and visualised in a summary figure. In studies which stratified patients into time groups,
data for each group was plotted separately. Median delay in days was used where provided
and imputed values used where time ranges are given. In addition to this visualisation, a
standard meta-analysis was performed, aggregating a subset of papers which divide their
patient cohort into earlier versus later surgery groups. Where patients were subdivided into
three or more groups, the two groups with the shortest and the longest delay to surgery were
selected.

All analysis was performed in the R statistical programming environment. Fisher’s exact
test was used for comparisons for categorical variables, and Kruskal-Wallis for continuous var-
iables. A logistic model was used to identify factors associated with tumour regression, with a
focus on the temporal variables of interest. Cox proportional hazards models were used for
survival analysis. The “meta” R package was used for meta-analysis, with a random-effects
model selected due to the heterogeneity between studies, in particular the differing thresholds
for “early” and “late” surgery [24].
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Results
Overview of the data

Treatment data for 367 unique patients receiving radiotherapy for rectal adenocarcinoma
between 2009-2019 were extracted from the planning system and cross referenced to the 420
patients having rectal surgical procedures in the same time period identified through the
Cabrini Monash Colorectal Database. Matched data was available for 238 patients, 197 of
whom received long course neoadjuvant treatment and subsequent definitive surgery. Pre-
operative staging for the majority of patients was by MRI (174/197 patients, 88.3%) with the
remainder having endoscopic ultrasound and CT. Patients were predominantly male (64%)
and were of good performance status (ECOG-0-76.1%) with a median age of diagnosis of 64
years (range 26-85). Anterior resections (ultralow and low) were the most common operation,
followed by abdominoperineal resections. (Table 1).

Of the 197 patients, all but two received concurrent fluoropyrimidine chemotherapy as part
of their neoadjuvant regimen. The most common radiotherapy prescription was 50.4Gy/28
fractions (179 patients, 90.9%) with a smaller number (17 patients, 8.6%) receiving 50Gy/25
fractions. One patient received a slightly truncated regimen of 27 fractions. Neoadjuvant

Table 1. Baseline clinicopathologic characteristics of 197 rectal adenocarcinoma patients.

n (%)
Sex
F 71 (36.0)
M 126 (64.0)
ECOG
0 148 (76.1)
1 37 (18.8)
2 9 (4.6)
3 3(1.5)
TNM stage
AL 3(1.52)
I 73 (37.1)
I 108 (54.8)
v 13 (6.6)
Surgical Procedure
AULAR 116 (58.9)
AAPR 38 (19.3)
Low anterior resection 17 (8.6)
Proctocolectomy 5(2.5)
Other 21(10.7)
Fractionation
50.4Gy/28 fractions 179 (90.9)
50Gy/25 fractions 17 (8.6)
48.6Gy/27 fractions 1(0.5)
Concurrent chemotherapy
Yes 195 (99.0)
No 2(1.0)

A3 patients with stage I disease had received neoadjuvant treatment at the discretion of the treating clinician. ULAR:

Ultra-low anterior resection. APR: abdominoperineal resection.

https://doi.org/10.1371/journal.pone.0254018.t001
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treatment was completed in a median of 38 days (range 32-49 days) with only 6 patients
(3.0%) taking longer than 6 weeks to complete treatment.

T downstaging was observed in more than half of all patients following neoadjuvant treat-
ment, and significant histological tumour regression (AJCC 0 or 1) was seen in 90 patients
(46%) (Table 2). As expected, histologic tumour regression was strongly correlated to T down-
staging (p < 0.001) and decrease in maximal tumour dimension (p < 0.001) but was not corre-
lated with N downstaging.

Delay to surgery

Median time to definitive surgery following neoadjuvant treatment was 63 days (range 24-164
days). No patient had positive mucosal resection margins, and circumferential margins were
positive in only 4 patients (2%). There were no statistically significant differences in the com-
plication rate between patients having “late” vs “early” surgery when stratified by the median
of 63 days though there were non-significant trends towards more pelvic collections and small
bowel obstruction in the late surgery group (Table 3). There were no differences in rates of
wound or anastomotic complications.

No statistically significant between group differences were identified for age, sex, perfor-
mance status or disease stage. There was a non-significant trend towards more abdominoperi-
neal resections (27%, 26/95 vs 11%, 11/102) and fewer ultralow anterior resections (52%, 49/95
vs 65%, 66/102) in the late surgery group (p = 0.052).

There was no statistically significant correlation between time to surgery and tumour
regression grade (Fig 1) and no difference in NAR score between early and delayed surgery
groups (mean 15.0 vs 14.2, p = 0.706).

Table 2. Tumour downstaging in response to neoadjuvant treatment.

Pre-neoadjuvant treatment Post-neoadjuvant treatment
n (%) n (%)

T stage
TO 0(0) 46 (23)
T1 0 (0) 13 (7)
T2 10 (5) 47 (24)
T3 172 (87) 89 (45)
T4 15 (8) 2(1)
Patients with T downstaging 109 (55)

N stage
NO 82 (42) 143 (73)
N1 69 (35) 39 (20)
N2 41(21) 15 (8)
N3 5(2) 0(0)
Patients with N downstaging 85 (43)

AJCC tumour regression grade

AJCCO 46 (23)
AJCC 1 44 (22)
AJCC2 70 (36)
AJCC3 37 (19)

Tumour and nodal stage pre- and post- neoadjuvant treatment, as well as AJCC regression grades, for 197 rectal

adenocarcinoma patients.

https://doi.org/10.1371/journal.pone.0254018.t1002
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Table 3. Complication rates comparing early and late surgery groups.

Early surgery < = 63 days (n = 102) Late surgery >63 days (n = 95) P
n (%) n (%)

Any surgical complication 27 (26.5) 22 (23.2) 0.623
« Prolonged ileus (>1 week) 9(8.8) 3(3.2) 0.137

« Urinary retention 8(7.8) 4(4.2) 0.376

« Pelvic collection 2(2.0) 7(7.4) 0.092A

« Wound complications 3(2.9) 6(6.3) 0.318

« Anastomotic leak 4(3.9) 4(4.2) 1.000

« Small bowel obstruction 1(1.0) 6 (6.3) 0.058A
Any medical complication 12 (11.8) 9 (9.5) 0.650

Comparison of complication rates between early and late surgery groups. The most common surgical complications have been detailed separately, in order of frequency.
Note that the numbers of specific complications do not add up to the total number of surgical complications as only the most common complications are listed, and

some patients had more than one complication. Aindicates p < 0.1

https://doi.org/10.1371/journal.pone.0254018.t003

A range of cut-offs at 10-day intervals from 40 to 100 days for demarcation of patients into
“early” and “late” surgery groups were trialled. No cut-off demonstrated statistical significance
for tumour regression grade or NAR score.

Radiotherapy treatment time

A clear bimodal distribution of the proportion of morning radiotherapy treatments during
each patient’s neoadjuvant course was observed (Fig 2). There was a non-significant trend

0.03 .
- AJCC 0/1 (n=90)
L. AJCC 2/3 (n=107)
{ ==
.0
5 0.02
B
©
Py
‘0
C
[0]
o
0.01
0.00 .—

40 80 120 160
Days to surgery
Fig 1. Delay to surgery by tumour regression grade. Histogram, in 5-day bins, illustrating distribution of time

between completion of radiotherapy and surgery, stratified by AJCC regression grade, overlaid by a kernel density plot.
No significant between group differences (p = 0.357).

https://doi.org/10.1371/journal.pone.0254018.g001
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Fig 2. Proportion of morning radiotherapy treatments by tumour regression grade. Histogram, in bins of 0.05
(5%), illustrating distribution of proportion of radiotherapy fractions in the morning (before 1230h) per patient,
stratified by AJCC regression grade, overlaid by a kernel density plot. No significant between group differences, but
trend towards a bigger proportion of morning treatments for patients with AJCC 0/1 regression (p = 0.077).

https://doi.org/10.1371/journal.pone.0254018.g002

towards a larger proportion of morning treatments for patients with AJCC Grade 0 or Grade 1
histologic regression when proportion of morning treatments were analysed as a continuous
variable.

Patients were dichotomised into “morning” and “afternoon” treatment groups where at
least 50% of treatments occurred in either the morning or afternoon. Patients in the “morning”
group had poorer performance status (p = 0.015) and were older (66 years vs 59 years,

p < 0.001) than those in the “afternoon” group. No statistically significant between group dif-
ferences were seen for sex or disease stage. There was no difference in tumour regression grade
(p = 0.385) or in NAR score (mean 14.6 vs 14.7, p = 0.925) between the dichotomised “morn-
ing” and “afternoon” groups.

To completely exclude any chronobiological effect in our data, a range of other times were
used to delineate “morning” and “afternoon” treatments (i.e., 1130h, 1200h, 1300h) and tested
against tumour regression grade, none of which reached statistical significance. Comparisons
were also made between patients receiving at least 80% of their treatments in the morning
against those having less than 20% morning treatments, and this again did not reach statistical
significance.

Combined effect of treatment time and delay to surgery

Composite groups were created to replicate the findings by Squire et al. [3], incorporating
delay to surgery and time of treatments. Tumour regression grades for these composite groups
were assessed (Table 4), with no statistically significant relationship found with AJCC tumour
regression grade (p = 0.440).
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Table 4. Tumour regression in composite time of treatment/time to surgery groups.

AM treatment/early surgery
(n=55)

n (%)
AJCC0/1 26 (43)
AJCC 2/3 35 (57)

pCR (AJCC | 12(22)
0)

AM treatment/late surgery PM treatment/early surgery PM treatment/late surgery

(n=47) (n=50) (n=45) P
n (%) n (%) n (%)

31 (54) 16 (39) 17 (45) 0.440
26 (46) 25 (61) 21 (55)

13 (26) 8(17) 11 (24) 0.346

AJCC regression grade and complete pathological response (pCR) rates in composite time of treatment/time to surgery groups. Early and late surgery were demarcated

by median time to surgery, AM/PM treatments demarcated by at least 50% of treatments occurring in either the morning or afternoon. Differences were not statistically

significant.

https://doi.org/10.1371/journal.pone.0254018.1004

A logistic regression model was used to explore the contributions of various clinical and
treatment factors to AJCC tumour regression grade (Table 5). Advanced disease stage was
found to be a negative predictor of tumour regression with no statistically significant contribu-
tions from any other variable.

For completeness, the impact of time of treatment and time to surgery on survival was assessed
in a Cox proportional hazards model, including TNM stage, ECOG performance and tumour
regression grade as covariates (Table 6). Neither temporal factor was found to be significant.

Review of the literature exploring delay to surgery

A review of the literature identified 39 papers (describing 27379 patients) which report both
time delay and complete pathological response (pCR) rates to neoadjuvant rectal radiotherapy
with or without the addition of chemotherapy [3, 4, 7-10, 25-58]. Three further papers were
identified but excluded from visualisation as time to surgery was provided in categories rather
than numerically [59-61]. The PRISMA flow chart is presented in S1 Fig. Twenty papers
(51.2%) had a late surgery group with median delay to surgery greater than 70 days. Data from
these papers have been summarised and is visualised in Fig 3. A trend line was computed
using a generalised additive model, and this demonstrates an initial increase in pCR rate
which plateaus off after a delay of approximately 60 days.

A meta-analysis was performed, incorporating a total of 36 studies describing 17355
patients including the three papers not presented in Fig 3 [4, 7-10, 28-39, 41-43, 45, 47, 48,
50-52, 54-61]. There is moderate heterogeneity between studies, with an I” of 48% and 1>

Table 5. Logistic regression model exploring predictors for tumour regression.

Univariate logistic regression model

Variable OR CI p
Sex 1.26 0.70-2.25 0.445
ECOG status 0.83 0.52-1.30 0.426
TNM stage 0.62 0.38-0.98 0.043*
Time to surgery 1.01 0.99-1.02 0.449
AM treatment 1.89 0.86-4.24 0.117
Treatment prolongation 0.82 0.36-1.83 0.621

AJCC grade 0/1 tumour regression (n = 90) vs AJCC grade 2/3 (n = 107). Advanced disease stage was correlated with
decreased tumour regression. Positive estimates indicate an increase in grade 0/1 regression; SE = standard error
X

p < 0.05.

https://doi.org/10.1371/journal.pone.0254018.t005
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30

20

Complete response rate

Table 6. Cox proportional hazards model exploring predictors for survival.

Univariate Cox Model
HR CI p
Sex 0.77 0.35-1.73 0.532
ECOG status 1.68 1.09-2.59 0.020*
TNM stage 2.67 1.43-5.00 0.002*
Tumour regression grade 1.23 0.86-1.74 0.255
Treatment prolongation 1.21 0.42-3.50 0.725
Delay to surgery 1.01 0.99-1.03 0.284
Proportion AM treatments 2.97 0.89-9.83 0.076
HR = hazard ratio; CI = confidence interval; AHR = adjusted hazard ratio
*p <0.05.
https://doi.org/10.1371/journal.pone.0254018.t1006
4
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Fig 3. Influence of delay to surgery on complete pathological response. Delay to surgery (from completion of neoadjuvant therapy) plotted
against rate of complete pathological response in 39 reviewed studies (27379 patients), coloured by included radiotherapy courses. Long course-
only studies (>>24 fractions) are coloured in red, short course-only studies coloured in blue, and studies including all fractionation schedules
coloured in green. Data from the present study are indicated by red circles. Data points are fitted to a generalised additive model as implemented in
R and this model is plotted as a trend line, with shaded areas indicating confidence intervals.

https://doi.org/10.1371/journal.pone.0254018.g003
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Early vs Late Early surgery Late surgery

Author Year (weeks) (weeks) CR Total CR Total Odds Ratio OR 95%-ClI
Francois 1999 2 7 2 99 6 102 — 3.03 [0.60; 15.39]
Stein 2003 6 12 4 19 2 14 — 0.62 [0.10; 4.01]
Moore 2004 4 7 10 82 14 73 L 1.71 [0.71; 4.13]
Tran 2006 7 11 1 16 3 32 — 1.55 [0.15; 16.23]
Veenhof 2007 1 6 0 57 6 51 T 16.43 [0.90; 299.36]
Habr-Gama 2007 10 26 13 121 8 129 —&r 0.55 [0.22; 1.38]
Tulchinsky 2008 4 8 8 48 29 84 - 2.64 [1.09; 6.37]
Lim 2008 5 7 30 217 27 180 = 1.10 [0.63; 1.93]
Kalady 2009 7 9 13 83 28 94 - 2.28 [1.09; 4.78]
Garcia-Aguilar 2011 6 1 1 60 17 67 - 1.51 [0.64; 3.56]
Evans 2011 5 12 1 18 8 45 —a|— 3.68 [0.43; 31.77]
Campos-Lobato 2011 <8 >8 13 83 28 94 ——'— 2.28 [1.09; 4.78]
Wolthuis 2012 6 8 32 201 43 155 = 2.03 [1.21; 3.40]
Pach 2012 1 4 0o 77 8 77 ——F——— 18.96 [1.07; 334.50]
Jeong 2013 6 9 17 105 9 48 —+ 1.19 [0.49; 2.91]
Sloothaak 2013 7 12 32 312 43 364 L] 1.17 [0.72; 1.90]
Fang 2013 5 11 6 32 9 74 —= 0.60 [0.19; 1.85]
Saglam 2014 4 8 15 76 1 77 = 0.68 [0.29; 1.59]
Sirohi 2014 7 11 2 42 3 68 —— 0.92 [0.15; 5.77]
Zeng 2014 6 8 18 111 35 122 ]—'— 2.08 [1.10; 3.94]
Calvo 2014 <6 >6 12 136 24 199 - 1.42 [0.68; 2.94]
Probst 2015 5 8 329 3786 858 6500 | 1.60 [1.40; 1.83]
You 2015 <7 >7 38 139 45 152 = 1.12 [0.67; 1.86]
Garrer 2016 7 11 1 26 7 26 — 9.21 [1.04; 81.36]
Mihmanli 2016 5 10 4 45 8 42 e 2.41 [0.67; 8.70]
Timudom 2016 6 12 2 17 8 43 —— 1.71 [0.32; 9.05]
Akbar 2016 7 9 20 66 21 93 R 0.67 [0.33; 1.37]
Lefevre 2016 7 11 20 133 23 132 53 1.19 [0.62; 2.29]
Foster 2016 6 12 3 10 2 13 —a— 0.42 [0.06; 3.21]
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Terzi 2019 8 12 16 125 30 127 |+ 2.11 [1.08; 4.10]
Koo (this study) 2021 8 1 20 102 24 95 - 1.39 [0.71; 2.72]
Random effects model 7347 9855 ’é 1.50 [1.25; 1.79]
Heterogeneity: 12 = 48%, t* = 0.1064, p = 0.03 ' ' ' ' '

Test for overall effect: z =4.44 (p < 0.01) 0.01 01 1 10 100

Favours early surgery Favours late surgery

Fig 4. Meta-analysis of delay to surgery after neoadjuvant radiotherapy. Meta-analysis of 36 studies (17355 patients) comparing early versus late surgery
after neoadjuvant radiotherapy. Studies are listed by year of publication. The median delay to surgery (in weeks) in the “early” and “late” surgery groups is
provided. For the 3 studies where exact delay to surgery was unavailable, the delay threshold has been listed (with < or > signs).

https://doi.org/10.1371/journal.pone.0254018.9004

of 0.11, justifying the use of a random effects model. When the data is pooled, there is a statisti-
cally significant improvement of pCR rates in favour of later surgery, with an odds ratio of
1.50 (Fig 4).

The majority of reviewed studies which assessed surgical complications did not find any
impact of surgical delay on operative complications [7, 9, 10, 28, 29, 31, 36, 39, 41-43, 51, 57,
61], with two papers finding an increase in complications with later surgery [46, 54] and
another finding that later surgery decreased anastomotic and wound complications [53]. Only
two of the reviewed studies assessed development of metastatic disease in the context of time
to surgery after completion of radiotherapy and neither found significant between group dif-
ferences [51, 53].
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Discussion

Our results do not support the use of chronomodulated radiotherapy in rectal cancer. Despite
using similar methodology as Squire et al. to evaluate and test for circadian influences in
tumour response, we find no chronobiological effect, with a non-significant trend towards a
larger proportion of morning treatments in patients with AJCC 0/1 tumour regression, con-
trasting with their finding of improved tumour regression in patients with predominantly
afternoon treatments [3].

Differences in clinical practice between centres might account for these differences. Squire
et al. included patients having short course (25Gy/5 fractions) radiotherapy and reported a
median time to surgery of 49 days, with statistically significant treatment time dependent differ-
ences in tumour regression only observed in patients having early surgery [3]. By contrast, median
time to surgery in our series was 63 days—if treatment time differences in tumour regression can
only be observed shortly after completion of treatment, this would not be apparent in our data.

At present, there is poor consensus in the literature as to the impact of chronomodulated
radiotherapy-of the two studies addressing breast cancer, one found acute radiation side
effects to be worse with afternoon treatments [17], whilst a later study found precisely the
opposite, with increased dermatitis in patients receiving more morning treatments [16].This
latter study identified that patients with more morning treatments were more likely to receive
aboost to the tumour bed, and on multivariate analysis, there was no between group difference
in acute toxicity [16]. This highlights the limits of retrospective series for chronobiological
research, as there may well be systematic biases in choice of treatment time in a non-rando-
mised study. This is also demonstrated by our finding that patients in the morning group
tended to be older and of poorer performance status. Any underlying chronobiological effect
is likely to be subtle and may be obscured by these biases.

In our series, time to surgery did not significantly impact tumour regression. There has
been substantial controversy regarding optimal time delay between completion of neoadjuvant
treatment and definitive surgery, though our meta-analysis has shown improved pCR rates
with later surgery and a visualisation of the literature suggests a plateau of pCR rates after 60
days. Median time to surgery for both early and late surgery groups of patients in our cohort
lie close to this plateau, and it is therefore unsurprising that no statistically significant between
group difference was found. Any treatment time dependent effects which exist might be
hypothesised to be most pronounced before the plateau of pCR rates, and these may therefore
have been overwhelmed by the impact of time to surgery in our cohort.

Overall, this is a practice-affirming finding, as the aim at our centre is in fact to schedule
surgery approximately 8 weeks after completion of neoadjuvant radiotherapy. Good pathologi-
cal tumour response to neoadjuvant treatment (AJCC 0/1) is seen in a large proportion of
patients, in line with previous reports [62], without any increase in surgical complication rates.
There were no positive mucosal margins and an exceedingly low rate of positive circumferen-
tial margins (2%) which compares very favourably to the 17% rate in the United States
National Cancer Database [63].

A few other factors of interest could not be assessed in this study. The influence of concur-
rent chemotherapy could not be discerned from our data as all our patients are routinely given
concurrent 5-FU (or its oral equivalent capecitabine). A third temporal factor, prolongation of
neoadjuvant treatment time, is also of interest as accelerated repopulation during radiotherapy
treatment has been well described as a factor contributing to treatment failure [64] and has
been observed after short course radiotherapy for rectal cancer [65]. We were however unable
to conduct this analysis as almost all our patients had completed their radiotherapy within the
appropriate timeframe.
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Conclusion

We did not identify any differences in pathological regression grade of rectal carcinomas by
time to surgery or time of radiotherapy, in contrast to Squire et al. [3]. The effects of chrono-
modulated radiotherapy are unlikely to be large, and a randomised trial would be more appro-
priate in order to control for the confounding factors, especially biases which can modify time
of treatment. A review of the literature finds a plateau in complete response rates after approxi-
mately 60 days, suggesting that time to surgery is a much more significant factor than time of
radiotherapy, and the impact of treatment time may well have been obscured since time to sur-
gery for the majority of patients in our study lies along this plateau. Based on our meta-analy-
sis, we would recommend surgery between 8 and 11 weeks after completion of neoadjuvant
radiotherapy for locally advanced rectal cancer.
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