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Abstract

Several systematic reviews and meta-analyses have summarized the association between sedentary behavior (SB) and can-
cer. However, the level of evidence and the potential for risk of bias remains unclear. This umbrella review summarized the
current data on SB in relation to cancer incidence and mortality, with a particular emphasis on assessing the risk of bias.
We searched PubMed, Web of Science and Cochrane Database for systematic reviews and meta-analyses on the association
between SB and cancer incidence and mortality. We also searched for recent observational studies not yet included in existing
meta-analyses. We re-calculated summary risk estimates for cancer incidence and mortality using random effects models. We
included 14 meta-analyses covering 17 different cancer sites from 77 original studies. We found that high SB levels increase
the risk for developing ovarian, endometrial, colon, breast, prostate, and rectal cancers, with relative risks of 1.29 (95% con-
fidence interval (CI)=1.08-1.56), 1.29 (95% CI=1.16-1.45), 1.25 (95% CI=1.16-1.33), 1.08 (95% CI=1.04-1.11), 1.08
(95% CI=1.00-1.17), and 1.07 (95% CI=1.01-1.12), respectively. Also, we found an increased risk of cancer mortality of
1.18 (95% CI=1.09-1.26). Most associations between SB and specific cancer sites were supported by a “suggestive” level of
evidence. High levels of SB are associated with increased risk of several types of cancer and increased cancer mortality risk.
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Introduction

Worldwide, the prevalence of cancer has risen sharply in
recent years, and cancer contributes to a large burden of
disease [1, 2]. To decrease cancer incidence, prevalence and
mortality, a preventive approach is crucial. Whereas known
risk factors such as tobacco use and alcohol consump-
tion should be avoided, protective factors such as physical
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activity, a healthy diet and a healthy body weight should
be strengthened [3]. Sedentary behavior has been shown
to increase cancer incidence and mortality [4]. Sedentary
behavior is defined as “any waking behavior character-
ized by an energy expenditure < 1.5 metabolic equivalents,
while in a sitting, reclining or lying posture” [5] and is a
highly prevalent behavior in our daily lives [6]. Adults spent
approximately 8.2 h per day with sitting behaviors [6].

Findings of existing observational studies on the asso-
ciation between sedentary behavior and cancer have been
summarized by a growing number of systematic reviews and
meta-analyses. Specifically, sedentary behavior has been
shown to increase the risks of colorectal, breast, ovarian
and endometrial cancers [7—11]. However, the potential risk
of bias in previous studies has not yet been well investigated
and therefore, the level of evidence remains unclear. In addi-
tion, some meta-analyses reported high levels of statistical
heterogeneity for some of the associations, particularly the
relation with colorectal cancer incidence. Such statistical
heterogeneity may weaken the level of evidence.

The primary aim of this umbrella review was to critically
analyze existing systematic reviews and meta-analyses of

@ Springer


http://orcid.org/0000-0002-9723-8781
http://crossmark.crossref.org/dialog/?doi=10.1007/s10654-022-00873-6&domain=pdf

R. Hermelink et al.

sedentary behavior in relation to risk of various cancers and
cancer mortality. We performed an updated meta-analysis
of every association between sedentary behavior and cancer
incidence previously examined and we rated the levels of
evidence regarding the individual associations. We addition-
ally performed a second screening for individual studies that
were not already incorporated in the included systematic
reviews or meta-analyses to provide the most accurate and
up-to-date evidence from the literature.

Methods
Literature search

We conducted a comprehensive literature search from incep-
tion to October 2021 by screening PubMed, Web of Sci-
ence, and the Cochrane Database of Systematic Reviews for
systematic reviews and meta-analyses that investigated the
association between sedentary behavior and risk of cancer
incidence and mortality. Supplementary Table S1 shows
the complete search strategy for PubMed. Similar search
algorithms were used for the other databases. In addition,
we hand-searched the reference lists of the eligible studies.

To identify individual studies that had not yet been
included in previous systematic reviews and meta-analyses,
we performed a comprehensive literature search of relevant
observational studies (including cohort and case—control
studies) published between January 2014 and October 2021
(Supplementary Table S2). A search for missing individual
studies prior to January 2014 was not performed since that
time period was already covered by underlying meta-analy-
ses. The literature search and all methodological steps of the
umbrella review were defined a priori in an internal protocol
(that is not publicly available).

Selection of reviews

We defined inclusion and exclusion criteria a priori. We
only considered systematic reviews and meta-analyses pub-
lished in English that investigated the association between
sedentary behavior and risk of cancer incidence or all-cancer
mortality. Furthermore, we included one systematic review
[12] that additionally investigated post-diagnosis sedentary
behavior in relation to colorectal cancer-specific mortality.
We included systematic reviews that performed a quanti-
tative analysis and provided a summary effect measure as
well as the corresponding data from individual studies. We
excluded narrative reviews or systematic reviews that did
not contain a quantitative synthesis. We further excluded
meta-analyses if individual studies were already included
or if physical inactivity was used as reference.
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Two researchers (RH and CJ) independently screened
titles, abstracts, and full texts; removed duplicates; and
selected the eligible reviews. A third researcher (ML) set-
tled disagreements between the two researchers (Fig. 1). If
several meta-analyses examined the same cancer site and
included the same observational studies, we included the
most recent meta-analysis. If several meta-analyses exam-
ined the same cancer site but included different individual
studies (i.e., for colon, rectum and breast cancers), we
included more than one meta-analysis for a specific cancer
site in order to ensure that all existing individual studies
were included in the umbrella review. To avoid overlap of
studies, data analyses were performed separated by review.
Supplementary Table S3 shows the included and excluded
reviews as well as the reasons for exclusion.

Selection of studies

Since there was no up-to-date meta-analysis available for
every single association at the time this umbrella review
was conducted, we undertook a second screening without
restriction to systematic reviews or meta-analysis to include
potentially missed observational studies (Fig. 2). We used
the same screening criteria and examined relevant data-
bases from January 2014 to October 2021 (Supplementary
Table 2). New individual studies included in our meta-
analyses needed to be observational in nature, investigate
the association between any type of sedentary behavior and
cancer incidence or mortality, report summary risk estimates
and corresponding 95% CI, and perform adequate statistical
adjustment. We excluded individual studies that used the
terms “sedentary” or “sitting” to define the reference group
of physical activity categories, or studies that represented a
mere update of a previous study.

Assessment of methodological quality

Two researchers (RH and CJ) independently assessed the
methodologic quality of the included meta-analyses using
“A Measurement Tool to Assess Systematic Reviews—2"
(AMSTAR-2, [13]) (Supplementary Table S4), a validated
tool suitable for systematic reviews of non-randomized
intervention studies. Subsequently, ratings were compared
and disagreements were resolved by consensus after further
discussion with a third party (ML).

Data extraction

We extracted the following data from the included meta-
analyses: first author’s name, year of publication, number
of studies included, sample size, type of sedentary behavior
(total sitting, occupational sitting, recreational sitting, TV-
viewing time), type of cancer, and summary risk estimates
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Fig. 1 Flow diagram of literature search and study selection for systematic reviews and meta-analyses

(relative risk (RR), hazard ratio (HR) or odds ratio (OR))
with corresponding 95% confidence intervals (CI). For each
individual study included in the meta-analyses, we extracted
the first author’s name, year of publication, study design
(case—control or cohort study), sex, numbers of cases and
controls (for case—control studies), numbers of cases and
sample size (for cohort studies), type of sedentary behav-
ior, summary risk estimate (RR, HR, or OR), and 95% CI.
Furthermore, we extracted the study geographic region
and statistical adjustments considered. If available, we also
extracted the results of subgroup and dose—response analy-
ses. When more than one meta-analysis was included for
a specific cancer site, we only extracted the data from the
individual studies to avoid including partly the same popu-
lation. Two authors (RH and CJ) independently performed
data extraction and resolved inconsistencies by consensus.

Statistical analysis
Main analysis

The primary aim of this umbrella review was to examine
the association between ‘any sedentary behavior’ (i.e.,
total sitting, occupational sitting, recreational sitting, and
TV-viewing time) and cancer incidence. If individual stud-
ies investigated more than one type of sedentary behavior,

we selected the summary estimates in the following order:
total sitting, recreational sitting, occupational sitting and
TV-viewing time. We re-calculated summary risk estimates
(represented as RR, HR, or OR) for risk of cancer at indi-
vidual sites as well as for all-cancer mortality and for cancer-
specific mortality using random effects models. Because the
absolute risks of the studied outcomes are expected to be low
in the general population, the 3 measures of association (OR,
RR, HR) are also expected to produce comparable estimates.
Therefore, all risk estimates were interpreted as relative risks
(RRi) for simplicity [14]. For data analysis, we combined
the individual studies from the included meta-analyses with
newly screened individual studies. To account for the fact
that case—control studies show a lesser degree of validity
than cohort studies, we conducted separate meta-analyses of
cohort studies only. All statistical analyses were performed
using R, version 4.0.2. [15].

Stratified, subgroup, and influence analyses

For each cancer entity, we performed meta-regression ran-
dom effects meta-analysis to assess potential heterogene-
ity by sex (for non-sex-specific cancers), study geographic
region, study design, sedentary behavior domain, and num-
ber of adjustment factors. Furthermore, we investigated the
influence of adjusting for specific confounders, namely, body
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mass index (BMI), smoking, alcohol consumption, and fam-
ily history of cancer. If reasonable, we conducted analyses
stratified by menopausal and hormone use status. We per-
formed influence diagnostics to detect potential outliers
that strongly influence heterogeneity or effect size [16, 17].
Furthermore, we implemented the Graphic Display of Het-
erogeneity (GOSH) plot, a method proposed by Olkin et al.
[18]. If outliers were discovered, we conducted sensitivity
analyses excluding the outliers to see whether the observed
heterogeneity could be significantly reduced.

Between-study heterogeneity

To detect possible heterogeneity between studies, we applied
the I statistic, which reflects the proportion of the total vari-
ation across studies beyond chance [19]. An P value > 50%
was considered an indication of high heterogeneity. We also
calculated the 95% prediction intervals [20]. The predic-
tion intervals further take into account the between-study
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heterogeneity and estimate the range of effects that would be
expected in a future study investigating the same association.

Publication bias, small study effect and excess significant
biases

To detect potential publication bias, we created funnel plots
for our calculated meta-analyses [17]. To assess whether
asymmetry in the funnel plot was due to small study effects,
we performed the regression asymmetry test proposed by
Egger and colleagues [21]. Small study effect bias was con-
sidered present when Egger’s test p value was <0.10 and
the effect size of the largest study (smaller standard error
(SE)) of a meta-analysis was lower than the meta-analysis
random effects estimate [22]. When Egger’s test showed
significant asymmetry, we performed the trim and fill test
to estimate the actual effect size if the potential “missing”
studies had been published [23]. Furthermore, we performed
the excess significance test to evaluate whether the number
of statistically significant studies with p <0.05 included in
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each individual meta-analysis differed from the expected
number of significant studies. An excess of statistically
significant findings may imply selective reporting bias in
a meta-analysis. The expected number of significant asso-
ciations was calculated based on the sum of the statistical
power estimates for each component study, based on a non-
central ¢ distribution against a plausible effect size, which
was defined as the effect size of the largest and most precise
study (smallest standard error) in each meta-analysis. If the
number of statistically significant studies in the test was
disproportionately high (p <0.1), an excess of significant
studies was assumed [24, 25].

Grading the evidence

It has become common practice to classify meta-analyses
by their level of evidence and to perform umbrella reviews
in order to provide the highest quality of evidence from
existing meta-analyses [26]. In line with previous umbrella
reviews[27-30], we classified the evidence of the included
meta-analyses with statistically significant (p < 0.05) results
as convincing, highly suggestive, suggestive, or weak, fol-
lowing the criteria by Fusar-Poli et al. [14]. Table 1 shows
the criteria for each category of evidence. Briefly, a strong
association was reported when the random-effects p < 107°
(a threshold considered to substantially reduce false posi-
tive findings) [31-33], the meta-analysis included > 1000
cases, there was no substantial between-study heterogeneity,

the prediction intervals excluded the null value, and there
was no indication of small study or excess significance
bias. A highly suggestive association was supported by a
p< 107%,> 1000 cases, and the largest study in the meta-
analysis presenting a nominally significant effect. Asso-
ciations with suggestive evidence had > 1000 cases and a
p <1073, All other nominally statistically significant asso-
ciations (i.e., p <0.05) were denoted as weak evidence. This
grading scheme allows for an objective, standardized classi-
fication of the level of evidence [14, 34] and has been shown
to provide consistent results with other grading schemes,
especially in the field of cancer epidemiology [29].

Results

Description and characteristics of the included
meta-analyses

Our search of electronic databases and hand-searching
of reference lists yielded a total of 122 studies. After the
exclusion of 91 reviews that did not meet our inclusion cri-
teria, a total of 14 systematic reviews and meta-analyses
were eligible for our umbrella review (Fig. 1). Ten of the
14 included systematic reviews examined the association
of sedentary behavior and cancer incidence, whereas five
systematic reviews examined all-cancer mortality, with one
meta-analysis [35] investigating both cancer incidence and

Table 1 Criteria used for grading the level of evidence of studies examining sedentary behavior and cancer incidence or cancer mortality

Evidence Elevated Risk
Criteria Cohort and Case—Control Cohort
Convincing (Class I) p<107%,>1000 cases, I><50%, 95% None None

prediction interval excluding the
null, no small-study effect* and no
excess significance biast

p <107, largest study with a statisti-
cally significant effect and class I
criteria not met

> 1000 cases, p < 1072 and class I-1I
criteria not met

Highly suggestive (Class II)

Suggestive (Class III)

Weak (Class IV) p<0.05 and class I-11I criteria not

met

Non-significant (Class V)  p>0.05

All-cancer mortality

Colon cancer, Endometrial cancer,
Breast cancer, Rectal cancer, Ovar-

All-cancer mortality

Colon cancer, Endometrial cancer,
Breast cancer

ian Cancer

Prostate cancer

Lung cancer, Gastric cancer,

Esophageal cancer, Testicular
cancer, Renal cell cancer, Non-
Hodgkin Lymphoma, Gallbladder
cancer, Head and Neck cancer,
Liver cancer, Melanoma, Multiple
Myeloma, Pancreatic cancer

Rectal cancer, Prostate cancer,
Ovarian Cancer

Lung cancer, Gastric cancer,
Esophageal cancer, Testicular
cancer, Renal cell cancer, Non-
Hodgkin Lymphoma, Gallbladder
cancer, Head and Neck cancer,
Liver cancer, Melanoma, Multiple
Myeloma, Pancreatic cancer

*Small study effect is based on the p-value from Egger’s regression asymmetry test (p <0.1)

"Based on the p-value (p <0.1) of the excess significance test using the largest study (smallest standard error) in a meta-analysis as the plausible

effect size
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mortality. Supplementary Table S3 shows the characteristics
of the included systematic reviews and meta-analyses, and
Supplementary Table S4 shows the detailed scoring of each
systematic review based on the AMSTAR-2 rating. None
of the meta-analyses explained their selection of the study
designs for inclusion in the review (Item 3, Supplementary
Table S4) and none reported the source of funding (Item
10, Supplementary Table S4). Furthermore, the majority of
reviews did not provide a list of excluded studies or justify
the exclusions (Item 7, Supplementary Table S4).

Our literature search for individual observational studies
that had not yet been included in published meta-analyses
revealed thirteen additional and non-overlapping studies
[36—48]; two studies on lung cancer incidence, three on
colorectal cancer incidence, one on ovarian cancer inci-
dence, one on endometrium cancer incidence, one on breast
cancer incidence, one on esophageal cancer incidence, one
on melanoma incidence, two on all-cancer mortality and one
on several types of cancer (Fig. 2).

For cancer incidence of individual sites, we included ten
[7-9, 11, 35, 49-53] meta-analyses with a total of 212,707
cancer cases and 17 different cancer sites from 77 individual
studies (50 cohort and 27 case—control studies). Of those
eleven meta-analyses, ten showed a statistically significant
association with cancer incidence.

The association between sedentary behavior and all-
cancer mortality was examined by five [12, 35, 54-56] sys-
tematic reviews and meta-analyses and one new individual
study, yielding a total of 50,406 reported cancer deaths from
17 cohort studies. In addition, three [57-59] cohort studies

examined the association between post-diagnosis sedentary
behavior and colorectal cancer-specific mortality, and one
study [60] investigated the association between overall sed-
entary behavior and colorectal cancer-specific mortality.
The association for prostate cancer-specific mortality was
examined by three [61-63] cohort studies included in the
meta-analysis by Berger et al [49].

All 14 meta-analyses included in our umbrella review
(Supplementary Table S3) calculated summary effect esti-
mates and corresponding 95% Cls using a random effects
model. Whereas all meta-analyses reported the number of
cases, none performed an excessive significance test and
none calculated prediction intervals. By comparison, I het-
erogeneity estimates (n=14; 100%), funnel plots (n=13;
93%), and small study effects (n=12; 86%) were reported
by the majority of included meta-analyses.

Summary effect size and robustness
of evidence

After combining all individual studies (extracted from the
included meta-analyses and combined with newly identified
individual studies) in our newly performed meta-analyses,
the association between sedentary behavior and cancer inci-
dence was statistically significant in six of 17 (35%) cancer
sites (ovarian, breast, colon, endometrial, rectal and prostate
cancers) (Figs. 3 and Fig. 4). Following the criteria reported
in Table 1, the associations between sedentary behavior
and breast cancer (RR=1.08; 95% CI=1.04-1.12), colon

Numberof Number p-value NosignofEx. No sign of small Level of
Cancer studies of cases (REM) Significance bias study bias P<50% evidence
All-cancer mortality 17 50406 <10 v highly suggestive ——y
Colon cancer 34 30688 <10° - - suggestive s
Rectal cancer 28 18411 <103 v v v suggestive ot
Breast cancer 29 98451 <10 - v N suggestive o
Endometrial cancer 11 4561 <10 v v v suggestive ey
Ovarian cancer 8 1436 <103 v v v suggestive L]
Prostate cancer 14 31351 <0.05 v v - weak o
Lung cancer 9 12460 NS NP NP - NS b e
Gastric cancer 8 2676 NS NP NP v NS 8t
Esophageal cancer 7 1558 NS NP NP v NS e
Testicular cancer 3 1375 NS NP NP v NS —
Renal cell cancer 3 1839 NS NP NP v NS e
Non-Hodgkin lymphoma 3 4886 NS NP NP N NS ——i
Gallbladder cancer 2 105 NS NP NP v NS
Head and Neck cancer 1 371 NS NP NP v NS L —
Liver cancer 3 548 NS NP NP v NS L R—
Melanoma 2 1154 NS NP NP v NS —te—
Multiple Myeloma 1 414 NS NP NP v NS
Pancreatic cancer 2 448 NS NP NP v NS LS I

Prediction interval

Fig.3 Grading the level of evidence of both case—control and cohort
studies for the relationship between sedentary behavior and cancer
incidence or cancer mortality. Number of studies is referred to the
number of studies included in the individual meta-analysis. Number
of cases is referred to the number of cancer conditions. Small study
bias is considered positive if the p-value in Egger's test is less than
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— 95% Confidence interval —

1 Relative Risk ° 2 %5

0.10. The excess significance bias is considered positive if the num-
ber of significant studies is greater than the number of significant
studies expected (based on the largest study with the smallest SE)
and the p-value is less than 0.10. Abbreviations: REM random effect
model, NS not statistically significant, NP not performed
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Numb Numb. p-vall No sign of Ex.  No sign of small Level of
Cancer of studies of cases (REM) Significance bias study bias P<50% evidence
All-cancer mortality 17 50406 <10°® v - highly suggestive s
Colon cancer 21 27754 <10°¢ - v - suggestive s
Breast cancer 20 78354  <10° v v v suggestive o
Endometrial cancer 6 2273 <10° v v v suggestive =
Ovarian cancer 4 1164 <0.05 v v v weak A R~
Rectal cancer 15 16411  <0.05 v v v weak —
Prostate cancer 13 31322 <0.05 v v weak —.—
Lung cancer 8 12459 NS NP NP - NS
Gastric cancer 6 2383 NS NP NP v NS
Esophageal cancer 6 1508 NS NP NP v NS
Renal cell cancer 3 1839 NS NP NP v NS
Non-Hodgkin lymphoma 2 3867 NS NP NP v NS
Gallbladder cancer 2 105 NS NP NP v NS
Head and Neck cancer 1 371 NS NP NP v NS
Liver cancer 3 548 NS NP NP v NS
Melanoma 2 1154 NS NP NP v NS
Multiple Myeloma 1 414 NS NP NP v NS
Pancreatic cancer 2 448 NS NP NP v NS T s
Prediction interval — 95% Confidence interval — 0 05 ! 3 2 2
Relative Risk

Fig.4 Grading the level of evidence of cohort studies for the rela-
tionship between sedentary behavior and cancer incidence or can-
cer mortality. Number of studies is referred to the number of studies
included in the individual meta-analysis. Number of cases is referred
to the number of cancer conditions. Small study bias is considered
positive if the p-value in Egger's test is less than 0.10. The excess sig-

cancer (RR=1.25; 95% CI=1.16-1.33), rectal cancer (RR
1.07; 95% CI 1.01-1.12), endometrial cancer (RR=1.29;
95% CIl=1.15-1.44) and ovarian cancer (RR=1.29; 95%
CI=1.17-1.54) were supported by a suggestive level of
evidence, whereas the association with prostate cancer
(RR=1.08; 95% CI 1.00-1.17) showed a weak level of
evidence. When including only cohort studies in our meta-
analysis, the levels of evidence were lowered for rectal
cancer incidence and ovarian cancer incidence (Supple-
mentary Tables S5 and S6). Furthermore, there was highly
suggestive evidence that sedentary behavior is associated
with increased risk of all-cancer mortality (RR=1.18;95%
CI=1.09-1.26).

Three individual studies additionally examined the rela-
tionship between post-diagnosis sedentary behavior and
colorectal cancer-specific mortality. Sedentary behavior
performed after colorectal cancer diagnosis led to increased
colorectal cancer-specific mortality (RR=1.61, 95%
CI=1.23-2.11). Furthermore, one study conducted among
Japanese Population [60] found that sedentary behavior led
to an overall increased risk of colorectal cancer-specific
mortality (RR=1.33, 95% CI=1.02-1.73). Finally, there
was a non-significant increase in overall prostate cancer-
specific mortality (RR=1.14, 95% CI=0.94-1.38) after
pooled-analysis from three individual studies was performed
in the meta-analysis by Berger et al.

One meta-analysis [11] reported that the associa-
tion between sedentary behavior and breast cancer and

nificance bias is considered positive if the number of significant stud-
ies is greater than the number of significant studies expected (based
on the largest study with the smallest SE) and the p-value is less than
0.10. Abbreviations: REM random effect model, NS not statistically
significant, NP not performed

was positive in postmenopausal women (RR=1.20; 95%
CI=1.00-1.44), whereas it was null in premenopausal
women (RR=1.04; 95% CI=0.84-1.32).

Tables S5 and S6 show the robustness of evidence grad-
ing for the meta-analyses of the associations between sed-
entary behavior and risk of individual cancers. In addition
to the results described above, we could not find a statistical
significant relation of sedentary behavior to increased risks
of lung cancer, gastric cancer, esophageal cancer, renal cell
cancer, testicular cancer, liver cancer, non-Hodgkin lym-
phoma, pancreatic cancer, melanoma, multiple myeloma
and head and neck cancer.

Publication bias, small study effect and excess
significant biases

Visual inspection of the funnel plots of the seven statistically
significant meta-analyses revealed asymmetry of the asso-
ciation between sedentary behavior and colon cancer inci-
dence and all-cancer mortality, and Egger’s test indicated
the existence of small study effects for the two meta-analyses
(p <0.10). After applying the trim and fill test, the positive
associations in the two meta-analyses were weakened, sup-
porting the presence of small study effects (Supplementary
Table S5).

When only cohort studies were included in the meta-
analyses, the association between sedentary behavior and
colon cancer no longer showed small study effects (Egger’s
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p=>0.1) (Supplementary Table S6). Furthermore, if only
case—control studies published after 1999 were considered
in the meta-analysis, the small study effects bias was no
longer present, without altering the summary risk estimate
(RR=1.24;95%CI=1.16-1.32, Egger’s p>0.1). This time
cut point was chosen because it is only in the past 20 years
that a comparable definition of sedentary behavior has
emerged.

Two meta-analyses including both cohort and case—con-
trol studies on the associations with colon and breast cancer
incidence showed an excess of significant results beyond the
expected number of significant studies, suggesting publica-
tion bias. When we restricted the meta-analyses to cohort
studies, the excess significance bias for the association with
breast cancer disappeared, while the excess significance for
the association with colon cancer remained evident (Sup-
plementary Tables S5 and S6).

Between-study heterogeneity and prediction
intervals

Ten of the 17 (59%) associations with cancer incidence
showed lower levels of statistical heterogeneity, whereas
the remaining seven associations showed a greater level of
statistical heterogeneity (Supplementary Tables S5 and 6).
When considering only the seven statistically significant
results (six for cancer incidence and one for all-cancer mor-
tality), the associations with colon and prostate cancer inci-
dence as well as with all-cancer mortality showed signs of
higher statistical heterogeneity between studies (I > 50%).
When calculating the prediction intervals, the null could not
be excluded in three of the seven significant associations
(breast, colon and prostate cancer; Supplementary Tables
S5 and S6).

Stratified, subgroup, and influence analyses

We performed stratified analyses of endpoints with sta-
tistically significant associations (Supplementary Tables
S7-S13). The association between sedentary behavior and
colon cancer incidence showed a statistically significant dif-
ference in the magnitude of risk according to study design,
where the risk increase was greater when only case—con-
trol studies were included. For the remaining associations,
differences between study design subgroups were less con-
sistent. Furthermore, there were relevant differences when
analyzing the various geographic regions in which the stud-
ies were conducted. In particular, studies from the Asian
region showed divergent results in the majority of meta-anal-
yses. Particular attention was paid to whether studies were
adjusted for BMI. There was no consistent result. In some
instances, the association for certain cancers (e.g., endome-
trial cancer) was null in the analysis that was adjusted for
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BM]I, although differences between studies were not statisti-
cally significant.

Additionally, we performed influence diagnostics and
GOSH plots to detect and remove outliers and we re-ran our
models to assess whether observed heterogeneity could be
reduced. For ovarian cancer incidence, we detected one out-
lier [64]. After removing that study from the meta-analysis,
heterogeneity was reduced without changing the effect size.

Discussion
Primary findings

The aim of this umbrella review was to investigate the evi-
dence regarding the associations between sedentary behavior
and cancer incidence and all-cancer mortality. To this end,
we combined data for 17 individual cancer sites from more
than 70 distinct studies, including a total of over 200,000
cancer cases. We found statistically significant positive
associations between sedentary behavior and risk of cancer
incidence for six cancer sites (ovarian, endometrial, colon,
breast, rectal and prostate cancers) as well as a statistically
significant positive association with all-cancer mortality.
Apart from the identified meta-analyses, the evidence from
literature of a number of narrative reviews without quantita-
tive synthesis is largely in line with the evidence reported
in our review.

The association between sedentary behavior and ovar-
ian cancer showed a suggestive level of evidence. However,
that level of evidence was lowered to a weak level of evi-
dence when including only cohort studies. As some of the
included studies contributed less than ten cancer cases to the
summary of evidence, the power of the evidence is limited.
Nevertheless, the observed evidence regarding sedentary
behavior and ovarian cancer is an important finding, in par-
ticular because the guidelines put forth by the International
Agency for Research on Cancer (IARC [65]), the World
Cancer Research Fund International (WCRF [66]), and the
Physical Activity Guidelines Advisory Committee Scientific
Report (PAGA [67]) have not yet identified a meaningful
association between sedentary behavior and ovarian cancer
risk. Furthermore, our study indicated a suggestive level of
evidence regarding positive associations between sedentary
behavior and cancers of the endometrium, colon, breast, and
rectum.

Finally, among our statistically significant results, only
the association with prostate cancer incidence was supported
by a weak level of evidence, mainly because the p-value
was just below the 0.05 threshold, while there was no sign
of small study effects or publication bias. Even if this is a
completely new finding, the association remains weak and
could be explained by a lack of sufficient adjustments and
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residual confounding. Complementary, the trim and fill test
revealed six missing studies. Further studies are required to
potentially establish a higher level of evidence regarding the
sedentary behavior and prostate cancer relation.

In our umbrella review, we paid particular attention to
assessing the risk of bias and we applied numerous statis-
tical methods to evaluate the level of evidence regarding
individual associations. To assess the credibility of evidence,
we used a series of statistical tests to obtain hints of bias in
the literature. Other criteria for grading the evidence (e.g.,
Bradford Hill or GRADE) have been proposed by various
authors [68, 69]. The criteria we used were aimed at exam-
ining the potential for biases. However, caution is needed
when interpreting the criteria for grading the evidence used
in this umbrella review. It is important to keep in mind that
it is not possible to estimate the exact extent or source of bias
that affects the evidence and that there is no study that has
evaluated the validity of the criteria used in this umbrella
review theoretically such as using a simulation study. Nev-
ertheless, empirical evidence shows that this grading scheme
works remarkably well compared to other grading schemes
and has been used in numerous umbrella reviews [27-30].

The association of sedentary behavior to colon cancer
incidence and all-cancer mortality showed signs of hetero-
geneity and small study effect bias. When considering cohort
studies only, small study bias remained for the association
with all-cancer mortality but was no longer present for the
association with colon cancer incidence, indicating a pos-
sible bias in case—control studies of colon cancer. Also, for
colon cancer we found a statistically significant difference
in the summary risk estimate according to study design,
with a more pronounced risk increase in case—control than
cohort studies (47% versus 20%). This may be explained by
a disproportionately high number of unadjusted and dated
case—control studies, which used heterogeneous assessments
of sedentary behavior and included small numbers of cases.
In fact, the small study effect disappeared when case—con-
trol studies that were published before 1999 were excluded
(n=9). Excluding dated case—control studies only slightly
weakened the summary effect estimate (RR =1.24) but addi-
tionally reduced the heterogeneity from 51 to 32%, which
indicates improved data quality for case—control studies
published from the year 2000 onward. However, the power
to detect small study effects was limited due to a restricted
(n < 10) number of included studies on the association with
ovarian cancer incidence and endometrial cancer incidence
when only cohort studies were considered.

In addition to uncover potential small study effects, we
focused on examining potential excess significance bias. Of
the seven significant meta-analyses, there was excess signifi-
cance bias regarding the associations of sedentary behavior
with colon and breast cancers. If only cohort studies were
considered, that bias persisted for the association with colon

cancer incidence, confirming publication bias regarding the
literature on sedentary behavior and colon cancer incidence.
Interestingly, the excessive significance bias disappeared
when only cohort studies were considered for breast can-
cer incidence, suggesting an excess number of significant
case—control studies. However, the low amount of studies
included in the analyses of endometrial and ovarian cancer
incidence limited the power to detect excessive significance
bias for these associations.

The associations between sedentary behavior and cancers
of the lung, stomach, esophagus, testes, kidney, gallblad-
der, head and neck, liver, skin, pancreas, and non-Hodgkin
lymphoma and multiple myeloma were statistically non-
significant. For lung, esophageal and gastric cancer, there
were a considerable number of available studies (nine, eight
and seven individual studies, respectively) compared to the
remaining cancer sites, for which data remains limited. For
example, only one study investigated the association with
multiple myeloma.

The WCREF report in its section on sedentary behavior
mentions only the association between sedentary behavior
and endometrial cancer, classifying it as "limited evidence."
The IARC [65] and PAGA reports [67] classify the associa-
tion between sedentary behavior and risk of colorectal and
endometrial cancer as "limited evidence", with the IARC
report further adding breast cancer incidence to that group.
None of the three reports mention the association of sed-
entary behavior to ovarian or prostate cancer, the levels of
evidence of which we were able to classify in our umbrella
review.

Although TARC guidelines state that there is limited
evidence for a borderline statistically significant positive
association between sedentary behavior and lung cancer, a
relation known for its potential for confounding by smoking,
we found a null association in our analyses. The difference in
findings may be attributed to the fact that the meta-analyses
conducted to date had differences in inclusion criteria or pri-
oritization of exposure type. Furthermore, the meta-analysis
on which the IARC guidelines are based [7] was published
in 2014, with only four observational studies included. With
our updated analysis, we were able to detect four additional
observational studies, resulting in a non-significant 7%
risk increase for lung cancer incidence (RR=1.07; 95%
CI=0.91-1.25) for high versus low sedentary behavior.

An additional focus of our umbrella review was the asso-
ciation between sedentary behavior and all-cancer mortal-
ity. We found that sedentary behavior was associated with
a statistically significant 18% increased risk of all-cancer
mortality. When applying the criteria listed in Table 1, the
level of evidence appeared highly suggestive. There was
clear evidence of heterogeneity across studies (/> =57%)
and signs of small study effects (Egger’s p <0.01). Further-
more, the meta-analysis by Patterson et al. [54] performed a
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dose-response analysis, where the summary linear estimate
of the association between sedentary behavior (hours/day)
was 1.03 (1.02-1.04) in individuals exposed to TV-viewing
time, while the association with total sedentary behavior
was not statistically significant. When adjusted for physical
activity, the summary linear estimate was lowered to 1.02
(1.01-1.03) [54], confirming results showing that physical
activity attenuates the sedentary behavior and all-cancer
mortality association [55]. The results persisted across
numerous subgroup analysis (Supplementary table S8).

Another aspect that has received more attention in recent
years is the relationship between sedentary behavior and
colorectal cancer-specific mortality. In our study, post-
diagnosis sedentary behavior led to a risk increase of 61%
for colorectal cancer-specific mortality, suggesting a contri-
bution of sedentary behavior to worse survival after cancer
diagnosis. However, caution is needed when analyzing the
data for sedentary behavior and all-cancer mortality, as well
as for cancer-specific mortality. Most included studies com-
pared high vs low analyses and thus, the effect estimate may
be inflated compared to a linear analysis. Based on the meta-
analysis by Patterson et al. [54], an increased risk of 1.03
per hour of sedentary behavior/day is assumed. In our study,
the estimate was 1.18, which would correspond to 5.5 h/day
of sedentary behavior. Although most of the included stud-
ies used similar or higher cutoffs, few are based on lower
amount of sedentary behavior/day.

To further explore potential sources of heterogeneity, we
performed stratified analyses, influence analyses and outlier
analyses. The most significant differences were found in sub-
analyses stratified by geographic region and study design
(Supplementary Table S7-S13). Since a large proportion
of case—control studies included in our meta-analyses were
from the Asian region, this could also explain the differences
in results between study geographic regions. For most asso-
ciations, an increased risk of developing cancer was shown
in the TV-viewing subgroup. Even if differences were not
statistically significant, relying on TV-viewing time as meas-
ure of sedentary behavior could lead to an overestimation
of effects. Finally, within BMI subgroups, the association
between sedentary behavior and cancer was null for some
cancer entities. Although the difference between subgroups
was not significant, this finding underlines the importance
of adjusting for obesity.

An additional aim of the current study was to screen for
individual studies not yet included in a previous meta-analy-
sis. A total of thirteen new studies examining the association
between sedentary behavior and cancer incidence or mortal-
ity were identified and were included in our analysis. There
were no more than two additional studies for a given cancer
site. No relevant changes in the summary estimates and no
risk of bias were found when comparing the summary esti-
mates with and without the newly added individual studies.

@ Springer

Potential biologic mechanisms

In recent years, there has been an increased focus on the
molecular and physiological mechanisms through which
sedentary behavior may lead to cancer. It has been shown
that sedentary behavior leads to obesity [70, 71], a condition
that increases the risks of various types of cancer, includ-
ing endometrial, esophageal, renal and pancreatic adenocar-
cinomas; hepatocellular carcinoma; gastric cardia cancer;
meningioma; multiple myeloma; colorectal, postmenopausal
breast, ovarian, gallbladder and thyroid cancers [29, 72, 73].
In postmenopausal women, adipocytes (localized mainly
in fat tissue) are the main source of aromatase, an enzyme
which stimulates the production of estrogens from andro-
gens [74]. This mechanism causes an increased estrogen-
induced proliferation of the endometrial mucosa, leading
to an increased risk of gynecological neoplasia. Addition-
ally, obesity reduces the production of sex hormone bind-
ing globulin (SHBG), which leads to increased circulating
levels of free estrogen [75]. Sedentary behavior also leads
to increased estrogen levels independent of obesity, which
could contribute to the development of gynecological neo-
plasia [71].

Another possible mechanism that leads to increased can-
cer risk is the association of sedentary behavior and periph-
eral insulin resistance [76], the most important causal risk
factor for type 2 diabetes [77]. Type 2 diabetes leads to
increased levels of insulin-like growth factor-1 (IGF-1) and
blood glucose. These have a well-known mitogenic effect,
increasing the risk of developing various types of cancer,
including cancers of the breast, endometrium, colon, liver,
esophagus, kidney, and pancreas [78—81]. Finally, both
sedentary behavior and obesity lead to increased systemic
chronic inflammation [82, 83]. Systemic chronic inflamma-
tion is a well-known independent risk factor for the develop-
ment of cancer [84].

Strengths and limitations

To our knowledge, this is the first umbrella review examin-
ing the association between sedentary behavior and cancer
incidence and all-cancer mortality, thus making a novel
contribution to the literature. Since some of the included
meta-analyses are no longer up-to-date and lack more recent
studies, we conducted an additional screen to find new indi-
vidual studies. This allowed us to present an up-to-date
analysis of all cancer sites. We also evaluated all included
meta-analyses according to objective criteria (AMSTAR-2).
Furthermore, by performing the excessive significance bias
test and prediction interval calculations, we were able to
determine an objective level of evidence for all cancer sites,
which lends robustness to our results. The large sample
size with substantial numbers of cases further enhanced the
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power of our results and allowed us to perform numerous
sub-analyses.

Nevertheless, our umbrella review has some limitations.
While similar, each meta-analysis used different sets of
search algorithms and inclusion/exclusion criteria. There-
fore, merging meta-analyses led to the possibility of arti-
ficially introducing heterogeneity and increasing selection
and misclassification bias. In addition, the comparability of
individual studies is impaired due to different underlying
definitions of sedentary behavior and different measures of
sedentary behavior in the various studies. Particularly note-
worthy is that some of the included meta-analyses contained
individual studies whose measure of physical inactivity pro-
gressed straight from “walking” to “sitting” and therefore
did not adequately capture sedentary behavior [85]. Another
aim of this umbrella review was to provide the most up-to-
date evidence from the literature. The inclusion of additional
individual studies could have introduced bias by different
selection criteria. However, the number of newly included
individual studies was limited, making relevant bias unlikely.
Although the results were consistent across subgroups,
residual confounding cannot be ruled out. Furthermore,
time spent watching TV tends to be underestimated [86, 87],
which is why we only included summary estimates of TV
viewing time when no other measurement of exposure was
available. In addition, successful alterations of observational
associations for modifiable risk factors such as sedentary
behavior are not necessarily translated into large preven-
tive benefits for cancer. Although it has been shown that
interventions targeting the physical environment effectively
reduce sedentary behavior in the majority of populations
and settings [88], implementation of randomized controlled
trials has been shown to be difficult for behavioral inter-
ventions. Finally, it is known that questionnaires generally
underestimate the time spent in sedentary behaviors [89].
Since exposure information was mostly based on self-reports
and not from objectively assessed methods, this results in
potential measurement error. The assessment of total sitting
time seems to be most suitable for self-reported sedentary
behaviors, which is why we preferred the summary estimate
of total sitting time as measurement of sedentary behavior
[90]. It is recommended, if possible, to use objective, valid
and reliable assessment procedures [89] such as accelerom-
eters in future studies.

Conclusion

Prolonged sedentary behavior is an independent risk factor
for the development of several types of cancer. The strength
of the associations varies between individual cancer enti-
ties. The association with sedentary behavior is strongest
for ovarian, endometrial, breast, colon and rectal cancer

incidence. Further studies are needed to determine whether
sedentary behavior is an independent risk factor for pros-
tate cancer. For some associations, the effect was dimin-
ished when adjusting for obesity. We recommend that all
future studies adjust for obesity, as this variable is one of the
main confounders between sedentary behavior and cancer.
To reduce sedentary behavior, the recommendation of the
current World Health Organization Guidelines on physical
activity and sedentary behavior [91] should be followed.
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