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Background: Whole brain radiotherapy (WBRT) is commonly used to treat brain metastases. Previous
studies have explored how radiotherapy treatment time can affect response. The present study evaluated the
influence of treatment time on overall survival (OS) for cancer patients receiving WBRT.

Methods: Patients who received WBRT from 2004 to 2016 were included. Demographic information
including age, performance status, primary site, dose, fraction, treatment time, and date of death were
collected. Based on different percentages of treatment times falling into one time frame (i.e., 100%, >80%,
>70%, or >60%), patients were allocated to three cohorts (8:00-11:00 AM, 11:01 AM-2:00 PM, 2:01-5:00
PM). Demographics were compared among cohorts using the Kruskal-Wallis nonparametric test and Fisher
exact test. To control the multiple comparisons on select demographic variables a Bonferroni adjusted P
value was considered statistically significant. Kaplan-Meier curves were created for OS. Univariate and
multivariate Cox proportional hazard (PH) model were used to find predictive factors of OS in all patients,
females and males.

Results: A total of 755 patients were included with a median age of 66 years. The actuarial median OS was
2.37 months. Treatment time was not associated with OS for all patients or males only. In elderly female
patients (>65 years), a significant difference in OS was found among treatment cohorts (P=0.02). Treatment
time (when >80% or >70% of treatment times were in one time frame), age, and Karnofsky performance
status (KPS) were significant predictive factors of OS in univariate analysis for females. Only age and KPS
remained significant in multivariate analysis.

Conclusions: Time of WBRT delivery for brain metastases was significantly related to OS upon univariate
analyses in females only. Future investigations should be conducted prospectively with homogenous patient
groups to elucidate the effect of chronotherapy in palliative brain metastases patients as time of WBRT

administration may affect OS in specific subsets of patients.
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Introduction

Brain metastases occur in about 20-40% of advanced cancer
patients, with lung cancers accounting for at least half of
these occurrences and breast cancers accounting for 15-25%
(1,2). Often, brain metastases manifest in upwards of 60—
75% of patients as symptoms such as headaches, seizures,
sensory deficits, and cognitive decline (1,2). Treatment
modalities for brain metastases include neurosurgery,
stereotactic radiosurgery (SRS), whole brain radiotherapy
(WBRT), and corticosteroid use (1,2). Treatment decisions
are based on patient and tumour characteristics. Those
with a single brain metastasis or resectable metastases may
benefit most from SRS or neurosurgery. On the other
hand, symptomatic patients with many brain metastases
and for whom the goal of care is often to improve quality
of life (QOL), may be treated with WBRT (3). Response
to WBRT in terms of symptom improvement ranges
from 64% to 85%; however, since patients treated with
WBRT often have poor prognosis, progression of brain
metastases or other systemic disease may cause death prior
to the patient receiving the full benefits of treatment (4).
Thus, ways to enhance treatment efficacy for this patient
population should be investigated.

Circadian rhythms are generated by the rhythmic
expression of clock genes in the anterior hypothalamus
that result in 24-hour patterns of hormonal secretion,
body temperature fluctuation, and autonomic nervous
system activity. Circadian rhythms also affect cell cycle
progression. Each phase of the cell cycle is associated
with different radiosensitivity (5-8), with the gap 2 (G2)
and mitosis (M) phases being particularly radiosensitive
(5-8). Chronotherapy aligns treatment delivery with
naturally occurring circadian rhythms in an attempt to
optimize treatment outcomes and potentially enhance
survival (5,9,10). Numerous studies conducted with animal
models have found that timing of radiotherapy delivery
to discrete times in the day resulted in more radiation-
induced apoptosis when cells were in the G2/M phases
(7,11,12). The efficacy of chronotherapy may also be sex-
specific, as previous studies conducted in animal models
and human patients receiving chemotherapy observed
different outcomes between males and females (13-15). A
meta-analysis of three phase III trials in colorectal cancer
patients concluded that optimal treatment schedules
(chronomodulated or conventional infusions) to benefit OS
differed depending on sex, with only males benefiting from
chronomodulated therapy (13). Sex may be an important
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mediator of sensitivity to chronotherapy and further studies
examining chronotherapy should segregate cohorts by sex
to determine optimal treatment regimens for both males
and females.

The efficacy of chronotherapy has also previously been
studied in the context of SRS for the treatment of brain
metastases in non-small cell lung cancer (NSCLC) patients
(6-8,16). In these retrospective studies, the local control
(LC) of treated metastases and overall survival (OS) were
compared between patients treated in the morning and
afternoon. One of these studies reported improved LC
(97% and 67%, P=0.01), OS (9.5 and 5 months, P=0.03),
and less CNS-related deaths (6% and 24%, P=0.03)
in patients treated in the morning (6). However, three
subsequent studies attempting to replicate these results in
larger patient populations failed to observe any significant
correlations between treatment time and L.C or OS (7,8,16).
Consequently, it is difficult to come to any conclusions
regarding the efficacy of chronotherapy in SRS. No studies
to date have investigated the role of chronotherapy in
WBRT, which is a commonly used treatment modality for
palliative brain metastases patients. As such, the present
study aimed to investigate whether or not any correlations
between OS and treatment time exist in cancer patients
receiving WBRT. We hypothesize that time of WBRT
delivery may be related to OS in patients with brain
metastases.

Methods

A retrospective review of prospectively collected databases
was conducted. Patients with radiologically confirmed
brain metastases who received one session of WBRT
between November 2004 and January 2016 were included
in the study. Patients who received SRS at any point were
excluded. Our institution’s Research Ethics Board approved
this study.

Data collection

Baseline demographic and clinical information including
age, gender, Karnofsky performance status (KPS), primary
cancer site, dose, and fraction were prospectively collected.
Treatment times and dates of death were extracted from
patient medical records. OS was calculated in months from
the initial treatment date to date of death. Patients that
were alive at the time of analysis or lost to follow-up were
censored at the date of last contact.
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Segregation of treatment coborts

Patients were assigned to morning (8:00-11:00 AM), early
afternoon (11:01AM-2:00 PM), or late afternoon (2:01-5:00
PM) cohorts based on time of radiotherapy delivery. The
time intervals were selected based on a study by Bjarnason
et al. (17) that investigated cell cycle progression in human
oral mucosa, and found protein indicators of each cell cycle
phase to peak at different time periods in the day. The
protein expression of the late G1 phase, G1/S boundary, G2
phase, M phase peak at 11:00 AM, 3:00 PM, 4:00 PM, 11:00
PM, respectively. However, 11:00 PM was not included as
no patients are treated as this time at our center. Treatment
times before 8:00 AM were assigned to the morning cohort
and those after 5:00 PM were assigned to the late afternoon
cohort. To allocate a patient to a particular cohort, all
(100%) of their treatment times were required to fall in
one time frame. Those who did not fit this criterion were
excluded from statistical analysis. Using this method, a small
number of patients (n=2) were allocated to the 8:00-11:00
AM cohort. Therefore, the allocation process was repeated
by assigning patients to each time cohort based on >80%,
>70%, and >60% of their treatment times falling into one
time frame. Demographic parameters were again compared
for the different cohorts for each allocation method. The
above analysis was again conducted by separating all patients
based on whether treatment was received at consistent times
of day or inconsistent times of day. Consistent treatment
was defined as >80% of radiation treatment delivered within
2 hours of each other. Patients that did not fit this criterion
were considered inconsistent.

Statistical analyses

Descriptive statistics were conducted in all patients
for demographics using median and inter-quartiles for
continuous variables and proportions for categorical
variables. Based on different percentages of treatment times
falling into one time frame (i.e., 100%, >80%, >70%, or
>60%), baseline characteristics were compared among the
three cohorts (8:00-11:00 AM, 11:01 AM-2:00 PM, and
2:01-5:00 PM) using the Kruskal-Wallis nonparametric test
or Fisher exact test for continuous and categorical variables,
respectively. To control the multiple comparisons on
demographics (age, gender, KPS value, KPS >70, KPS >80,
primary cancer site, and duration of follow-up) among three
time allocations, a Bonferroni adjusted P value <0.007 was
considered statistically significant.
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Kaplan-Meier OS curves were plotted for the three
treatment cohorts and compared using the log-rank test.
Univariate Cox proportional hazard (PH) model of OS
was conducted in all patients with demographic parameters
and treatment time allocations. Multivariate analysis was
subsequently conducted using a backward stepwise selection
procedure for all variables with a P value <0.10 in univariate
analysis. In multivariate analysis, P<0.05 was considered
statistically significant. The R’ statistic was evaluated
to determine the strength of the association between a
predictive factor and OS. The 95% confidence interval (CI)
and hazard ratio (HR) were also calculated. All statistical
analyses were performed using statistical analysis software
(SAS version 9.4 for Windows). In order to account for
potential differences in circadian rhythms between genders,
all statistical analyses were performed for males and females
separately.

Results
Patient characteristics

A total of 755 patients were included in the study. The
median age at treatment was 66 years and there were
slightly more females (52.7%). Lung (60.7%) and breast
cancer (15.4%) were the most common primary cancer
sites. Patients with poor KPS [10-40] represented 18.3%
of patients. Patients with KPS of 50-70 and of 70-100
represented 53.0% and 28.7% of the patient population,
respectively. The median time from first treatment to
follow-up was 2.1 months (range of 0 to 93 months). The
most common radiation dosing schedules were 20 Gy in
5 fractions (93% of patients) and 30 Gy in 10 fractions (6%
of patients). Table 1 provides the number of patients within
each treatment cohort using the various allocation methods
and 7Table 2 summarizes patient characteristics.

The actuarial median OS of all 755 patients was
2.37 months (95% CI, 2.17-2.69). Of these patients, 664
died and the censored rate was 12.1%. Three patients with
very long survival times (>60 months) were censored as alive
at 35 months. In males and females, the actuarial median
OS was 2.27 months (95% CI, 1.97-2.69) and 2.40 months
(95% CI, 2.17-2.89), respectively.

All patients

Using >80% of treatment times (7able 3), 275 patients were
analysed and allocated to three cohorts (8:00-11:00 AM,
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Table 1 Allocation of patients to treatment time cohorts
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Table 2 All patient characteristics

Allocation method N %

All treatment times allocated in one time frame (n=72)

8-11 AM 2 2.78
11 AM-2 PM 27 37.50
2-5PM 43 59.72

>80% of their treatment times allocated in one time frame
(n=275)

8-11 AM 55 20.00
11 AM-2 PM 90 32.73
2-5PM 130 47.27

>70% of their treatment times allocated in one time frame
(n=286)

8-11 AM 58 20.28
11 AM-2 PM 93 32.52
2-5PM 135 47.20

>60% of their treatment times allocated in one time frame
(n=594)

8-11 AM 156 26.26
11 AM-2 PM 190 31.99
2-5PM 248 41.75

n=55; 11:01 AM=2:00 PM, n=90; 2:01-5:00 PM, n=130).
There were no statistically significant differences in baseline
characteristics when allocating patients using >80%, >70%
or >60% of their treatment times.

For patients allocated based on the >80% criterion, the
8:00-11:00 AM cohort (1.95 months; 95% CI, 1.31-2.89)
tended to have shorter OS compared to other cohorts
(11:01 AM=2:00 PM; 2.33 months; 95% CI, 1.87-3.35;
2:01-5:00 PM; 2.40 months; 95% CI, 1.81-3.55), although
this was not statistically significant (P=0.2). No significant
differences in OS were found in the >70% and >60%
criterion cohorts.

Upon univariate Cox PH model, age at the start of
treatment and KPS (continuous, >70, or >80) were
significantly related to OS (Table 4). In the multivariate
analysis, only KPS remained significant (Table 5).

Females

When females were analysed exclusively, 152 and 155 patients
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Demographics

Number of

0,
patients (N=755) %

Age at treatment (years)
N
Median (inter-quartiles)
Gender
Male
Female
KPS
N
Median (inter-quartiles)
KPS distribution
10-40
50-70
80-100
KPS >70
<70
>70
KPS >80
<80
>80
Primary cancer site
Bladder
Breast
Gl
GYN
Lung
Lymphoma
Melanoma
Multiple myeloma
Pancreas
Prostate

Renal cell

Squamous cell carcinoma

Other

Unknown

755
66 (58, 74)
357 47.28
398 52.72
721
60 (50, 80)
132 18.31
382 52.98
207 28.71
514 71.29
207 28.71
634 87.93
87 12.07
8 1.06
116 15.3
47 6.23
8 1.06
458 60.66
2 0.26
20 2.65
2 0.26
4 0.53
12 1.59
27 3.58
3 0.40
15 1.99
33 4.37

Table 2 (continued)
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Table 2 (continued)

Number of
D hi 9
emographics patients (N=755) %
Vital status
Duration of follow-up since first 2.1(1.0,5.1)
treatment (months), median (inter-
quartiles)
Alive 89 11.79
Dead 666 88.21

KPS, Karnofsky performance status.

were included using >80% and >70% of treatment times,
respectively. Using the 80% criterion, the 8:00-11:00 AM,
11:01 AM-2:00 PM, and 2:01-5:00 PM cohorts differed
significantly in age at start of treatment, with the 8:00-11:00
AM cohort (n=29) consisting of older patients (P=0.006)
(Table 3). Similar results were found when 70% criteria or
60% criterion was applied.

Significant differences in survival were found between
the three cohorts using the 80% (P=0.01) and 70% criterion
(P=0.01). These results were further analyzed by plotting
separate Kaplan-Meier OS curves based on age (<65 vs.
>65 years) and KPS (<70 vs. >70). In female patients
>65 years of age using the 80% criterion, those in the 11:01
AM-2:00 PM cohort exhibited a longer actuarial median
OS (2.12 months; 95% CI, 1.54-5.91) than the 8:00-11:00
AM (1.23 months; 95% CI, 0.53-1.97) and 2:01-5:00 PM
(1.18 months, 95% CI, 0.56-2.23) cohorts (P=0.0190)
(Figure 1). This was not significant for younger patients
(P=0.4) (Figure 1). However, this may be explained by
difference in age at start of treatment, as younger patients
were more likely to receive treatment in the afternoon
when compared to older patients. Therefore the difference
in OS between younger and older female patients could be
explained by the significant difference of age at the start of
treatment between the time cohorts. When dichotomized
by KPS, the OS curves did not significantly differ between
cohorts (P=0.07 and P=0.52 for KPS >70 and KPS <70,
respectively). Similar results were seen when the 70%
criterion was used. The 60% criterion cohorts revealed no
significant difference in OS.

In univariate Cox PH model, age (at start of treatment or
>65) and KPS (continuous, >70, or >80), and treatment time
(>80% or >70%) were significantly related to OS (Tuble 4).
Patients in the 8:00-11:00 AM were more likely to have
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a shorter OS than the 11:01 AM-2:00 PM (P=0.005, HR
=2.03,95% CI, 1.25-3.32) or 2:01-5:00 PM cohorts (P=0.02,
HR =1.77, 95% CI, 1.10-2.86). In multivariate analysis, age
(>65) was considered as a confounding factor to adjust for
the age effect on OS in females from different treatment
cohorts. Only KPS (>70) was still significant in the final
model; treatment time failed to remain significant (Zible 5).

Males

For males, 123 patients were included in analysis using
the 80% criterion. In 7able 3, we did not find statistically
significant differences in baseline characteristics when
allocating patients using 80% of their treatment times
(8:00-11:00 AM, n=26; 2:01-5:00 PM, n=62; 11:01 AM-—
2:00 PM, n=35). There were no statistically significant
differences in baseline characteristics when allocating
patients using 70% or 60% of their treatment times.

Males treated in the 2:01-5:00 PM cohort had the
longest actuarial median OS (2.76 months; 95% CI, 1.77-
3.81) and the 11:01 AM-2:00 PM cohort had the shortest
actuarial median OS (2.05 months; 95% CI, 1.15-3.58).
The 8:00-11:00 AM cohort had an actuarial median OS of
2.53 months (95% CI, 1.71-3.61). This was not statistically
significant (P=0.59). No significant differences in OS were
found in the 70% and 60% criterion cohorts either.

In the univariate Cox PH model, age at the start
of treatment and KPS (continuous, >70, or >80) were
significantly related to OS (7able 4); older age and KPS <70
remained significantly related to OS in the multivariate
analysis (Table 5).

Consistent vs. inconsistent times of treatment

No significant difference in OS was found between patients
who received treatment at inconsistent or consistent times
of day for all patients (P=0.19), males only (P=0.22), and
females only (P=0.61).

Discussion

WBRT is a commonly used treatment modality for
advanced cancer patients with poor prognosis and multiple
brain metastases. Prior studies have examined how the time
of SRS delivery can impact LC and OS, with inconsistent
results (6-8,16). The aim of the present study was to
determine whether treatment time affects OS in patients
receiving WBRT for brain metastases. A subgroup analysis
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Table 3 Comparisons of patient demographics utilizing 80% criterion for allocation

Treatment time allocations
Patient demographics P value
8:00-11:00 AM 11:01 AM-2:00 PM 2:00-5:00 PM

>80% of their treatment times allocated in one time frame (n=275)

Age at treatment (years) 0.2719
N 55 90 130
Median (inter-quartiles) 68 (63, 74) 65 (59, 74) 66 (57, 74)

Gender 0.4069
Male 26 (47.27%) 35 (38.89%) 62 (47.69%)
Female 29 (562.73%) 55 (61.11%) 68 (52.31%)

KPS 0.2229
N 51 84 126
Median (inter-quartiles) 60 (40, 70) 70 (50, 80) 60 (50, 80)

KPS >70 0.2301
<70 40 (78.43%) 55 (65.48%) 84 (66.67%)
>70 11 (21.57%) 29 (34.52%) 42 (33.33%)

KPS >80 0.1275
<80 46 (90.20%) 67 (79.76%) 112 (88.89%)
>80 5(9.80%) 17 (20.24%) 14 (11.11%)

Primary cancer site 0.0483
Breast 11 (20.00%) 22 (24.44%) 22 (16.92%)
Gl 0 (0.00%) 7 (7.78%) 5 (3.85%)
Lung 32 (58.18%) 49 (54.44%) 80 (61.54%)
Melanoma 0 (0.00%) 1(1.11%) 1(0.77%)
Prostate 2 (3.64%) 0 (0.00%) 4 (3.08%)
Renal cell 3 (5.45%) 2 (2.22%) 5 (3.85%)
Other 3 (5.45%) 0 (0.00%) 10 (7.69%)
Unknown 4(7.27%) 9 (10.00%) 3(2.31%)

Duration of follow-up (months) 0.4918
Median (inter-quartiles) 2(1,4) 2(1,5) 2(1,5)

>80% of their treatment times allocated in one time frame (n=152)—females only

Age at treatment (years) 0.0061
N 29 55 68
Median (inter-quartiles) 70 (64, 74) 64 (58, 72) 62 (52, 69)

Table 3 (continued)
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Treatment time allocations

Patient demographics P value
8:00-11:00 AM 11:01 AM-2:00 PM 2:00-5:00 PM
KPS 0.0091
N 26 49 66
Median (inter-quartiles) 50 (40, 70) 70 (60, 80) 70 (50, 80)
KPS >70 0.0106
<70 24 (92.31%) 31 (63.27%) 42 (63.64%)
>70 2 (7.69%) 18 (36.73%) 24 (36.36%)
KPS >80 0.0284
<80 26 (100.00%) 39 (79.59%) 55 (83.33%)
>80 0 (0.00%) 10 (20.41%) 11 (16.67%)
Primary cancer site 0.5024
Breast 11 (87.93%) 22 (40.00%) 22 (32.35%)
Gl 0 (0.00%) 3 (5.45%) 3 (4.41%)
Lung 13 (44.83%) 26 (47.27%) 35 (561.47%)
Melanoma 0 (0.00%) 0 (0.00%) 0 (0.00%)
Renal cell 1(3.45%) 0 (0.00%) 2 (2.94%)
Other 1(3.45%) 0 (0.00%) 4 (5.88%)
Unknown 3(10.34%) 4(7.27%) 2 (2.94%)
Duration of follow-up (months) 0.0351
Median (inter-quartiles) 1(1,3) 2(1,7) 2(1,95)
>80% of their treatment times allocated in one time frame (n=123)—males only
Age at treatment (years) 0.4881
N 26 35 62
Median (inter-quartiles) 67 (61, 73) 71 (61, 80) 69 (59, 78)
KPS 0.3420
N 25 35 60
Median (inter-quartiles) 70 (30, 100) 70 (50, 80) 60 (50, 80)
KPS >70 0.8420
<70 16 (64.00%) 24 (68.57%) 42 (70.00%)
>70 9 (36.00%) 11 (31.43%) 18 (30.00%)
KPS >80 0.0308
<80 20 (80.00%) 28 (80.00%) 57 (95.00%)
>80 5 (20.00%) 7 (20.00%) 3 (5.00%)

Table 3 (continued)
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Treatment time allocations

Patient demographics P value
8:00-11:00 AM 11:01 AM-2:00 PM 2:00-5:00 PM
Primary cancer site 0.0756
Gl 0 (0.00%) 4 (11.43%) 2 (3.23%)
Lung 19 (73.08%) 23 (65.71%) 45 (72.58%)
Melanoma 0 (0.00%) 1(2.86%) 1(1.61%)
Prostate 2 (7.69%) 0 (0.00%) 4 (6.45%)
Renal cell 2 (7.69%) 2 (5.711%) 3 (4.84%)
Other 2 (7.69%) 0 (0.00%) 6 (9.68%)
Unknown 1(3.85%) 5 (14.29%) 1(1.61%)
Duration of follow-up (months) 0.4651
Median (inter-quartiles) 32,4 2(1,4) 2(1,6)

KPS, Karnofsky performance status.

of elderly female patients (>65 years) revealed that those
treated between 11:01 AM and 2:00 PM had significantly
longer OS when compared to the other time cohorts upon
univariate analysis only. However, this may be due to the
significant differences in age at start of treatment between
the three time allocations. Time of radiotherapy delivery
had no impact on OS in male patients or female patients.
Median survival for patients treated with WBRT for brain
metastases ranges from 2.7-5.5 months (11,12,18,19), which
is comparable, but slightly higher than the actuarial median
OS found in our patient population (2.4 months). The
median OS may have been lower than previous studies as
we only included patients who received 1 session of WBRT,
whereas patients who received multiple sessions of WBRT
would have had longer survival.

Previous studies have examined chronotherapy in SRS
treatment for NSCLC patients using various time frames
to separate patients. Rahn er 4/. were the first to do this,
using a cut-off point of 12:30PM as it equally separated
patients into two cohorts and simplified notation for clinical
and statistical applications (6). To confirm the positive
findings of this study, Kabolizadeh ez a/. separated patients
treated before and after 12:00PM (16). Subsequent studies
by Badiyan et 4/. utilized receiver operating characteristic
(ROC) curves to find the optimal cutoff point (11:41
and 11:42 AM) corresponding to the most significant
difference in OS between cohorts (7,8). Despite the similar
time frames, treatment time was predictive of LC or OS
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exclusively in the study by Rahn ez 4/. (6). As this study
had 97 patients (only 48 assessed for LC), whereas the
remaining studies analysed much larger groups of patients,
low patient numbers could account for their positive
findings. Additionally, as the time frames used were in
close proximity of each other, cell cycle changes may have
produced very minute differences in outcomes and thus
were undetectable. Also, if three or more distinct time
frames corresponding to differing treatment outcomes were
to exist, separating patients using only two time frames may
not be an adequate method of detecting these differences
in outcomes. While previous studies of chronotherapy for
brain metastases segregated patients using cohorts that
maximized survival differences, the present study utilized
time frames that corresponded to previously reported
phases of the cell cycle in human oral epithelium (17).
Gender differences in response to chronotherapy have
been reported in previous studies. A meta-analysis by
Giacchetti et al. of three international phase III trials in
colorectal cancer patients receiving chemotherapy observed
that males received survival benefits from chronomodulated
chemotherapy, while females experienced worse OS (13).
Additionally, Bjarnason er al. prospectively evaluated the
incidence of oral mucositis induced by radiotherapy in head
and neck cancer patients and observed less mucositis in males
when treated in the morning compared to the afternoon,
while the opposite trend was detected in women (14).
In a study by Ahowesso et 4l., the degree of irinotecan-
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Table 4 Significant demographic and treatment time allocation predictive factors for overall survival in the univariate Cox proportional

hazard model

Independent covariate

Predictive factors of overall survival

P value HR 95% ClI R2 (%)
All patients demographics
Age at treatment start (years) <0.0001 1.020 1.012-1.027 3.62
KPS (continuous) <0.0001 0.975 0.971-0.979 15.07
KPS <70 vs. >70 <0.0001 2.050 1.718-2.445 9.18
KPS <80 vs. >80 <0.0001 1.894 1.481-2.423 4.12
Females only demographics
Age at initial visit (years) <0.0001 1.020 1.010-1.030 3.86
Age at treatment start (years) <0.0001 1.020 1.010-1.030 3.94
Age at treatment start (>65 vs. <65) <0.0001 1.667 1.345-2.066 5.32
KPS (continuous) <0.0001 0.977 0.972-0.983 13.31
KPS <70 vs. >70 <0.0001 2.089 1.633-2.672 9.48
KPS <80 vs. >80 <0.0001 1.971 1.404-2.766 4.70
Treatment time allocations
>80% of the treatment times allocated in one time frame 0.0141 5.01
8-11 AM vs. >2-5 PM 0.0195 1.769 1.096-2.857
>11 AM-2 PM vs. >2-5 PM 0.4644 0.864 0.583-1.279
8-11 AM vs. >11 AM-2 PM 0.0046 2.034 1.245-3.324
>70% of the treatment times allocated in one time frame 0.0150 4.81
8-11 AM vs. >2-5 PM 0.0162 1.795 1.114-2.894
>11 AM-2 PM vs. >2-5 PM 0.5609 0.892 0.606-1.312
8-11 AM vs. >11 AM-2 PM 0.0054 1.998 1.228-3.253
Males only demographics
Age at treatment start (years) 0.0012 1.018 1.007-1.030 3.00
KPS (continuous) <0.0001 0.971 0.964-0.978 17.81
KPS <70 vs. >70 <0.0001 2.009 1.558-2.591 8.79
KPS <80 vs. >80 0.0016 1.775 1.242-2.537 3.29

HR, hazard ratio; Cl, confidence interval; KPS, Karnofsky performance status.

induced circadian disruptions was compared between
male and female mice. In female mice, the degree of
circadian disruption varied more drastically depending
on time of administration. Conversely, the response to
treatment in male mice remained the same regardless of
administration time (15). Therefore, we hypothesize that
the differences observed in females resulted from their
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increased susceptibility to the effects of chronotherapy due
to underlying gender-specific circadian mechanisms. Future
studies should investigate the efficacy of chronotherapy in
females with more homogenous patient populations.

Age may potentially influence the effectiveness of
chronotherapy in the radiation setting. The study by Hsu
et al. on prostate cancer patients observed a significant
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Table 5 Using backward stepwise selection procedure, significant predictive factors of overall survival in the multivariate Cox proportional

hazard model

Predictive factors of overall survival

Independent covariate

P value HR 95% Cl R2 (%)

All patients 15.29%
KPS <70 vs. >70 <0.0001 2.382 1.558-3.640

Females only 26.43%
Age >65 vs. <65 years* 0.8901 1.036 0.629-1.707
KPS <70 vs. >70 <0.0001 3.505 1.924-6.385

Males only 10.34%
KPS <70 vs. >70 <0.0001 1.937 1.499-2.503
Age at treatment start (years) 0.0164 1.014 1.003-1.025

, age at treatment start (>65 vs. <65) was considered as confounding factor of OS in the multivariate analysis for females only. HR, hazard

ratio; Cl, confidence interval; KPS, Karnofsky performance status; OS, overall survival.
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Figure 1 Kaplan-Meier overall survival curves for females using the 80% criterion based on age >65 or <65 years.

correlation between evening radiation and higher incidence
of late gastrointestinal toxicities only for patients >70 years
old (P<0.0001) (20). A possible explanation for this age-
dependent effect is that the circadian rhythm of melatonin
dampens with age, resulting in reduced amplitude and
duration of melatonin peaks (21). In the elderly population,
females may exhibit even lower levels of melatonin secretion
in comparison to males due to post-menopausal changes
(22-24). Prior research has shown that melatonin provides
a protective effect against radiation-induced oxidative stress
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by scavenging for free radicals (25-30). This radiation-
induced damage to DNA in the brain can persist weeks to
months post-radiation (25-30). In fact, levels of oxidative
stress markers have been associated with increased all-cause
mortality, as well as cancer mortality (31). As elderly women
exhibit reduced melatonin levels due to aging and post-
menopausal changes, they may have less protection from
oxidative stress. Thus, when treated with radiotherapy at

optimal timing, malignant tissues may be more susceptible
to radiation damage.
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Studies have observed that patients with poorer
performance status exhibited abolished or altered circadian
rhythmicity in cortisol and hematologic variables (32,33).
Therefore, the performance status of patients could
potentially reduce the impact of treatment timing on
outcomes. In our study, a close to significant difference
in survival was seen in females with KPS >70 (P=0.07),
however no survival curve could be created for the 8:00-
11:00 AM cohort due to low patient numbers. In females
with KPS <70, survival did not differ based on treatment
time. Our results reflect the potential impact of poor
performance status in the efficacy of chronotherapy, but
further research must be done to validate this.

Dexamethasone is a synthetic glucocorticoid commonly
prescribed in conjunction with WBRT in order to alleviate
symptoms related to intracerebral edema and toxicities
of radiotherapy (34). Endogenous glucocorticoids act as
an entraining signal in peripheral tissues, synchronizing
peripheral clocks with the circadian pacemaker, the
suprachiasmatic nuclei (SCN) (35,36). Treatment with
dexamethasone can cause phase shifts in circadian rhythms
by inducing the expression of core circadian genes, Perl and
Per2 (37,38). Therefore, concurrent use of dexamethasone
with WBRT may alter the role and optimal timing of
chronotherapy. Future investigations should take this
limitation into account.

As our study was a retrospective analysis of prospective
data, we were unable to allocate patients equally into
each time cohort, resulting in a deficit of patients in the
8:00-11:00 AM cohort. As well, many of the patients
included in the paper had good KPS and may have been
eligible for chemotherapy; however, the systemic therapy
that patients were receiving at time of WBRT was not
able to be collected for all patients due to the retrospective
nature of this study and therefore limited our findings. In
addition, our study population was quite heterogeneous
which limits the conclusions that can be made from our
investigations. Future studies examining this topic should be
conducted prospectively to allow for equal allocation into
treatment cohorts with more homogenous patient groups
and to allow the collection of more patient characteristics
parameters. Furthermore, we only considered age and KPS
as a prognostic factor despite validated prognostic models
including factors such as number of brain metastases and
the presence of extracranial metastases. Finally, patients” OS
may have been affected by progression of systemic disease
rather than reflect the degree of control of brain metastases.
In future studies, this should be addressed by using LC as
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the primary endpoint, as well as collecting information on
cause of death.

Conclusions

The present study was the first to examine the influence
of the timing of WBRT on OS in cancer patients. We
conclude that chronotherapy in the context of WBRT
may potentially affect OS in elderly women, as treatment
delivery between 11:01 AM-2:00 PM was associated with
longer OS, but only upon univariate analysis and may be
due to significant differences between treatment cohorts.
The heterogeneous nature of our patient population limits
the conclusions that can be made regarding the impact
of chronotherapy for patients with brain metastases.
Chronotherapy should be further explored in this setting
due to the poor prognosis of patients receiving WBRT; as
mechanisms to improve survival in this patient population
are urgently needed. Future studies should focus on LC as
the primary endpoint and account for differences in age,
tumor type, performance status and gender during analysis.
In addition, the impact of extra-cranial disease needs to be
included in the analysis of OS.
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