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Abstract

Subjective sleep assessment in cancer patients poorly correlates with actigraphy parameters that usually encompass multiple nights. We aimed
to determine the objective actigraphy measures that best correlated with subjective sleep ratings on a night-by-night basis in cancer patients.
Thirty-one cancer patients daily self-rated sleep disturbances using the single dedicated item of the MD Anderson Symptom Inventory (0-10
scale) with 18 other items, and continuously wore a wrist actigraph for 30 days. Objective sleep parameters were computed from the actigraphy
nighttime series, and correlated with subjective sleep disturbances reported on the following day, using repeated measures correlations.
Multilevel Poisson regression analysis was performed to identify the objective and subjective parameters that affected subjective sleep rating.
Poor subjective sleep score was correlated with poor sleep efficiency (r, = -0.13, p = 0.002) and large number of wake episodes (r, = 0.12, p = 0.005)
on the rated night. Multilevel analysis demonstrated that the expected sleep disturbance score was affected by the joint contribution of the wake
episodes (exp(B) = 1.01, 95% confidence interval = 1.00 to 1.02, p = 0.016), fatigue (exp(f3) = 1.35, 95% confidence interval = 1.15 to 1.55, p < 0.001) and
drowsiness (exp(B) = 1.70, 95% confidence interval = 1.19 to 2.62, p = 0.018), self-rated the following evening, and sleep disturbance experienced
one night before (exp(f) = 1.77, 95% confidence interval = 1.41 to 2.22, p < 0.001). The night-by-night approach within a multidimensional home
tele-monitoring framework mainly identified the objective number of wake episodes computed from actigraphy records as the main determinant
of the severity of sleep complaint in cancer patients on chemotherapy. This quantitative information remotely obtained in real time from cancer
patients provides a novel framework for streamlining and evaluating interventions toward sleep improvement in cancer patients.

Statement of Significance

The assessment of sleep disturbances in cancer patients has usually involved subjective self-rated questionnaires, and occasionally ob-
jective actigraphy measures. However, the relations between subjective sleep complaints and concurrent objective measures remain un-
clear. By performing a night-by-night analysis, for the first time in patients with cancer on treatment, we demonstrate here that the severity
of subjective sleep alterations was correlated negatively with sleep efficiency and positively with the number of wake episodes. This new
insight into the relationship between subjective sleep assessment and quantitative actigraphic measures provides a novel framework for
the identification of effective and personalized interventions to improve sleep in cancer patients.
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Introduction

Sufficiently long and restorative sleep is paramount for human
well-being, in particular during stressful periods such as during
anticancer treatment [1, 2]. Moreover, in cancer patients, altered
sleep has been shown to be associated with poor prognosis [3-5].
Notwithstanding, sleep issues in patients with cancer are often
unrecognized, overlooked, or undertreated [6, 7].

The main challenges in addressing sleep issues in cancer in-
volve the identification of both the most relevant sleep param-
eters for quality of life, and the most appropriate instruments
regarding feasibility and accuracy [8, 9]. Specific questionnaires
have been frequently used to evaluate sleep in cancer patients,
on the basis that the most legitimate approach for appraising
sleep function is through capturing the patient’s perspective [10,
11]. Thus, patient-reported outcome measures (PROM) of sleep
function are integrated into multidimensional health-related
quality of life assessment tools used in cancer research, and al-
tered sleep is one of the most prevalent complaints in cancer
patients [12-14].

Alongside subjective questionnaire-based assessment tools
of sleep, wearable activity trackers can be used for objective
sleep assessment and their regular use or testing has recently
increased in oncology research [10, 15-20]. The relationship be-
tween subjective sleep complaints and concurrent objective
evaluation has been previously investigated in cancer patients;
however, limited associations were found [21-25]. These incon-
sistent findings could be partially explained by the heterogen-
eity in patient populations, as well as in objective and subjective
tools and methods. Wearable biosensors have the advantage of
potential long-term remote monitoring of sleep, as well as phys-
ical activity and circadian rhythms, which also affect on sleep,
in reciprocal manners [15, 26-28]. However, the identification of
the most crucial features of sleep function derived from sleep
trackers that capture the cancer patient’s personal perspective
is still unclear [21].

Indeed, anticancer treatment as well as supportive medi-
cations can transiently or persistently affect sleep, usually re-
sulting in a diurnal hypersomnia and/or nocturnal insomnia
[8, 29]. Hence, the sleep patterns of patients with cancer or
other diseases could display large intraindividual variations
from night to night [30], with possible treatment effects [31,
32]. A single snapshot assessment or an averaging over a week
could, therefore, result in inaccurate estimates of sleep function
in patients displayingiatrogenic dynamic changes in sleep-wake
cycles. We tackled this issue through harnessing remote sleep
monitoring at home, using both continuous wrist-actigraphy
tele-transmitted records, and daily electronic questionnaires.
This study was part of the Integrated Network for Completely
Assisted Senior Citizen’s Autonomy (inCASA) Domomedicine
cancer pilot [30, 33]. This unique multidimensional and longi-
tudinal dataset involved patients receiving multidrug chemo-
therapy—usually chronotherapy [34, 35]—at home for advanced
cancer. The dataset structure enabled night-by-night analyses
with shortest recall biases between awakening and subjective
rating of the previous night’s sleep for 30 days in each patient.
This approach highlighted the within-subject variability in sub-
jective sleep complaints rather than the between-subjects one,
which has been mostly investigated thus far [31].

The current study aimed at the determination of the main
established quantitative measures that characterize sleep at

night, including duration, timing, and efficiency, and their rela-
tion with the subjective rating of the sleep quality on the same
night by the patient. On the basis of previous studies, we hy-
pothesized that sleep duration and efficiency would have been
the most critical objective sleep features associated with the
subjective complaint of disturbed sleep [36, 37].

Patients and Methods
Study population

The patients were screened and recruited at the Chronotherapy
Clinics in the Medical Oncology Department of Paul Brousse
Hospital in Villejuif, France, within the framework of the
European inCASA project (ICT-PSP) [30, 33, 38]. Eligible pa-
tients were informed about the study by the oncologist in
charge and the research nurses explained the study in details
to the enrolled patients. Patients older than 18 years, with any
histologically proven cancer type requiring chemotherapy and
having an Internet connection at home were eligible. During
the study, patients received conventional or chronomodulated
chemotherapy, either at the hospital or at home. The study was
approved by the local institutional review board and conducted
according to the Declaration of Helsinki on medical research
involving human subjects [39].

inCASA platform

The electronic inCASA platform was installed at a patient’s
home and connected to their Internet network. Each patient was
instructed to use the platform and was given a form with tele-
phone contact details for technical or health-related assistance.

The equipment which was part of the platform included
a touch screen computer (ASUS Eee Top ET1611; ASUSTeK,
Taipei, Taiwan) provided with the SARA software (Telefonica
Investigacion y Desarrollo SA, Granada, Spain) and a wrist-
worn actigraph (Micro MotionLogger; Ambulatory Monitoring
Inc, Ardsley, NY) [40-42]. This device has been validated in sleep
studies and successfully used in patients with cancer [43-46].
Actigraphy data were transmitted daily by the patient using an
infrared USB dongle connected to the computer. An electronic
version of the MD Anderson Symptom Inventory (MDASI) ques-
tionnaire [47, 48] was installed on the SARA software and com-
pleted every evening on the touch screen. Although diurnal
variations in symptom ratings have been described [49], we
opted for a pragmatic approach to administer the whole ques-
tionnaire in the evening and to assume that the fairly short re-
call time to the previous night’s sleep would have minimally
biased the rating as compared to a morning assessment. More
details about the functions and technical aspects of the plat-
form are provided elsewhere [30, 33].

Wrist-actigraphy parameters

The actigraph recorded wrist accelerations per 1 minute epochs.
Actigraphy data were analyzed with Action4 and Action W-2 soft-
ware (Ambulatory Monitoring Inc). Total sleep time, sleep efficiency,
sleep onset latency, latency to persistent sleep, wake after sleep
onset, sleep fragmentation index, inactivity index, sleep timing
(time of retiring, sleep midpoint, and time of awakening) as well as



parameters related to sleep and wake episodes [4, 21, 41, 42, 50, 51]
were computed with Action W-2. The full list of computed param-
eters with their definition is available in Supplementary Table S1.

MDASI selected items (PROM)

The MDASI requests the patient to rate the worst severity of 13
symptoms and 6 interference items experienced during the pre-
vious 24 hours on a scale from 0 (representing no symptom pre-
sent) to 10 (worst possible severity) [14, 47].

The single MDASI item on sleep was selected as the main
subjective measure of perceived sleep disturbance the night be-
fore [52]. This MDASI item on disturbed sleep has been shown
to correlate well with the global score of the Pittsburgh Sleep
Quality Index, a widely used multiple-item scale [52], thus con-
firming its appropriateness tool for sleep disturbance screening
[53], in accordance with other evidence using different yet com-
parable instruments [54]. Additional selected PROM including
fatigue, drowsiness, and interference with general activity were
investigated for sensitivity analyses. These symptoms have been
described as constituting a cluster with potentially a common
pathogenic mechanism [47] and they have been shown to be as-
sociated with subjective sleep rating [55].

Study design

Patients were asked to wear the wrist actigraph continuously,
to fill out the on-screen MDASI electronic questionnaire each
evening and to tele-transmit the actigraphy data before or after
questionnaire completion. All the data were then transmitted
via the Internet to a secured server [30, 33]. The study duration
was 30 days for each patient (Figure 1).

We evaluated the relations between objective actigraphy
parameters corresponding to each night, with the MDASI sleep
item completed the following day, referring to the severity of
sleep disturbance on the previous night [56, 57] (Figure 1).

Data analysis

Descriptive statistics were used to characterize the distribution
of the various parameters within the sample. Frequencies were

Night 1 Night 2
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computed for the ordinal scales from the MDASI questionnaire
(ranging from 0 to 10), whereas mean, SD, median, and inter-
quartile range (IQR) were reported for the continuous wrist-
actigraphy variables.

Inter- and intraindividual changes in MDASI sleep scores
and actigraphy-derived sleep parameters were mapped through
computing respective mean values, range, and coefficient of
variations for each patient.

The primary endpoint was the identification of objective
actigraphy parameters, assessing sleep duration, efficiency,
and timing, during the night, associated with subjectively rated
sleep (dedicated MDASI item) related to the same night. Thus,
within-person associations were explored for each single night
from all the participants, hence generating an aggregate dataset
of night (actigraphy) and day (MDASI) dyads.

Given the exploratory and observational nature of the study,
we tested all the available and validated sleep parameters de-
rived from the wrist actigraph.

First, repeated measures correlations (rmcorrs) [58] were
computed between the MDASI sleep scores and actigraphy sleep
parameters. Rmcorr was well suited for investigating the linear
association in paired repeated measures data. Correlations were
considered statistically significant if p < 0.05. Rmcorrs were pro-
grammed in R with package rmcorr.

Second, multivariate analyses explored the statistical sig-
nificance of multiple explanatory variables on the MDASI sleep
disturbance rating. Given the quantitative measures of sleep
scores and the hierarchical data structure, i.e. measures (level
1) grouped within the individual patient (level 2), a two-level
Poisson regression model was applied to relate the expected
sleep score to a set of explanatory variables via a log-linear link
[59]; see Supplementary Data for more details.

First, as the level-1 potential explanatory variables (which
vary within individual patient) we considered the objective
actigraphy parameters, which were found to be significantly cor-
related with sleep scores in rmcorrs, rating during a weekend
(binary variable Y/N) and whether the patient was receiving
chemotherapy that day (Y/N). Potential level-2 explanatory vari-
ables (non-nested data that only vary in different individual) in-
cluded sex (M/F), age (years), marital/cohabitation status (Y/N),
and existence of comorbidity (Y/N). As recommend in Hox et al.
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Figure 1. Study design, describing the pattern of objective and subjective data collection over time.
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[60], a multistep model selection procedures (discussed in de-
tails in Supplementary Data) was applied to find the “best”
two-level Poisson regression model based on both Akaike infor-
mation criterion and Bayesian information criterion [61].

We further considered adding selected subjective MDASI
items as potential explanatory variables. In addition to objective
parameters, we explored the impact of fatigue, drowsiness, and
interference with activity scores (following the evaluated night
N), as well as the sleep score of one night before (night N-1), on
the self-rating of sleep disturbance (night N). As MDASI items
were reported as discrete scores ranging from 0 to 10, cutoff
values previously determined in a report including 728 patients
[62] were used to make binary explanatory MDASI variables
(marked as *) and thus simplify the model. The same two-level
Poisson regression with model selection procedures used for the
main outcome of sleep disturbance was performed. The two-
level Poisson regression models were programmed in R with
package Ime4. The multilevel modeling included datasets from
30 patients as one of them did not provided concomitant ob-
jective actigraphy parameters and subjective sleep ratings.

Results
Study population

A total of 31 patients were enrolled in the Domomedicine cancer
pilot study and provided multidimensional data [33]. The ma-
jority of patients had undergone both surgery and chemo-
therapy treatments before enrollment, yet maintained a fairly
good general condition as indicated by a performance status
ranging from O to 2 (Table 1). None of them had a formal diag-
nosis of sleep disorder.

Data compliance

The per-protocol patient participation lasted 30 days, repre-
senting a total of 930 days during which actigraphy data could
have been recorded with the wrist actigraph and symptoms
could have been self-rated by the patient using the MDASI ques-
tionnaire. Sleep parameters were computed for a total of 730
nights (78%). MDASI questionnaire was filled out for 696 days
(75%). At worst, the proportion of available concomitant data
was 57% (528/930 dyads). Each analysis was performed on the
largest dataset available. The most common reasons for missing
data, besides planned or emergency hospitalizations, were in-
formally reported to be technical problems, out-of-home trips,
or patient forgetting or feeling too sick [33].

The median number of nights with sleep data available per
patient was 26 (of 30) for actigraphy-computed parameters (87%;
range, 7%-100%) and 25 for subjective sleep (85%; range, 17%-
100%). Thus, individual patients provided both actigraphy sleep
parameters and MDASI data concurrently for a median of 18/30
dyads (60%).

Descriptive statistics

Median rating for sleep was 2 (IQR, 0-4). Bothersome sleep dis-
turbance was reported for 57% of the nights (Figure 2A). Mean
(SD) of the PROM of interest were 2.26 (2.13) for sleep disturb-
ance, 2.18 (2.13) for drowsiness, 3.75 (2.36) for fatigue, and 3.82
(2.26) for interference with activity (Figure 2B-D).

Sleep Efficiency ranged between 20.2% and 100%, with a me-
dian of 92.0% (IQR, 86.7%-95.0%) (Table 2; Figure 3D). Of the de-
terminants of sleep efficiency, median sleep onset latency was 5
minutes (IQR, 3-7 minutes), median wake after sleep onset dur-
ation was 42 minutes (IQR, 25-70 minutes) and median number
of wake episodes was 11 (IQR, 1-17) (Table 2; Supplementary
Figure S1).

Median total sleep time was 7 hours 50 minutes (IQR, 6 h
50 min to 8 h 44 min), with extremes spanning from 1 hour 1
minute to 13 hours 7 minutes (Table 2; Figure 3C). Times of re-
tiring were staggered over 9.5 hours (from clock hours 19:29 to
05:00), with a median occurring at 23:07 (IQR, 22:11-23:54). Its
distribution partly overlapped that of the sleep midpoint, which
ranged from 00:38 to 10:19, with a median value at 03:29 (IQR,
02:50-04:09). In turn, the range of sleep midpoint partly over-
hung the distribution of the timing of awakening, which ex-
tended over almost half of the 24-hour period, between 03:49
and 15:39, with a median timing at 08:00 (IQR, 07:14-08:46) (Table
2). Figure 3B plots the distributions of the sleep events times,
together with the individual sleep periods, globally covering al-
most three quarters of the 24 hours (Figure 3A).

Average MDASI sleep score in each individual ranged from
0 to 5.5 between patients, but from 0 to 9 (median: 5) within
patients. Similarly, the magnitude of interindividual vari-
ability in actigraphy parameters was comparable to that of the
intraindividual variability (Supplementary Table S2).

Univariate associations

Rmecorr coefficients between subjectively rated sleep disturb-
ance and objective actigraphy parameters ranged from [0.10| to
|0.14], with p values <0.05 (Table 3). Thus, the worse the MDASI
sleep score, the lower the sleep efficiency (p = 0.002), the larger
the number of wake episodes (p = 0.005), and the worse the sleep
fragmentation index (p = 0.01).

The number of wake episodes was correlated to the PROM of
interest, fatigue (p = 0.02), drowsiness (p = 0.03), and interference
with activity (p = 0.03). Sleep efficiency, instead, was only associ-
ated with daytime drowsiness (p = 0.01) (Table 3).

Subjectively rated sleep disturbance, fatigue, drowsiness,
and interference with activity were all positively correlated with
each other (p < 0.001) with correlation coefficients ranging from
0.22 to 0.54.

Multivariate multilevel model

Seventy-three percent of the variability in MDASI sleep scores
was accounted for by inter-patient differences, as shown with
an empty random intercept two-level Poisson regression model.
Thus a multilevel analysis was required for the determination of
within-patients variabilities (Table 4).

In case of objective explanatory variables only (Table 4, model
A), the model selected sleep efficiency, wake episodes, and age
as explanatory variables. The estimated intercept was with a
mean of 2.321 (fixed intercept) and an SD of 1.247 (random effect
intercept). The number of wake episodes was found to be posi-
tively associated (p = 0.024) with sleep disturbance. An increase
by one number of the wake episodes would lead to an increase
of the sleep disturbance rating expected value by 2.3% (95% con-
fidence interval = 0.7%, to 4.3%). Age had a positive impact on



Table 1. Clinical features of the study population

Komarzynskietal. | 5

Characteristics

Age (years)
Median (range)
Sex
Male
Female
Marital status
Never married
Married
Divorced
Widowed
Cohabiting
Education
No formal schooling
Primary school
Secondary school
High school
Postgraduate degree
Work status (over the past 12 months before inclusion)
Government employee
Nongovernment employee
Homemaker
Retired
Unemployed (able to work)
Unemployed (unable to work)
WHO performance status
0/1
2/3
Not available
Primary tumor site
Colorectal
Pancreas
Breast
Others
Recurrent disease
Yes/no
Number of metastatic sites
0
1
Comorbidities
None
Diabetes
Hepatitis B
Chronic heart failure
Prior cancer surgery
None
Primary tumor only
Primary tumor and metastases
Prior chemotherapy
None
Adjuvant and metastatic
Adjuvant only
Metastatic only
Number of prior chemotherapy protocols for metastatic disease
None
1
>2
Unknown
Noncancer treatments
None
Insulin
Pain killer
Antiretroviral
Thyroid hormone replacement
Beta blocker

E38

NG

[ERGIY
DR W N R
TRR
Ly

N O

w
IS e

W R O 00N
w

TR R R G

=

9 (29)/11 (35)
2 (6)/2 (6)
7 (24)

GV ICEN
TERN®
are

[
a

11 (35)/20 (65)

=
k=

™
o8

=

B R oW

R T
X

e

NN D W

TR ™
) =

AN
L

= ® B
ees =

N SR Y]
W
LLLS

TR ®

w

Data presented as number (%) of patients unless otherwise indicated.



6 | SLEEPJ, 2019, Vol. 42, No. 10

A B
40 1 1
x 0rs §
i
5 20 05 §
§ i
H g
g 025 3
: o Rl
|
¢ 1 2 3 4 & 6 7 8 9 10 °
8 c Fatigue
e § !
& ©
o
g § 075 é
5 os & "
) E C 2
s 5 10 . o
s HUM0a0 }
& 7 s 0o .
1 2 3 4 & 6 7 8 9 10
Drowsiness
10 0.25 D 1
05 §
H
0s 5
3
[
m g 025 3
: — S il ifIR
0 1 2 3 4 5 6 7 8 9 10 o |

MDASI Sleep item score

12 3 4 5 6 7 8 9 10

Interference with Activity

Figure 2. Distribution of MDASI sleep, fatigue, drowsiness, and interference with activity item scores. Panels show the percentage of occurrences (gray bars) of the
MDASI sleep (A), fatigue (B), drowsiness (C), and interference with activity (D) scores (ranging 0-10), respectively, as rated by the patients and their cumulative propor-

tion (blue line).

Table 2. Descriptive statistics of the objective actigraphy sleep parameters in the whole dataset

Actigraphy sleep parameters Median Quartiles (Q1, Q3) Range (min, max) Average SD

Time of retiring 23:07 22:11, 23:54 19:29, 05:00 23:04 1:21

Sleep midpoint 3:29 2:50, 4:09 00:38, 10:19 3:32 1:01

Time of waking up 8:00 7:14, 8:46 3:49, 15:39 8:00 1:14

Total sleep time 7 h 50 min 6 h 50 min, 8 h 44 min 1h 1min, 13 h 7 min 7 h 45 min 1h 42 min
Sleep efficiency 92.0% 86.7%, 95.0% 20.2%, 100% 88.8% 10.6%
Sleep onset latency 5 min 0 min, 7 min 0 min, 50 min 5 min 5 min
Latency to persistent sleep 6 min 0 min, 12 min 0 min, 10 h 25 min 15 min 42 min
Wake after sleep onset 42 min 25 min, 1 h 10 min 0 min, 6 h 54 min 57 min 53 min
Sleep fragmentation index 2.4% 0.1%, 3.6% 0.1%, 28.8% 3.0% 2.7%
Short burst inactivity index 33 0,41 0,73 34 13

Total time in bed 8 h 50 min 4 h 57 min, 9 h 51 min 4h 57 min, 17 h 22 min 8 h 56 min 1h 34 min
Wake minutes 52 min 2 min, 81 min 2 min, 11 h 9 min 1h 12 min 1h 11 min
Wake episodes 11 1,17 1,58 13 7

Mean duration of wake episodes 5 min 1 min, 7 min 1 min, 37 min 6 min 4 min
Wake episodes >5 min 4 0,5 0,32 4 4

Longest wake episode 17 min 1 min, 26 min 1 min, 3h 19 min 22 min 20 min
Sleep episodes 11 1,16 1,57 12 7

Mean duration of sleep episodes 44 min 4 min, 1h 5 min 4 min, 12 h 58 min 57 min 1h 3 min
Sleep episodes >5 min 8 1,11 1,30 9 4

Longest sleep episode 2 h 32 min 13 min, 3 h 33 min 13 min, 12 h 58 min 2 h 49 min 1h 32 min

sleep disturbance (p = 0.031), with an increase by 1 year in age
resulting in a decrease by 2.5% of the sleep disturbance expected
score. Sleep efficiency was negatively associated with sleep dis-
turbance scores but its impact was not significant (p = 0.081).
Moreover, the model decided to allow the slope of wake epi-
sodes vary in different individuals, with mean value equals to
the fixed slope 0.023, i.e. computed by log(1.023), and SD 0.028.
When further taking subjective MDASI items into account
(Table 4, model B), the model additionally selected prior night

sleep disturbance®, fatigue*, drowsiness®*, comorbidity, and sex
as explanatory variables. The subjective MDASI items were
shown to be strongly associated with sleep disturbance. An un-
comfortable fatigue indicated an increase in the expected value
of sleep disturbance rating by 35.0 % (p < 0.001), an uncomfort-
able drowsiness led to an increase by 69.5% (p = 0.018) and a dis-
turbed sleep experienced the prior night was associated with an
increase by 77.4% (p < 0.001). In addition, sex affected on sleep
disturbance (p = 0.012). As compared to females, males reported



Komarzynskietal. | 7

A Individual sleep bouts
18:00 21:00 Midnight 03:00 06:00 09:00 noon
Time (clock hour)
B Timing of retiring Sleep Midpoint Timing of awakening
o | S
18:00 21:00 Midnight 03:00 06:00 09:00 noon
Time (clock hour)
C 1004
Total Sleep Duration (hours)
90
23
80
7o
X
< 604 1
g
g
o 407
[T}
U
5 304
20 -1
10+
0

12

Figure 3. Distribution of main actigraphy parameters in the study dataset. (A) The plot shows the sleep duration (horizontal gray bars) for the 735 nights of measure-
ment. The dark gray line represents the time of mid sleep. (B) The plot combines the distribution of the time of retiring (blue bars), the time of mid sleep (gray bars),
and the time of awakening (gold bars). (C) The plot illustrates the total sleep duration computed for the 735 nights of measurement. (D) The boxplot describes the dis-
tribution of the sleep efficiency measured over 735 nights. For panels C and D, the box represents the 25th, 50th (median), and 75th percentiles, whereas the whiskers

display the range.

less sleep disturbance with a 68.2% expectation rating score. The
model also allows the slopes of prior night sleep disturbance*
and drowsiness* to vary in different patients.

We further considered taking the MDASI ratings of fatigue,
drowsiness, and interference with activity as dependent variable
and the resulting models are presented in Supplementary Data.

Discussion

With a night-by-night systematic approach and multilevel
modeling, we have identified objectively determined nighttime

awakening episodes as the most relevant correlate of subjective
sleep complaint in patients with advanced cancer undergoing
systemic chemotherapy. Thus, a lower number of wake episodes
were associated with better rated sleep even when other PROM
were included. However, the relevance of the subjective sleep
the night before in predicting the rating of sleep the following
night suggests that poor subjective sleep is a rather consistent
within-subject complaint, which was best evaluated using the
individual night approach here advocated. Sleep behavior and
perceived sleep quality can vary within the same subject from
night to night also in noncancerous people, thus confirming a
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Table 3. Repeated measures correlation coefficients table and matrix (r values) among subjective symptoms (MDASI) and actigraphy param-
eters (only results with p < 0.05 are shown for clarity)

MDASI symptoms

Sleep Fatigue Drowsiness Interference with activity
Actigraphy parameters
Timing of retiring -0.09 -0.09
Timing of waking up 0.09
Total sleep time 0.11*
Sleep efficiency -0.13* -0.11
Wake after sleep onset 0.14** 0.13* 0.08
Sleep fragmentation index 0.10
Total time in bed 0.14* 0.11*
Wake minutes 0.12* 0.09
Short burst inactivity index 0.10 0.09
Wake episodes 0.12* 0.10 0.09 0.09
Wake episodes =5 min 0.10
Longest wake episode 0.10
Sleep episodes 0.11* 0.09 0.09 0.09
Mean duration of sleep episodes -0.09 -0.10
Sleep episodes >5 min 0.10 0.11* 0.10 0.11*
Longest sleep episode -0.12* -0.10 -0.15**
MDASI symptoms
Sleep 0.31* 0.28™ 0.22*
Fatigue 0.31** 0.53* 0.54**
Drowsiness 0.28" 0.53" 0.42™
Interference with activity 0.22* 0.54* 0.42"

*p < 0.001, *p < 0.01.

Table 4. Parameter estimates with 95% confidence intervals for the two-level Poisson regression models of sleep disturbance

Variable

Coefficient estimate 3

95% confidence interval P

Model A

Dependent variable: sleep disturbance; objective explanatory parameters

Fixed intercept

2.321 (0.316 to 4.161)
Fixed effects, exp(p)
Sleep efficiency 0.993 (0.984 to 1.002) 0.081
Wake episodes 1.023 (1.007 to 1.043) 0.024
Age 0.975 (0.949 to 0.997) 0.031
Random effects
Intercept SD 1.247 (0.832 to 1.657)
Wake episodes slope SD 0.028 (0.014 to 0.043)
Model B
Dependent variable: sleep disturbance; objective and subjective explanatory parameters
Fixed intercept
1.656 (0.699 to 2.269)
Fixed effects, exp(f)
Wake episodes 1.012 (1.002 to 1.021) 0.016
Prior night sleep disturbance* (Y) 1.774 (1.407 to 2.216) <0.001
Fatigue* (Y) 1.350 (1.154 to 1.547) <0.001
Drowsiness* (Y) 1.695 (1.186 to 2.616) 0.018
Comorbidity (Y) 1.352 (1.037 to 1.896) 0.045
Sex (M) 0.682 (0.543,0.819) 0.012
Age 0.971 (0.964 to 0.982) <0.001
Random effects
Intercept SD 1.079 (0.714 to 1.300)
Prior night sleep disturbance* (Y) slope SD 0.299 (0.050 to 0.549)
Drowsiness* (Y) slope SD 0.860 (0.513 to 1.087)

Models A and B are based on 591 and 528 samples, respectively, from 30 patients. The subjective MDASI explanatory variables identified with a star () are binary (Y/N)

variables.



complex interaction between endogenous preference, environ-
mental opportunity, and subjective perception [63, 64]. Objective
actigraphy parameters, usually averaging sleep parameters over
multiple nights have failed to predict for subjective sleep esti-
mation in cancer patients [65, 66]. In contrast, our single night
assessment approach provides a novel insight into the objective
vs subjective sleep relation [67]. Indeed, differences in subjective
and objective sleep measures were of similar magnitude both
between patients and within patients (Supplementary Table S2).

Actigraphy-measured sleep efficiency, determined chiefly by
the latency of sleep onset and by the number and duration of
nighttime awakenings, has already demonstrated clinical rele-
vance in cancer patients’ prognosis. Thus, sleep efficiency less
than 85% was independently associated with shorter overall sur-
vival in women with advanced breast cancer [4]. Moreover, sleep
efficiency of cancer patients could be improved with behavioral
interventions, as shown in a recent study using morning bright
light exposure [68]. Conversely, pharmacological interventions
with hypnotics seem to affect sleep onset latency rather than
the ability of sustaining sleep [69]. This finding would, therefore,
support the upfront use of cognitive behavioral therapy for in-
somnia in patients with cancer, as currently advocated [70].

Frequent night awakenings can not only negatively impact
on the subjective perception of sleep quality as shown here, but
interrupted sleep continuity has been shown to be correlated
to impaired innate immunity function [71], with lower natural
killer cell count being associated with circadian disruption and
shorter overall survival [72].

Furthermore, our multidimensional remote monitoring al-
lowed us to explore the impact of objective sleep parameters on
daytime consequences on systemic psychophysical symptoms.
These included fatigue, drowsiness, and interference with ac-
tivity, and nighttime awakenings parameters were constantly
associated with less severe complaints. The consistency in the
finding of the relevance of sleep maintenance on various PROM,
assessing frequent complaints in cancer patients [73, 74], sup-
ports a role of sleep efficiency at large (i.e. ability to sustain effi-
cient sleep condition through the night) in patient’s well-being
that deserves additional exploration.

A first limitation of our study was the lack of evaluation of
chronotype using validated questionnaires [75, 76], thus missing
the subjective perspective to the phase assessment of the body
circadian clock [5]. Another study limitation was due to the
limited number of patients, despite the conspicuous number
of individual night datasets, and their heterogeneity regarding
cancer type, stage, and treatment. Finally, a single question was
used for the subjective assessment of sleep. From the one hand,
specific multiple-item questionnaires are used to accurately de-
termine sleep [10, 53, 77]. Yet, on the other hand, the MDASI item
hereby used has demonstrated its usefulness in comparison
with more complex measures [52], and has the great advantage
of referring to the previous night only, thus with a single-night
recall precision [47, 78].

Nonetheless, we believe we provided here a first insight into
the relevance of multimodal modern tele-monitoring with re-
gard to sleep troubles in patients with cancer, with a potential
opening to bespoken and dynamic interventions in the indi-
vidual night of need. Indeed, patient-empowering self-manage-
ment plans are increasingly becoming pivotal in the holistic
management of cancer patients [79-81] and rely to a great ex-
tent upon dedicated mobile health solutions and multisensor
wearable monitors collecting biometric data [16, 18, 78, 82, 83].
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In order to achieve and maintain satisfactory sleep, this
study’s results support the combined use of continuous ob-
jective monitoring and repeated subjective PROM. The accuracy
of objective sleep assessment can be further improved by com-
plementing activity tracking with additional physiological bio-
rhythms, such as skin temperature or heart rate [84-86]. Indeed,
we have recently demonstrated the relevance of such multi-
dimensional monitoring in cancer using a second-generation
e-Health Domomedicine platform [87]. The widespread diffu-
sion of smartphones could permit the development of dedicated
apps for regularly capturing PROM, allowing for a temporal ac-
curacy of a single night at next morning’s awakening, particu-
larly apt for sleep evaluation [82, 83, 88, 89].

To conclude, our results here provide evidence for both
feasibility and relevance of combined objective and subjective
remote monitoring of sleep and other symptoms in cancer pa-
tients with a single-night precision. This dynamic approach
could trigger the development of novel therapeutic concepts,
whose testing is warranted in cancer patients.

Supplementary material

Methods details for the two-level Poisson regression model and
results of the multilevel analyses of the items of fatigue, drow-
siness, and interference with activity (including Supplementary
Table S3). Supplementary material is available at SLEEP online.
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