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Abstract

Purpose Previous research indicates that sedentary
behavior is unfavorably associated with health-related
quality of life (HRQoL) of colorectal cancer (CRC) sur-
vivors. Using isotemporal substitution modeling, we stud-
ied how substituting sedentary behavior with standing or
physical activity was associated with HRQoL in CRC
survivors, 2—-10 years post-diagnosis.

Methods A cross-sectional study was conducted in stage -
III CRC survivors (n = 145) diagnosed at Maastricht
University Medical Center+-, the Netherlands (2002-2010).
Sedentary, standing, and physical activity time were mea-
sured by the thigh-mounted MOX activity monitor. HRQoL
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outcomes comprised global quality of life, physical, role, and
social functioning, and disability (scales: 0-100), fatigue
(20-140), and depression and anxiety (0-21). Isotemporal
substitution modeling was applied to analyze associations
with HRQoL of substituting sedentary time with equal time
in standing or physical activity.

Results On average, participants spent 10.2 h/day seden-
tary (SD, 1.7), 3.4 h/day standing (1.3), and 1.7 h/day in
physical activity (0.8). In confounder-adjusted isotemporal
models, substituting sedentary time with standing or with
physical activity was associated with significantly better
physical functioning (regression coefficient [f], i.e., differ-
ence in outcome score per 1 h/day of sedentary time sub-
stituted with standing or physical activity, 3.1; 95 %
confidence interval [CI] 0.5, 5.7; and 5.6; 0.7, 10.6, respec-
tively). Substituting sedentary time with standing was also
associated with significantly lower disability (B, —3.0; 95 %
CI —4.9, —1.1) and fatigue (—4.0; —7.6, —0.3).
Conclusions Our results suggest that substituting seden-
tary behavior with standing or physical activity may be
beneficially associated with certain HRQoL outcomes in
CRC survivors. Prospective studies are warranted to con-
firm whether actual substitution of sedentary behavior with
these activities may improve HRQoL in CRC survivors.

Keywords Isotemporal substitution modeling - Sedentary
behavior - Standing - Physical activity - Health-related
quality of life - Colorectal cancer survivor

Introduction

Colorectal cancer (CRC) survivors often experience long-

term side effects of the cancer and/or its treatment, such as
depressive symptoms and fatigue, which can last for more
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than ten years after treatment [1]. These persisting prob-
lems can negatively influence specific domains of health-
related quality of life (HRQoL), such as physical and social
functioning [2, 3]. Lifestyle interventions targeting an
increase in physical activity and reductions in sedentary
behavior (i.e., sitting or lying while awake with a low
energy expenditure [4]) may be an avenue to improve the
HRQoL of cancer survivors, but little is known on what
type of activities could lead to the most optimal health
benefits in CRC survivors [5].

Previous prospective research has shown that greater
self-reported television viewing time (a specific sedentary
behavior) in CRC survivors was negatively associated with
HRQoL, in the first three years post-diagnosis [6]. In
contrast, a subsequent study in colon cancer survivors that
applied objective waist-worn activity monitors to measure
sedentary time did not observe any associations with
multiple HRQoL outcomes [7]. This inconsistency may be
due to differences in measures applied to assess sedentary
time within these two studies, including the measurement
of one specific sedentary behavior (television watching) by
self-report versus more objective measurement by activity
monitors of total sedentary time. In addition, the use of a
waist-worn monitor in the latter study may have resulted in
some degree of measurement error, as these devices infer
sedentary behavior from low movement intensity alone,
rather than taking also body posture into account. There-
fore, this could have resulted in misclassification of sta-
tionary standing as sedentary behavior in this study. Thigh-
mounted monitors are more suitable to measure sedentary
behavior, as these devices are better able to measure pos-
ture and can therefore accurately distinguish standing from
sitting/lying [8]. This explanation is plausible as we have
recently observed that more sedentary time, objectively
assessed by thigh-mounted activity monitors, was signifi-
cantly associated with poorer HRQoL in CRC survivors,
2-10 years post-diagnosis [9]. These findings suggest that
reducing sedentary time, which comprises approximately
two-thirds of total waking hours within this population [7],
might be a promising target for lifestyle interventions
aiming to improve the HRQoL of CRC survivors. How-
ever, advising individuals to reduce their sedentary time
automatically means that this time needs be replaced
(substituted) with another type of activity. For development
of effective interventions, it is thus important to know
which type of activities should replace sedentary behavior,
as replacement with different activities can have different
associations with health [10].

A growing body of both prospective and cross-sectional
evidence shows that moderate-to-vigorous physical activity
(MVPA; e.g., brisk walking or swimming) is beneficially
related to the HRQoL of CRC survivors [7, 11-18].
However, a high prevalence of comorbidities and old age
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might make it difficult to perform activities at this intensity
for a large proportion of CRC survivors [19]. Interestingly,
independent of MVPA, more self-reported time spent in
light physical activity (LPA; e.g., light walking or light
household work) has also been found to be positively
associated with HRQoL outcomes in CRC survivors, such
as better physical and role functioning [18, 20]. This
indicates that replacing sedentary time with low energy
activities, such as standing or light-intensity walking,
might be beneficial for CRC survivors” HRQoL. Therefore,
these activities could be a more feasible target for lifestyle
interventions to be developed for this population.

Recently, isotemporal substitution modeling has been
proposed as an analytic method for analyzing effects of
substituting time in one activity for another, while keeping
total time and time in other activities constant [10]. These
models can be used to assess the effects of replacing time
in one behavior (e.g., sitting) with time in other possible
behaviors (e.g., standing or physical activity) separately
[10]. Using isotemporal substitution modeling, we studied
how substituting sedentary behavior with standing or
physical activity was associated with HRQoL in CRC
survivors, 2—10 years post-diagnosis.

Materials and methods
Study design and participants

Data from the cross-sectional component of the Energy for
life after ColoRectal cancer (EnCoRe) study was used.
Methods of the EnCoRe study have been described previ-
ously [21]. The cross-sectional component was conducted
in CRC survivors recruited 2-10 years post-diagnosis.
Eligible individuals, i.e., persons diagnosed with and
treated for stage I-III CRC between 2002 and 2010 at
Maastricht University Medical Center+, the Netherlands,
were preselected via the Netherlands Cancer Registry
(managed by Comprehensive Cancer Centre the Nether-
lands). Participants were recruited between May 2012 and
December 2013. Reasons for exclusion are shown in
Fig. 1. The EnCoRe study had been approved by the
Medical Ethics Committee of the Academic Hospital
Maastricht and Maastricht University, the Netherlands.
Written informed consent was obtained from all
participants.

Data collection

When designing the EnCoRe study, a conceptual model
was developed for studying lifestyle and HRQoL in CRC
survivors [21], based on the International Classification of
Functioning, Disability and Health (ICF) of the World
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(n=772)

Men and women (218 years), with a history of stage |, Il or Ill
colorectal cancer, including recurrent colorectal cancer treated at
Maastricht University Medical Center+ between 2002-2010

No

n-eligibility (n = 399)2:

Records of subsequent tumors of individuals with
multiple tumors between 2002-2010 (n = 27)

Not alive (n = 244)

Home address outside of the Netherlands (n = 3)
Stage IV tumor (n = 3)

In situ tumor/no carcinoma (n = 64)

Excluded histological subtypes:
carcinoid/neuroendocrine tumor (n = 12)

Presence of co-morbidities that may obstruct
successful participation, such as Alzheimer disease or
severe hearing disorders (n = 27)

Not asked due to ethical reasons, e.g. because of
terminal iliness (n = 13)

Inability to understand the Dutch language in speech
and writing (n = 5)

Treatment received at other hospital (n = 2)
Unwillingness to participate in research in general
(n=1)

Eligible individuals were invited to participate

by mail (n = 373)

Non-participation (n = 218, 58%)°:

Personal circumstances (n = 101)
Emotionally too burdensome (n = 29)

Takes too much time (n = 15)

No reason given (n = 39)

Other (n = 15)

No response, could not be contacted (n = 25)

Individuals recruited into study (n = 155, 42%)

Not included in current analyses (n = 10, 6%):

No accelerometer measurement (n = 4)
Monitor incorrectly calibrated (n = 2)

Number of valid measurement days <4 (n = 2)
No HRQoL data (n = 2)

Data available for current data analyses (n = 145, 94%)

Fig. 1 Flow diagram of inclusion of individuals included into the
cross-sectional component of the EnCoRe study and analyses
presented in this paper. Footnotes: *Reasons for non-eligibility are

Health Organization [22]. The ICF adopts a broad bio-
psychosocial definition of human functioning as a multi-
dimensional concept, which does not only incorporate
physical health components (body perspective), but also an
individual’s ability to perform his/her daily activities and
societal roles (individual and societal perspectives) [23].
Further, it enables identification of environmental and
personal factors and the presence of health conditions that
can influence functioning. The developed conceptual
model [21] was adapted for the current research question to
identify relevant variables to be measured and included in

given in order of exclusion, and totals do not add up because some
exclusion criteria applied concurrently. ®Totals do not add up because
some individuals reported multiple reasons for non-participation

our data analyses (Supplementary Fig. 1, Online Resource

1).
Sedentary and physical activity time

The triaxial MOX activity monitor (MMOXX1, upgraded
version of the CAM monitor) was used for objective
measurement of time spent in sedentary behavior, standing,
and physical activity (Maastricht Instruments B.V., the
Netherlands) [8, 24]. The MOX has a high reproducibility
and an excellent validity for estimating time spent in
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activities and postures in both a controlled laboratory set-
ting (100 % accuracy and Cohen’s kappa of 0.99, com-
pared with direct observation) and in free-living conditions
(intraclass correlation coefficient of 0.98, compared with
diary records) [8]. The monitor was waterproofed in a
finger cot (VWR International B.V., the Netherlands) and
attached via hypoallergenic plaster (BSN Medical, the
Netherlands) to the anterior thigh 10 cm above the knee.
Participants were instructed to wear the monitor 24 h/day
on seven consecutive days and to record sleep and any non-
wear periods.

A customized MATLAB program (version R2012a, The
MathWorks, Inc., USA) was used to classify each 1-second
epoch of the data as sedentary (i.e., sitting/lying during
waking hours with a low energy expenditure of <I1.5
metabolic equivalents [METs] [4]), standing (i.e., standing
during waking hours with an energy expenditure <I1.5
METs), or physical activity (i.e., all activities with an
energy expenditure >1.5 METSs). This classification was
done using previously validated thresholds for parameters
of motion intensity and orientation of the device [24]. Time
in physical activity was not further subdivided according to
intensity level into LPA and MVPA, because of limited
reproducibility of the monitor for estimating time in
activities at a moderate-to-vigorous intensity [8]. Self-re-
ported non-wear and sleeping periods were checked by
visualization of triaxial acceleration data, with non-wear
time periods adjusted if necessary, and sleeping times
determined if missing. Further processing of worn waking
data was performed in SAS (version 9.3, SAS Institute Inc.,
USA). Monitor wear days with >10 h of waking wear time
were considered valid; only participants with >4 valid days
were included in the analyses [25]. Sedentary, standing,
and physical activity time (h/day) were calculated and
averaged across valid measurement days.

HRQoL outcomes

Cancer-specific HRQoL was measured using the valid and
reliable European Organization for the Research and
Treatment of Cancer Quality of Life Questionnaire-Core
30 (EORTC QLQ-C30, version 3.0) [26, 27]. For the
subscales global quality of life and physical, role, and
social functioning, 100-point scores were calculated [28].
Disability was assessed by the 12-item version of the ICF-
based World Health Organization Disability Assessment
Schedule II [29], which has good reliability and validity in
different populations, including cancer survivors [30, 31].
Fatigue was assessed through the 20-item Checklist Indi-
vidual Strength, which was originally developed and vali-
dated in patients with chronic fatigue syndrome [32, 33],
but has also been applied in cancer survivors [34]. The
14-item Hospital Anxiety and Depression Scale was used
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to determine levels of anxiety and depression [35], which
has adequate psychometric properties in cancer patients
[36]. By adding scores of individual items within the
Checklist Individual Strength and Hospital Anxiety and
Depression Scale, scores for fatigue (scale: 20-140), and
depression (0-21) and anxiety (0-21) were calculated, with
higher scores indicating higher levels of fatigue, depres-
sion, and anxiety.

Other factors

Socio-demographic characteristics (gender, age, education
level, smoking status, paid employment) and the presence
of a stoma were self-reported. Body height and weight
were measured by trained personnel for calculation of body
mass index (BMI, kg/mz). The number of comorbidities
was assessed wusing the 13-item Self-Administered
Comorbidity Questionnaire [37]. Perceived deficiency in
social support (scale: 6-18) was measured by the six-item
Dutch Social Support List (SSL-6) [38]. Clinical charac-
teristics (cancer stage, age at diagnosis, treatment, and
tumor subsite) were collected through the Netherlands
Cancer Registry.

Statistical analyses

Descriptive statistics were calculated for socio-demo-
graphic and clinical factors in survivors included and not
included in the analyses and for accelerometer-derived
characteristics and HRQoL outcomes in included individ-
uals stratified by gender. Multivariable linear regression
models were used to analyze associations of standing and
physical activity time (h/day) with HRQoL outcomes.
Unstandardized regression coefficients (f) with 95 %
confidence intervals (CIs) were calculated, representing
differences in mean HRQoL scores per additional 1 h/day
of standing or physical activity, which was similar to one
standard deviation (SD) of these variables within the
sample. Potential confounding factors included in multi-
variable models were selected a priori from our ICF-based
conceptual model (Supplementary Fig. 1, Online Resource
1). These were either adjusted for in all models (age,
gender, number of comorbidities, years since diagnosis,
cancer stage, smoking status, and BMI) or, only when
retained via backward elimination using p > 0.2 as a cutoff
for exclusion [39] (education level, paid employment,
having a partner, the presence of a stoma, radiotherapy and/
or chemotherapy treatment, tumor subsite, and perceived
deficiency in social support). None of the models showed
evidence for multicollinearity (variance inflation factors
<5 [40]).

Three types of regression models were fitted to analyze
associations of standing and physical activity with selected
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HRQoL outcomes [10]. All models were adjusted for a
similar confounder set, but differed with regard to the
inclusion of activity variables. First, single-variable models
were conducted, which included only one activity variable
(sedentary, standing, or physical activity time), thereby
estimating overall associations of these activity categories
with HRQoL outcomes separately. Secondly, partition
models were fitted which included all activity variables
(i.e., sedentary, standing, and physical activity time) in one
model, to assess independent associations of each activity
category with the outcome, while keeping time in other
activity categories constant.

Third, isotemporal substitution models were fitted for
estimating associations with HRQoL of replacing (substi-
tuting) time in one category (e.g., sedentary time) with
equal time in another category (e.g., standing), while
keeping total time and time in the remaining category (e.g.,
physical activity) constant. Detailed explanation of these
models has been published previously [10]. To address our
main research question of estimating associations of sub-
stituting sedentary time with standing or physical activity,
standing and physical activity time were included in the
isotemporal model and sedentary time was left out, while
the model was adjusted for total waking wear time (i.e.,
total time was held constant). By constraining the total
amount of time, an increase of 1 h/day in standing time
implies substitution of the left-out variable (i.e., 1 h/day
less sedentary time) with standing, while holding physical
activity time constant. As a result, Bs from the standing and
physical activity time variables represent differences in
mean HRQoL scores associated with substituting 1 h/day
of sedentary time with equal time in standing or physical
activity, respectively. These isotemporal substitution
models were considered our main analyses. Similarly, as an
additional analysis, we also assessed isotemporal associa-
tions of substituting standing time with physical activity,
by including sedentary and physical activity time in the
models and leaving out standing time.

Minimum differences of interest were defined and based on
minimally important differences for the HRQoL outcomes,
i.e., published “medium” differences for the EORTC QLQ-
C30 subscales [41], and 0.5 times the SD of the score for other
outcomes [42] (disability, fatigue, depression, and anxiety).
We defined the association to be “meaningful” if the differ-
ence in HRQoL outcome associated with a difference of two
SDs in the substituted activity variable (i.e., sedentary time or
standing time) exceeded these minimum important differ-
ences. Otherwise, the association was described as “small.”
As the regression coefficients represented the difference in
HRQoL outcome score per 1 h/day of the substituted variable,
we rescaled the minimum important differences into cutoffs
that could be directly compared with the regression coeffi-
cients reported, based on this definition. This was done by

dividing each of the minimum important differences by two
SDs of the substituted activity variable. The cutoffs that were
calculated accordingly are shown in Supplementary Table 1
(Online Resource 1). Potential effect modification by gender,
age (<70 vs >70 years), number of comorbidities (>2 vs <2),
BMI (<30 vs >30 kg/m?), and perceived deficiency in social
support (no deficiency [six-item Social Support List
score = 6] vs deficiency [score > 6] [38]) was explored by
performing subgroup analyses. To avoid over-interpretation
of spurious findings, results were reported if a meaningful and
significant association in a certain direction was observed in
multiple HRQoL outcomes in one subgroup, but not in the
other subgroup.

As HRQoL outcomes were not normally distributed,
findings were verified in isotemporal logistic regression
models with dichotomized outcomes using gender-specific
medians as cutoff [43]. All analyses were performed using
IBM SPSS Statistics (version 22, IBM Corporation, USA),
and p < 0.05 (two-tailed) was considered statistically
significant.

Results
Participant characteristics

A total of 373 eligible CRC survivors were invited to
participate, of whom 155 were recruited (response rate,
42 %; Fig. 1), and 145 were included in data analyses. A
total of 10 recruited CRC survivors were excluded from
current data analyses, because no accelerometer measure-
ment was performed (n = 4), the monitor was incorrectly
calibrated (n = 2), the number of valid measurements days
was <4 (n = 2), or no HRQoL data were obtained (n = 2).
Included participants, compared with eligible survivors not
included (Table 1), were significantly younger (difference,
3.5 years; p = 0.001), but not significantly different in
time since diagnosis (difference, 0.01 years), and gender,
tumor subsite, treatment, and cancer stage (differences,
<10 %).

Participants (63 % men, Table 1) had a mean age of
70.0 years (SD, 8.7) and were on average 5.7 years since
CRC diagnosis (SD, 1.9). Of all included survivors,
54 % had a history of colon cancer and 41 and 5 % of a
rectum and rectosigmoid tumor, respectively. Most par-
ticipants were either overweight (BMI 25-30 kg/m?
46 %) or obese (BMI > 30 kg/m”, 28 %). Approximately
half (51 %) of all participants reported at least two
comorbidities. Accelerometer data showed that partici-
pants spent on average 10.2 h/day sedentary (SD, 1.7,
Table 2), 3.4 h/day standing (SD, 1.3), and 1.7 h/day in
physical activity (SD, 0.8). The average number of valid
accelerometer wear days was 6.8 (SD, 0.6), and the
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Table 1 Socio-demographic
and clinical characteristics of
eligible colorectal cancer
survivors included and not
included in the current analyses

@ Springer

Characteristic Included in analyses Not included in analyses Pt
(n = 145) (n = 228)
n % n %
Age (years) <.01
Mean 70.0 73.4
SD 8.7 11.8
Years since diagnosis 97
Mean 5.7 5.7
SD 1.9 1.6
Gender .35
Men 91 62.8 132 57.9
Women 54 37.2 96 42.1
Tumor subsite 46
Colon 78 53.8 137 60.1
Rectosigmoid 7 4.8 8 35
Rectum 60 414 83 36.4
Cancer stage® .84
1 40 29.2 58 26.4
1I 50 36.5 85 38.6
1 47 343 77 35.0
Treatment with surgery .55
Yes 139 95.9 222 97.4
No 6 4.1 6 2.6
Treatment with chemotherapy .14
Yes 75 51.7 100 43.9
No 70 48.3 128 56.1
Treatment with radiotherapy 18
Yes 55 37.9 71 31.1
No 90 62.1 157 68.9
Number of comorbid conditions
None 35 24.1
1 36 24.8
>2 74 51.0
Stoma (colostomy/ileostomy)
Yes 24 16.6
No 121 83.4
Body mass index (kg/mz)
Mean 27.6
SD 43
Education level
Low 37 25.5
Medium 48 33.1
High 60 41.4
Smoking status
Current 16 11.0
Former 98 67.6
Never 31 214
Perceived deficiency in social support®
Yes 64 444
No 80 55.6
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Table 1 continued

Table 2 Descriptive statistics
for accelerometer data and
health-related quality of life
outcome scores by gender in
included colorectal cancer
survivors

Characteristic Included in analyses Not included in analyses Pt
(n = 145) (n = 228)
n % n %
Paid employment
Yes 24 16.6
No 121 83.4

SD standard deviation

? Testing differences in characteristics between included and not included eligible colorectal cancer sur-
vivors if data were available for both groups; by Pearson’s Chi-square test for most categorical variables
(gender, tumor subsite, tumor stage, and treatment with radiotherapy and chemotherapy), Fisher’s exact test
for treatment with surgery (due to expected frequency below 5 in one cell), and independent ¢ test for
continuous variables (age and years since diagnosis)

® Data missing for 16 cases (eight included and eight excluded survivors)

¢ Data missing for one participant; dichotomized based on six-item Social Support List score (scale: 6-18,
with higher score indicating higher deficiency); categorized into no deficiency (score = 6) vs deficiency
(score > 6)

Men Women Total
n=91) (n = 54) (n = 145)
Mean SD Mean SD Mean SD
Accelerometer data
Number of valid days 6.8 0.5 6.7 0.6 6.8 0.6
Waking wear time, h/day 15.4 0.7 15.2 1.0 153 0.8
Sedentary time, h/day 10.5 1.5 9.6 1.8 10.2 1.7
Standing time, h/day 32 1.1 3.8 1.5 34 1.3
Physical activity time, h/day 1.7 0.7 1.7 0.8 1.7 0.8
Health-related quality of life outcomes (scale)®
Global quality of life (0-100) 79.4 15.9 74.5 21.6 77.6 18.3
Physical functioning (0-100) 84.2 18.5 74.8 22.7 80.7 20.6
Role functioning (0-100) 87.0 22.2 77.5 29.0 83.4 25.3
Social functioning (0-100) 88.8 20.2 90.1 14.7 89.3 18.3
Disability (0-100)° 10.5 13.8 16.0 17.9 12.5 15.6
Fatigue (20-140)° 55.0 253 58.1 304 56.1 27.2
Depression (0—21)d 4.4 3.5 3.9 3.2 4.2 34
Anxiety (0-21)¢ 39 34 4.7 38 4.2 35

SD standard deviation

? Higher scores indicate higher global quality of life, physical, role, and social functioning, disability,
fatigue, depression, and anxiety

° Data missing for four participants (one man and three women)
¢ Data missing for two participants (both women)

4 Data missing for one participant (man)

mean waking wear time was 15.3 h/day (SD, 0.8). Men
had a higher mean sedentary time (10.5 vs 9.6 h/day)
and lower mean standing time (3.2 vs 3.8 h/day) than
women, but mean physical activity time was similar
between genders. Sedentary time was inversely corre-
lated with standing (Pearson’s r, —0.8; p < 0.001) and
physical activity time (r, —0.6; p < 0.001), while

standing and physical activity time were positively cor-
related (r, 0.4; p < 0.001).

Single-variable and partition models

Results of single-variable models showed significant
associations of both standing and physical activity with
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better physical functioning and lower disability and also of
standing with better role functioning and lower fatigue
scores (Table 3). These associations were similar within
partition models, although mostly attenuated and less sig-
nificant (Table 3).

Isotemporal substitution models

Within isotemporal substitution models modeling associa-
tions of substitution of sedentary behavior with standing or
physical activity on HRQoL outcomes (Fig. 2; Supple-
mentary Table 2, Online Resource 2 with detailed results),
a significantly higher physical functioning score was
observed for substituting 1 h/day of sedentary time with
standing (B, 3.1; 95 % CI 0.5, 5.7) or with physical activity
(B, 5.6; 95 % CI 0.7, 10.6). In addition, substituting
1 h/day of sedentary time with standing was significantly
associated with lower disability and fatigue scores (3,
3.0, 95% CI —49, —1.1; and —4.0; —7.6, —0.3,
respectively). All statistically significant associations were
also of a meaningful magnitude (Supplementary Table 1,
Online Resource 2), except for the association between
substituting sedentary time with standing and physical
functioning. Further, favorable associations that exceeded
cutoffs for medium effect sizes were found for substituting
1 h/day of sedentary time with equal time in physical
activity with global quality of life, disability, depression,
and anxiety, but these associations were not statistically
significant (Fig. 2; Supplementary Table 2, Online
Resource 2). Nonsignificant and generally small associa-
tions were observed between substituting standing time
with physical activity and HRQoL outcomes (Supplemen-
tary Table 2, Online Resource 2). Isotemporal logistic
regression models with dichotomized outcomes showed
generally comparable results, but with wider CIs (Supple-
mentary Table 3, Online Resource 2).

Subgroup analyses

We observed differences in results between subgroups
based on gender, age, BMI, and perceived deficiency in
social support (Supplementary Table 4, Online Resource
2). In women only, substituting sedentary time with
physical activity was associated with significantly better
physical functioning and lower disability scores. Further,
only in survivors below 70 years of age, substituting
sedentary time with standing was associated with signifi-
cantly higher physical functioning and lower disability
scores. In addition, only in non-obese survivors, substitut-
ing sedentary time with physical activity was associated
with significantly higher global quality of life, and lower
depression and anxiety scores, and substituting standing
time with physical activity was associated with lower
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depression and anxiety scores. Finally, only in survivors
reporting a deficiency in social support, substituting
sedentary time with standing was associated with signifi-
cantly better global quality of life and physical functioning,
and lower disability and fatigue scores. No differences in
results by number of comorbidities were found.

Discussion

To our knowledge, this is the first study applying isotem-
poral substitution modeling to study how substituting
sedentary time with standing or physical activity was
associated with HRQoL outcomes in CRC survivors. Our
results show that substituting 1 h/day of sedentary time
with equal time in standing or physical activity was asso-
ciated with significantly better physical functioning. In
addition, substitution of sedentary time with standing was
associated with significantly lower disability and fatigue.
Nearly all of these significant associations were of a
meaningful magnitude, which suggests that these findings
may have clinical relevance. Substituting sedentary time
with physical activity was found to be meaningfully but not
significantly associated with better global quality of life,
and lower disability, depression, and anxiety. We observed
neither significant nor meaningful associations with role
and social functioning.

In line with our findings, a previous prospective study,
which applied isotemporal substitution modeling for ana-
lyzing effects of substituting sedentary time with LPA and
MVPA in older adults from the general population,
observed that substitution with LPA or with MVPA was
independently associated with better self-reported physical
health, while LPA was also associated with psychosocial
well-being [44]. One hypothesized mechanism linking
sedentary behavior with health-related outcomes in cancer
survivors is metabolic dysfunction, in particular adiposity
and insulin resistance [45]. Previous prospective studies
applying isotemporal modeling have observed that substi-
tuting sedentary behavior with LPA and MVPA was ben-
eficially associated with cardio-metabolic outcomes in the
general population [46] and weight loss in premenopausal
women [10]. In addition, an intervention study in a con-
trolled laboratory setting with 18 healthy subjects recently
observed that substituting 6 h/day of sedentary time with
4 h of walking and 2 h of standing significantly improved
insulin sensitivity and plasma lipids [47]. This further
suggests that replacing sedentary time with time in LPA,
such as standing or walking, might be beneficial for
metabolic health, next to increasing levels of MVPA.
Whether these mechanisms can explain the associations we
observed with HRQoL in CRC survivors remains to be
elucidated.
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Table 3 Associations of sedentary, standing, and physical activity time with health-related quality of life scores” in colorectal cancer survivors
in single-variable and partition linear regression models®

Sedentary (per 1 h/day) Standing (per 1 h/day) Physical activity (per 1 h/day)
B 95 % CI B 95 % CI B 95 % CI

Global quality of life (n = 136)

Single-variable models® —1.6 -3.4,0.1 1.2 —1.0, 3.5 3.6 —-0.8, 7.9

Partition model® —1.7 -52,1.8 —-0.8 —4.5,2.9 1.4 —4.4,7.3
Physical functioning (n = 136)

Single-variable models® -33 -52,—-14 4.4 2.1,6.8 8.3 3.7,13.0

Partition model® 1.0 —2.6, 4.6 4.1 0.3,79 6.6 0.6, 12.7
Role functioning (n = 136)

Single-variable models® —2.4 —4.8, 0.0 3.5 0.5, 6.5 4.3 —1.8, 10.3

Partition model* 0.2 —-4.7,5.1 33 —1.8, 8.4 1.9 -6.1,9.9
Social functioning (n = 136)

Single-variable models® —1.0 -2.9,0.8 1.1 —1.2,34 1.2 —34,58

Partition model® —1.0 —4.7, 2.7 0.2 —-3.7,4.1 —0.6 —6.8,5.5
Disability (n = 132)

Single-variable models® 2.7 14, 4.1 —-3.7 —54, =2.0 —-5.8 —-92, -24

Partition model —-0.3 —-29,24 -32 —6.1, =04 -3.6 —8.0, 0.8
Fatigue (n = 134)

Single-variable models® 3.6 1.0, 6.2 —4.3 -7.5,—-1.0 —6.1 —12.6, 04

Partition model® 1.8 —-3.3,6.8 —-2.2 —-7.5,3.2 —1.8 —10.3, 6.6
Depression (n = 135)

Single-variable models® 0.2 -0.2, 0.5 —0.1 —0.6, 0.3 -0.5 —1.3,0.3

Partition model® 0.1 —0.6, 0.7 0.0 —0.7, 0.7 —-0.4 —1.5,0.7
Anxiety (n = 135)

Single-variable models® 0.1 —-0.2, 0.5 —0.1 —-0.6, 0.3 -0.7 —1.5,0.2

Partition model? —0.1 —0.8, 0.6 0.0 —0.8, 0.7 —-0.8 —1.9,04

f unstandardized regression coefficient (representing the difference in mean health-related quality of life score per additional 1 h/day of
sedentary, standing or physical activity time); CI confidence interval

# Scales are 0-100 (global quality of life, physical, role, and social functioning, and disability), 20-140 (fatigue), and 0-21 (depression and
anxiety), with higher scores indicating higher global quality of life, physical, role, and social functioning, disability, fatigue, depression, and
anxiety

® All models were adjusted for age (years), gender, number of comorbidities (0/1/> 2), smoking status (current/previous or never), time since
diagnosis (years), cancer stage (I/II/III), body mass index (kg/m?), perceived deficiency in social support score (continuous), chemotherapy
received (yes/no; only models with physical functioning, fatigue, and depression as outcome), stoma (yes/no; only models with physical and role
functioning, disability, and anxiety as outcome), tumor subsite (colon/rectum, with rectosigmoid classified as rectum; only models with physical
and role functioning, and disability as outcome), education level (low/medium/high; only models with fatigue and depression as outcome),
having a partner (yes/no; only models with anxiety as outcome)

¢ Each activity category (sedentary, standing, and physical activity time) was entered separately in a single confounder-adjusted model without
adjustment for any of the other activities, to estimate overall associations of each activity category separately

4 All activity categories (sedentary, standing, and physical activity time) were entered simultaneously in a single confounder-adjusted model, to
estimate independent associations of each activity category, while keeping time in other activities constant

An important strength of our study is the use of  24]. However, due to the limited reproducibility of the
isotemporal substitution modeling, which enabled us to =~ MOX monitor at moderate-to-vigorous intensity levels, we
analyze separately how substituting sedentary time with  could not differentiate between LPA and MVPA within our
standing or with physical activity was associated with the  analyses. Another limitation to consider is the cross-sec-
HRQoL of CRC survivors. In addition, the use of a thigh-  tional design of our study. We cannot exclude the possi-
mounted activity monitor provided objective and accurate  bility of reverse causality, and our substitution models
data on sedentary, standing, and physical activity time [8,  represent cross-sectional replacements of time spent in
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«Fig. 2 Results of confounder-adjusted isotemporal substitution mod-
els for investigating associations of substituting 1 h/day of sedentary
time with equal time in standing or physical activity with a global
quality of life, b physical, ¢ role, and d social functioning (European
Organization for the Research and Treatment of Cancer Quality of
Life Questionnaire-Core 30, n = 136, scales: 0-100), e disability
(World Health Organization Disability Assessment Schedule II,
n = 132, scale: 0-100), f fatigue (Checklist Individual Strength,
n = 134, scale: 20-140), and g depression and h anxiety (Hospital
Anxiety and Depression Scale, n = 135, scales: 0-21). Dagger ()
denotes that the mean difference in health-related quality of life score
(i.e., the regression coefficient) exceeds calculated cutoff for mean-
ingful differences in health-related quality of life outcomes, and
asterisk (*) denotes that the mean difference is statistically significant
(p < 0.05)

different activities on a population level, rather than actual
activity replacement within individuals. Even though the
association of sedentary behavior with HRQoL in CRC
survivors is likely to be reciprocal and to result in a
downward spiral, interventions targeting sedentary behav-
ior might break this spiral and thus improve HRQoL in
CRC survivors [5]. Prospective data are needed to confirm
our findings. Additionally, participants differed in age and
perhaps other (non-measured) characteristics from non-
participants, which could limit the generalizability of our
findings due to potential selection bias. Further, we per-
formed a considerable number of significance tests within
our analyses, which may have resulted in false positive
findings. However, we observed a consistent pattern of
substitution of sedentary behavior with standing or physical
activity being beneficially associated with multiple HRQoL
outcomes according to a priori hypothesized directions and
mostly exceeding predefined cutoffs for meaningful dif-
ferences. This suggests that the observed associations are
not likely to be mere chance findings but could be clini-
cally relevant associations, although replication in future
studies is necessary. Finally, due to the limited sample size,
our statistical analyses might have been underpowered for
detecting associations of substituting sedentary time with
physical activity, as meaningful but nonsignificant associ-
ations were observed with certain HRQoL outcomes.

In conclusion, we observed in these cross-sectional
analyses using isotemporal substitution modeling that
substituting sedentary time with standing or with physical
activity may be beneficially associated with certain
HRQoL outcomes in CRC survivors. We observed that
certain associations differed depending on specific char-
acteristics of CRC survivors, such as age and gender,
which could be relevant for development of tailored life-
style interventions aimed at safeguarding this population’s
HRQoL. Prospective studies are needed to examine whe-
ther actual replacement of sedentary time with standing or
with physical activity can lead to clinically relevant
improvements in the HRQoL of CRC survivors and to

reveal the underlying mechanisms. This information can be
used to develop more effective lifestyle interventions tar-
geting activities which likely have the most optimal health
benefits for CRC survivors. Ultimately, these interventions
will be suitable candidates for further testing in future
intervention studies.
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