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ABSTRACT

Objective: This prospective cohort study captured the patterns of sleep, sleep-wake activity rhythm, and
first-morning urinary melatonin in breast cancer patients undergoing adjuvant chemotherapy.
Methods: Breast cancer patients undergoing adjuvant chemotherapy wore wrist actigraph for 168 h and
collected first-morning void urine samples before treatment, during the first, and at the last cycle of
chemotherapy. We converted actigraphy data into sleep duration, sleep efficiency, nighttime total wake
time, percent rhythm, F-statistic, amplitude, mesor, and acrophase. We then assessed urinary
6-sulfatoxymelatonin (aMT6s) levels.
Results: This cohort contained 180 participants. Compared with the baseline, sleep efficiency during the
first and last cycle decreased by 10.16% [95% confidence interval (95% Cl): 5.85%, 14.47%] and 5.01% (95%
CI: 0.50%, 9.53%), respectively. Similarly, percent rhythm decreased by 27.20% (95% CI: 19.95%, 34.45%)
during the first cycle and 21.20% (95% CI: 13.52, 28.89) during the last cycle. Taking the baseline as the
reference, aMT6s levels during the first and last cycle decreased by 11.27% (95% CI: 0.37%, 22.16%) and
14.74% (95% CI: 2.34, 27.11), respectively.
Conclusion: The first administration of adjuvant chemotherapy is associated with sleep disturbance and
sleep-wake activity rhythm disruption among breast cancer patients, while the disturbance and
disruption during the last cycle are less severe; nevertheless, repeated administration of chemotherapy
results in progressive impairment of nocturnal melatonin production.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

depression in breast cancer patients [1,3]. Weak sleep-wake activity
rhythm is evident to be a prognostic risk factor associated with

Sleep disturbance and weak sleep-wake activity rhythm are
prevalent among breast cancer patients undergoing anti-cancer
treatment [1]. Studies have reported that 65.8—66.0% of breast
cancer patients had poor sleep quality before receiving adjuvant
chemotherapy [1,2]. The adverse impact of sleep disturbance and
weak sleep-wake activity rhythm is a clinical concern. Sleep
disturbance is associated with poor quality of life, fatigue, and
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poor survival of cancer patients and the side effects of anti-cancer
treatment [4—6]. Furthermore, disruptions in sleep and sleep-
wake activity rhythm may disrupt the production of nocturnal
melatonin, which is an endogenous hormone playing a pivotal role
in alleviating oxidative stress and regulating the immune and
hematological system [7,8]. Objective monitoring of sleep and
sleep-wake activity rhythm is a prerequisite for taking the pre-
cautions to counteract potential hazards of sleep-related disrup-
tions in breast cancer patients undergoing anti-cancer treatment.

Longitudinal studies assessing subjective sleep quality before
and during breast cancer adjuvant chemotherapy could not reach a
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consensus regarding the change of sleep quality over time. While
one study suggested a worsening of sleep quality after the beginning
of chemotherapy [1]. In addition, other studies found that the sleep
quality score did not change significantly over time [2,9]. This
discrepancy echoes further evidence using objective actigraph to
measure sleep patterns in breast cancer patients who receive
adjuvant chemotherapy. As to the measurement of sleep-wake ac-
tivity rhythm, most studies that repeatedly used actigraph in the
trajectory of adjuvant chemotherapy among breast cancer patients
were cross-sectional studies [10—14]. Only one longitudinal study
conducted among 95 patients repeatedly used wrist actigraph for
72-h before and during adjuvant chemotherapy, and observed a
progressive deterioration of sleep-wake activity rhythm over the
course of chemotherapy [15]. Sleep-wake activity rhythm presents
different patterns on weekdays and weekends [16]. However,
existing studies conducted wrist actigraph measurements for a
maximum of three random days in a week [11,12,15], which may
not be able to represent an entire picture of the rhythm and thus are
vulnerable to information bias. The comparability between
actigraphy-derived parameters of sleep-wake activity rhythm is also
unknown. First-morning void urinary 6-sulfatoxymelatonin
(aMT®6s), the major metabolite of melatonin, is used as a surrogate
of nocturnal melatonin secretion because it closely correlates with
nocturnal melatonin output and the peak level of melatonin in
plasma [17]. To the best of our knowledge, no study has ever
described the pattern of nocturnal melatonin production in breast
cancer patients undergoing adjuvant chemotherapy.

This prospective study aims to longitudinally capture the pat-
terns of sleep, sleep-wake activity rhythm, and nocturnal mela-
tonin production using 168-h actigraphy and first morning urinary
aMT6s prior to and during adjuvant chemotherapy in breast cancer
patients. We hypothesize that sleep, sleep-wake activity rhythm,
and melatonin secretion are significantly disrupted during
chemotherapy.

2. Materials and methods
2.1. Study design

We consecutively invited all pathologically diagnosed stage I—III
postoperative female primary breast cancer patients who needed
chemotherapy at local cancer centers to participate in this study
between May 2015 and December 2016. According to their disease
condition and personal will, patients received one of the three
adjuvant chemotherapy regimens: six cycles of FEC-T (5-
fluorouracil, epirubicin, and cyclophosphamide followed by doce-
taxel), four cycles of AC (doxorubicin and cyclophosphamide), and
four cycles of TC (docetaxel and cyclophosphamide). Chemotherapy
cycles normally last for 21 days, and chemotherapy agents are
administered on day one, which means the recipients could rest for
20 days before the start of the next cycle. We followed up all cohort
members until the completion of planned chemotherapy or the end
of the last cycle if they did not complete planned cycles. This study
was performed according to the principles outlined by the Helsinki
Declaration and obtained approval from the local Ethics Commit-
tee. Written informed consents were obtained from all participants.

2.2. Data collection

Trained interviewers conducted a face-to-face interview with
each participant on the same day of recruitment. The interviewers
used a questionnaire to obtain information on socio-demographics
and lifestyle factors including age, education level, family income,
marital status, and drinking history. Of note, this questionnaire has
been used in our previous cancer studies [18,19]. Regarding alcohol

consumption, those who drank beer, wine, and liquor for at least
once per month and lasted for over six months were defined as
drinkers. We also used the Pittsburgh Sleep Quality Index (PSQI) to
evaluate the subjective sleep quality of participants in the past
month at baseline. Global PSQI scores =5 represent a significant
degree of sleep disturbance [20]. We reviewed medical records to
access information on clinical conditions including surgery type,
cancer stage, chemotherapy regimen, concurrent medication use
(corticosteroids, 5-HT3 receptor antagonist, and hypnotics), per-
formance status (Eastern Cooperative Oncology Group score), and
comorbidities (renal, hepatic, cardiovascular, pulmonary, muscu-
loskeletal, and endocrine diseases). Each participant was asked to
wear a piece of GENEActiv Original (Activinsights Company, UK)
device, a validated actigraph [21], on her non-dominant wrist for
three times prior to and during chemotherapy. First, participants
wore the device for a week before chemotherapy (baseline). Sec-
ond, participants wore the device during the first week of the first
cycle (beginning of chemotherapy). Finally, those who received AC
or TC regimen wore the device during the first week of the fourth
cycle (end of chemotherapy), and those who had FEC-T wore the
device during the first week of the third cycle (end of FEC). Mea-
surements uniformly started from 6 pm of the interview day or the
day of chemotherapy infusion and lasted for 168 h. Thus, mea-
surements during chemotherapy accounted for one-third of the
duration of the chemotherapy cycle. Participants were expected to
collect three first-morning void urine samples. They were instruc-
ted to collect a baseline urine sample in the morning of hospital
visit before receiving chemotherapy. Chemotherapy recipients
routinely visited the hospital 10—14 days after receiving chemo-
therapy infusion in each cycle for safety surveillance. Urine samples
regarding the beginning and end of chemotherapy were collected
in the mornings of these hospital visits (between day 10 and 14 of
cycles) in the first and last cycle (fourth cycle for AC and TC, third
cycle for FEC). We trained participants to collect at least 10 ml first-
morning void urine in a standard container on the scheduled day
and store the urine sample in a refrigerator at home before bringing
it to the hospital. We further stored the sample at —80 °C in our lab.
The longest interval between sample collection and analysis was 34
months.

2.3. Assessment of actigraphy data

The actigraph records movements in three mutually vertical axes
(x, y, and z). The measurement frequency was 100 Hz. We used
GENEActiv Sleep Macro (v4), a macro developed by the actigraph
manufacture, to compute nighttime sleep duration, sleep efficiency,
and nighttime total wake time at each measurement. A manufacture
defined software automatically calculated a gravity-subtracted sum
of vector magnitudes (SVM) with data of the three axes (x,y, and z):
SVMgs =[(x2+y2+2z2)%—1g][22]. Data of SVM were con-
verted into five parameters namely percent rhythm, F-statistic,
amplitude, mesor, and acrophase [23]. Both percent rhythm and F-
statistic are indices describing the comparability between observa-
tion and a rhythm model. Percent rhythm is a percentage of varia-
tion that can be explained by the fitted rhythm model. F-statistic is a
test value for using a rhythm model to summarize data, which
represents “goodness of fit”. Low levels of these two parameters
suggest dampened rhythms. Amplitude stands for the height of the
rhythm, which equals the distance between the maximum and
minimum activity. Thus, low amplitude symbols a suppression of
the robustness of sleep-wake activity rhythm. Mesor is a midline
estimating statistic of the rhythm, and it represents mean activity
level of the wearer. Low mesor indicates reduced activity. Acrophase
means the time of day of peak activity, which can be used to
describe the phase shift of sleep-wake activity rhythm. A later time
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suggests more phase delay. There are no standard cut-offs for the
five parameters in cancer patients because their values are deter-
mined by disease condition, treatment type, make and model of
actigraph, and length of measurement, which vary substantially in
current research. Data of non-wearing duration were not used to
calculate the parameters. If the sum length of a wearing was less
than 120 h (5/7 of 168 h), the wearing was considered incomplete
and its data were not analyzed further.

2.4. Assessment of aMT6s

Urine aMT6s was assayed by an ultra-performance liquid
chromatography-negative electrospray ionization tandem mass
spectrometry (UPLC-MS/MS) method (Waters Acquity Xevo TQD
system, Waters Corporation, Milford, MA, USA). Urine samples were
diluted with a phosphate buffer solution containing deuterium-
labeled aMT6s internal standard, centrifuged and injected into the
UPLC-MS/MS system for chromatographic separation from matrix
interference and tandem mass spectrometric quantitation. This
method had a lower limit of quantitation at 0.5 nmol/L, with a linear
analytical range up to 2500 nmol/L. Four in-house quality control
samples, mean values of 5 nmol/L, 30 nmol/L, 300 nmol/L, and
750 nmol/L, were included in each batch of sample analysis. The
intra-assay coefficients of variation (CV) were 4.9%, 4.1%, 2.8%, and
2.4%, respectively. The inter-assay CV were 7.9%, 4.6%, 4.1%, and 1.7%,
respectively. The recoveries at these concentrations were between
101 and 102%. There was no significant matrix interference, and the
relative carryover for consecutive samples was <0.02%. All aMT6s
levels were creatinine-adjusted. Urine creatinine was measured by
the kinetic Jaffé method, with a Cobas 8000 Modular Analyzer and
manufacturer's optimized reagents (F. Hoffmann-La Roche Ltd, Basel,
Switzerland). Both the intra- and inter-assay CV for creatinine were
<3%.

2.5. Study endpoints

The primary endpoints of this study are sleep efficiency, percent
rhythm, and first morning urinary aMT6s. Secondary endpoints
include sleep duration, nighttime total wake time, F-statistic,
amplitude, mesor, and acrophase.

2.6. Statistical analysis

We used linear mixed-effects models with restricted maximum
likelihood methods to describe the changes in actigraphy-derived
parameters and first morning urinary aMT6s before and during
chemotherapy. We performed both univariable and multivariable
models for all actigraphy-derived parameters and urinary aMT6s.
For all models, values at the beginning and end of chemotherapy
were compared with the baseline data. The multivariable linear
mixed-effects models adjusted for age (continuous); educational
level (below high school/high school or above); marital status
(married/single or divorced or widowed); alcohol drinking (yes/
no); family income level (<14,999/>15,000 HKD/month); body
mass index (<22.9/23.0—24.9/>25.0); menopausal status (pre-
menopausal/postmenopausal); performance status (0/>1); surgery
type (mastectomy/lumpectomy or breast-conserving therapy); co-
morbidity (yes/no); cancer stage (I/Il/lll); chemotherapy regimen
(AC/FEC-T/TC); hypnotics (yes/no); and use of corticosteroids (5-
HT3 receptor antagonist). Since there were missing values for
marital status (3.89%) and family income (12.78%), we employed
multiple imputations with five iterations to increase the power and
validity of multivariable analyses. Time of measurement (baseline,
the beginning of chemotherapy, and the end of chemotherapy) was
treated as a fixed effect variable in all models. Covariates served as

fixed effect variables in multivariable models. All models also
included a random effect at the individual level with random
intercept and subject identity.

We employed the analysis of intraclass correlation to test the
comparability among percent rhythm, F-statistic, and amplitude
since they all represent the robustness of sleep-wake activity rhythm
(resemble each other) and were measured at the same timings of
measurements. The intraclass correlation coefficient (ICC) is an
inferential statistic that can describe how strong different indices in
the same group resemble each other [24]. Since these indices have
different units and scales, we used z-score standardization to
capacitate comparisons. We used two-way mixed average measures
of the intraclass correlation to test the consistency of pairwise z-
score standardized indices [25].

We also compared the parameters of sleep-wake activity
rhythm between weekdays and weekend days at baseline using
paired Student's t test or Wilcoxon signed-rank test. Sleep condi-
tions at weekend nights (Friday and Saturday) were compared with
those at weekday nights (Sunday to Thursday). The comparison of
overall fit statistics including percent rhythm and F-statistic were
not feasible because two days on the weekend were too short to
generate a robust estimation of overall fitness.

We used IBM SPSS Statistics Version 22 for the statistical
analysis.

3. Results

We successfully recruited 193 participants into the cohort. A total
of 190 participants provided complete data for the first (baseline)
actigraph measurement. After that, 13 participants were decided
that they do not need adjuvant chemotherapy by oncologists.
Among the remaining 180 participants, 175 and 136 of them
provided complete data for the second (beginning of chemotherapy)
and third (end of chemotherapy) measurements. The numbers of
participants who provided first-morning void urine samples at
baseline, the beginning, and the end of chemotherapy were 166,132,
and 104, respectively. Fig. 1 shows the flowchart.

3.1. Characteristics of the cohort

Table 1 shows the socio-demographic and clinical characteristics
of the cohort members. The median age of participants was 53 years
old. Most participants had a high school or above education (68.89%)
and were married (72.25%). The proportion of participants who
reported sleep disturbance (PSQI=5) at baseline was 76.33%. In
total, 85.00% of participants had good performance status. Mastec-
tomy (71.67%) was the dominant surgery type. The proportions of
participants who received FEC-T, AC, and TC were 44.44%, 28.89%,
and 26.67%, respectively.

3.2. Patterns of actigraphy-derived parameters and first morning
urinary aMT6s

Table 2 and Fig. 2 show the values of actigraphy-derived
parameters and creatinine-adjusted first morning urinary aMT6s
at three measurements around chemotherapy. The fixed effects of
time (measurement sequence) on all parameters and urinary
aMT6s were statistically significant in both univariable and multi-
variable linear mixed-effects models, suggesting that the admin-
istration of adjuvant chemotherapy significantly altered sleep,
sleep-wake activity rhythm, and nocturnal melatonin production
among breast cancer patients. Taking baseline data as the reference,
sleep duration and nighttime wake time at the beginning of
chemotherapy increased by 12.62% [95% confidence interval (95%
CI): 1.40%, 23.87%] and 56.54% (95% Cl: 34.65%, 78.43%), while sleep
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Fig. 1. Flowchart of the study.

efficiency decreased by 10.16% (95% Cl: 5.85%, 14.47%). Percent
rhythm, F-statistic, amplitude, and mesor at the beginning of
chemotherapy decreased by 27.20% (95% CI: 19.95%, 34.45%),
32.04% (95% CI: 22.81%, 41.26%), 20.88% (95% CI: 15.91%, 25.85%),
and 34.98% (95% Cl: 28.76%, 41.19%), respectively. Sleep duration
and nighttime wake time at the end of chemotherapy were shorter
than those at the beginning of treatment, but they were still
significantly longer than baseline values. Although values of sleep
efficiency, percent rhythm, F-statistic, and mesor at the end of
chemotherapy were still significantly lower than baseline values,
they were higher than those at the beginning of chemotherapy.
Regarding acrophase, the difference between baseline and the
beginning of chemotherapy was not statistically significant; but
acrophase at the end of chemotherapy was 29-min (95% CI: 8-min,
50-min) earlier than that at baseline. The deterioration in first-
morning urinary aMT6s level over the course of chemotherapy
was accumulative; values at the beginning and end of chemo-
therapy decreased by 11.27% (95% ClI: 0.37%, 22.16%) and 14.74%
(95% CI: 2.34, 27.11) than that at baseline.

3.3. Comparability of parameters of sleep-wake activity rhythm

The agreement between percent rhythm and F-statistic was
excellent (ICC: 0.972, p = 0.001). Amplitude also had high consis-
tency with percent rhythm (ICC: 0.758, p = 0.001) and F-statistic
(ICC: 0.723, p = 0.001).

3.4. Comparison of sleep-wake activity rhythm between weekdays
and weekends

The differences in sleep duration, sleep efficiency, nighttime
total wake time, and amplitude between weekdays and weekend

days were not statistically significant. However, participants had a
higher level of mesor and a later phase of acrophase on weekends
(Table 3).

4. Discussion

This longitudinal study suggests that sleep, sleep-wake activity
rhythm, and nocturnal melatonin production are rapidly disrupted
after the administration of the first cycle of adjuvant chemotherapy
in breast cancer patients. There is an “adaption” at the end of
chemotherapy, manifested by the partial recovery of sleep duration,
sleep efficiency, nighttime wake time, percent rhythm, F-statistic,
and mesor. Acrophase at the end of chemotherapy is significantly
earlier than that at baseline. Repeated administration of chemo-
therapy is associated with progressive impairment of nocturnal
melatonin production.

While the hazards of sleep disturbance in breast cancer patients
are concerning, understanding of the pattern of sleep prior to and
during chemotherapy is insufficient. Studies assessing subjective
sleep quality could not reach an agreement regarding the change
over time [1,2,9]. A previous longitudinal study used actigraph
among 97 breast cancer patients found that sleep duration
increased significantly from the baseline to the first and last cycles,
but the study did not find a significant overall time effect for
nighttime total wake time [9]. Our study demonstrated a sub-
stantial sleep disturbance during chemotherapy, which was man-
ifested by the prolongation of sleep duration and nighttime wake
time as well as a decrease in sleep efficiency. There was a phe-
nomenon of “adaption” to sleep disturbance during the last cycle.
As to sleep-wake activity rhythm, this study is in line with previous
findings that sleep-wake activity rhythm is weakened during
chemotherapy [10,11,15]. However, there are two distinguishing
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Table 1

Selected characteristics of study participants who received chemotherapy

(n = 180).
Variable Median (range)
Age 53 (22, 74)

n (%)

Educational level
Below high school 56 (31.11)
High school or above 124 (68.89)
Marital status
Single/divorced/widowed 48 (27.75)
Married 125 (72.25)
Family income (HKD/month)
<14,999 78 (49.68)
>15,000 79 (50.32)
Menopausal status
Premenopausal 86 (47.78)
Postmenopausal 94 (52.22)
Body mass index
<229 77 (42.78)
23.0-24.9 33(18.33)
>25.0 70 (38.89)
PSQI
<4 40 (23.67)
>5 129 (76.33)
Performance status (ECOG)
0 153 (85.00)
>1 27 (15.00)
Comorbidity®
No 93 (51.67)
Yes 87 (48.33)
Cancer stage”
| 24 (13.33)
1l 105 (58.33)
1 51 (28.33)
Surgery type
Lumpectomy/BCT 51 (28.33)
Mastectomy 129 (71.67)
Chemotherapy regimen
FEC-T 80 (44.44)
AC 52 (28.89)
TC 48 (26.67)

Abbreviations: BCT, breast conserving therapy; ECOG, Eastern Cooperative
Oncology Group; HKD, Hong Kong dollar; AC, doxorubicin, cyclophos-
phamide; FEC, fluorouracil, epirubicin, cyclophosphamide-docetaxel; TC,
docetaxel, cyclophosphamide; PSQI, Pittsburgh Sleep Quality Index.

2 Including renal, hepatic, cardiovascular, pulmonary, musculoskeletal,
and endocrine diseases.

b AJCC breast cancer staging system, seventh edition.

results which were not discovered in the previous cohort study
[15]. (i) We found that acrophase at the end of chemotherapy was
significantly earlier (29 min) than that at baseline; (ii) we observed
an “adaption” to sleep-wake activity rhythm disruption rather than
a progressive deterioration of the rhythm. The large sample size
and long actigraph measurement of our study might partly explain
the differentiated results from the previous cohort studies. The
sufficient sample size (n = 180) in our study provides extra credit
for detecting specific changes in the pattern. The use of 168-h wrist
actigraph measurement in our study has substantial advantages
over shorter measurements in previous studies (typically 48 or
72 h) concerning data validity and reliability. Random measure-
ments shorter than 168-h assume that sleep-wake activity rhythms
on different days are similar. This assumption contradicts the fact
that the rhythm on weekdays and weekends could be substantially
different [16]. In our study, the observed significant differences in
mesor and acrophase on weekdays and weekend days further
support the necessity of using 168-h actigraphy to describe sleep-
wake activity rhythm among cancer patients. In addition, reduced
dose intensity at the end of chemotherapy may also contribute to
the “adaption” since 65.0% (117/180) of participants had treatment

defer and/or dose reduction in the trajectory of chemotherapy,
which presents the real-world nature of this longitudinal cohort
study.

This study provides the first epidemiological evidence that
nocturnal melatonin secretion is progressively impaired over the
course of chemotherapy in breast cancer patients receiving
chemotherapy. The absence of “adaption” at the end of chemo-
therapy for aMT6s suggests that the effect on nocturnal melatonin
production from sleep disturbance is lasting. It is also possible that
other neuroendocrine changes induced by chemotherapy contribute
to the progressive suppression of melatonin production, which
warrants further research. In addition, we asked participants to
collect first morning urine during the second week of cycles rather
than the first week due to feasibility consideration, the difference in
collection time may partly explain the discrepancy between pat-
terns of sleep-wake activity rhythm and nocturnal melatonin pro-
duction. Further studies may try to obtain a series of first morning
urine samples to further elaborate the pattern of melatonin
production, but of course, this attempt would be more participant
demanding. In consideration of the critical functions of melatonin in
alleviating oxidative stress [7] and interacting with the immune and
hematological system [8], this finding suggests that nocturnal
melatonin secretion disruption may play roles in the development
of fatigue, body weight loss, and hematological toxicity among
cancer patients who receive chemotherapy [4,5]. Melatonin secre-
tion presents marked circadian rhythmicity, with levels high
between 2 and 4 am. and very low at daytime [26]. A single
assessment of aMT6s in first-morning void urine sample enables
estimation of the nocturnal peak level of melatonin [17], and this
method has been widely used in epidemiological studies [26,27].
Findings of this study outlined the potential value of monitoring
aMT6s in first-morning void urine among breast cancer patients
undergoing chemotherapy to predict the occurrence of side effects
including fatigue, weight loss, and hematological toxicity.

Interventions on sleep disturbance and weak sleep-wake activity
rhythm in breast cancer patients may have huge potentials on
improving quality of life and preventing side effects of anti-cancer
treatment. Pharmaceutical agents including hypnotics and mela-
tonin have direct therapeutic value. Furthermore, physical activity,
which is one of the strongest synchronizers of sleep-wake activity
rhythm [28], can improve sleep behavior and simultaneously benefit
physical strength, body composition, and hormone secretion in
breast cancer patients [29,30]. Based on findings in this study, we
suggest that interventions should be given to breast cancer patients
who need adjuvant chemotherapy from the beginning of treatment.
For pharmaceutical intervention, it is necessary to monitor sleep
conditions and adjust the dosage of medication due to the natural
“adaption” in the trajectory of chemotherapy.

Concern over the disruption of sleep and sleep-wake activity
rhythm has extended beyond breast cancer. Disrupted sleep-wake
activity rhythm is associated with a shorter survival in colorectal
cancer patients as well [31,32]. In addition, a longitudinal study
using wrist actigraphy also indicated a deteriorated rhythm in pa-
tients with colorectal cancer who underwent chemotherapy [4].
However, the changing pattern of the rhythm during a whole
course of chemotherapy for the colorectal cancer is unknown as
there was only one actigraph measurement (for one to five days) in
the whole trajectory of chemotherapy. More importantly, chro-
nochemotherapy, a programmed administration of chemotherapy
agents to coincide with relevant circadian rhythm, has demon-
strated that it is less toxic and more effective than constant-rate
infusion in colorectal cancer [33]. These findings, together with
discoveries in breast cancer, outline the importance of sleep-rest
activity rhythm in multiple types of cancers and call for more
research efforts.
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Table 2
Actigraphy derived parameters and first-morning urinary melatonin at three repeated measurements, analyzed with linear mixed-effects modeling.
Parameter/Item Measurement? Mean (SE) Percentage of change (95% CI) p-value of fixed effect of time
Univariable Multivariable®

Actigraphy-derived parameters

Sleep duration (min) Baseline 341.57 (12.78) Reference 0.001 0.001
Beginning 384.72 (14.56) 12.62 (1.40, 23.87)
End 374.88 (14.22) 9.75 (4.18, 15.32)

Sleep efficiency (%) Baseline 67.07 (1.05) Reference 0.001 0.001
Beginning 60.26 (1.19) —10.16 (—14.47, —5.85)
End 63.71 (1.38) —5.01 (-9.53, —0.50)

Nighttime total wake time (min) Baseline 171.25 (10.46) Reference 0.001 0.001
Beginning 268.07 (11.90) 56.54 (34.65, 78.43)
End 222.11 (13.40) 29.70 (9.98, 49.41)

Percent rhythm Baseline 19.21 (0.47) Reference 0.001 0.001
Beginning 13.98 (0.53) —27.20 (—34.45, —19.95)
End 15.14 (0.54) —21.20 (—28.89, —13.52)

F-statistic Baseline 211.24 (6.69) Reference 0.001 0.001
Beginning 143.57 (6.80) —32.04 (—41.26, —22.81)
End 156.51 (6.57) —25.91 (3541, —16.40)

Amplitude Baseline 292.08 (5.33) Reference 0.001 0.001
Beginning 231.10 (5.94) —20.88 (—25.85, —15.91)
End 234.71 (5.70) —19.64 (—24.65, —14.63)

Mesor Baseline 150.97 (3.85) Reference 0.001 0.001
Beginning 98.16 (3.68) —34.98 (—41.19, —28.76)
End 110.18 (4.59) —27.02 (-35.27, —18.77)

Acrophase (decimal time) Baseline 14.97 (0.14) Reference 0.003 0.003—-0.005
Beginning 14.85(0.14) -0.78 (-2.83, 1.28)
End 14.48 (0.15) —3.25 (-5.58, -0.92)

First morning urinary marker

aMT6s/Cr (umol/mol Creatine) Baseline 9.13 (0.50) Reference 0.008 0.009—-0.017
Beginning 8.11 (0.54) —11.27 (-22.16, —0.37)
End 7.79 (0.56) —-14.74 (-27.11, -2.34)

Abbreviation: SE, standard error; aMT6s, 6-Sulfatoxymelatonin; CI, confidence interval.

¢ Baseline, before chemotherapy; beginning, the first week of the first cycle; end, the first week of the last cycle.

b Results of multiple imputation data; adjusted for age, educational level, marital status, alcohol drinking, family income level, body mass index, menopausal status,
performance status, surgery type, comorbidity, cancer stage, chemotherapy regimen, use of corticosteroids, 5-HT3 receptor antagonist, and hypnotics.
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Fig. 2. Changes in sleep, sleep-wake activity rhythm, and first morning urinary aMT6s over the course of adjuvant chemotherapy among breast cancer patients. (A) Night sleep
duration; (B) Sleep efficiency; (C) Nighttime total wake time; (D) percent rhythm; (E) F-statistic; (F) Amplitude; (G) Mesor; (H) Acrophase; (I) aMT6s/Creatinine. *p-value < 0.05; **
p-value < 0.01; ***p-value = 0.001 for comparisons between each time point and baseline.
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Table 3

Sleep and sleep-wake activity rhythm on weekdays and weekends at baseline.
Variable Mean + sd/median (IQR) p-value

Weekday Weekend

Sleep duration (min) 341.32 + 77.09 351.15 = 89.59 0.096°
Sleep efficiency (%) 67.68 + 13.50 65.39 + 15.44 0.179°
Nighttime total wake time (min) 175.86 (115.55, 240.76) 179.01 (118.02, 264.15) 0.137°
Amplitude 292,56 + 71.85 290.82 + 83.10 0.61°
Mesor 149.22 + 51.75 162.42 + 70.55 0.001°
Acrophase 14.96 (13.90, 16.04) 15.32 (13.80, 16.41) 0.002°

Abbreviation: IQR, interquartile range.
¢ Paired t test.
b Wilcoxon signed-rank test.

This study is characterized by several strengths including the
prospective cohort design, 168-h actigraph measurement, objective
measurement of actigraphy and aMT6s, and utilization of multi-
variable mixed-effects models. However, there are several limita-
tions. First, 24.4% of participants could not provide credible
actigraphy data at the end of chemotherapy as most of them
prematurely terminated chemotherapy or changed treatment. It is
possible that drop-out participants at the last measurement had
worse sleep quality and sleep-wake activity rhythm than those who
provided complete data, resulting in an effect of “survival of the fit”.
However, given the comparable drop-out rate (18.6%) at the end of
chemotherapy in the previous longitudinal study [15], we believe
that “survival of the fit” could not overwhelmingly explain
the “adaption” to sleep disturbance and sleep-wake activity rhythm
disruption in our participants. Second, the number of urine samples
was smaller than that of individuals with actigraphy data,
demonstrating the lower acceptability of donating urine samples
among our participants since urine is generally considered
“insanitary” in the local culture. Third, a mid-chemotherapy mea-
surement may provide extra information on the trend of circadian
rhythm in the trajectory of chemotherapy. Nevertheless, we did not
involve a midcourse measurement because the combination of long
device wearing and excessive device measurements results in a low
response and poor compliance. We decided to opt for the advan-
tage of 168-h measurement to overcome the major limitation in
previous studies concerning insufficient measurement duration
instead. Finally, there is evidence that certain beta-blockers may
disrupt nocturnal melatonin release, which potentially impact on
the finding regarding first morning urinary aMT6s [34]. We were
unable to obtain information on the use of beta-blockers in medical
records of the oncology department.

In conclusion, the first administration of adjuvant chemo-
therapy is associated with sleep disturbance and sleep-wake
activity rhythm disruption among breast cancer patients, while
the disturbance and disruption at the last administration are
less severe. Repeated administration of chemotherapy results in
progressive impairment of nocturnal melatonin production.
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