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Abstract
Background  The current guidelines for physical activity often rely on self-reported data or short-term activity 
tracking. We aimed to explore device-based long-term physical activity tracking and its possible association with 
cancer survivors’ cardiorespiratory fitness (CRF), metabolic health, and body composition.

Methods  In this observational analysis of a randomized controlled trial (CRBP-TS study), we reanalyzed data from 111 
patients with breast, prostate, and colorectal cancer. Dependent variables included cardiorespiratory outcomes, body 
composition, metabolic biomarkers, and fatigue. A multiple linear regression model was used to analyze the data, 
considering age, gender, BMI, and baseline values. A consumer wearable device measured moderate-to-vigorous 
physical activity (MVPA) and steps continuously over six months, ensuring a detailed and accurate record of the 
participants' daily physical activity.

Results  Physical activity data from all participants indicated a mean of moderate physical activity 108 min/wk 
(SD ± 88), vigorous physical activity 41 min/wk (SD ± 36), and 8498 steps/day (SD ± 2490). We observed that higher 
levels of MVPA were significantly associated with higher maximum oxygen uptake (VO2max; β = 0.5, 95% CI [0.02 to 
1.0], p = 0.042), higher peak power output (PPO; β = 0.04, 95% CI [0.003 to 0.08], p = 0.037), and higher cardiac output 
(β = 0.6, 95% CI [0.2 to 1.1], p = 0.009). Additionally, more steps correlated significantly with higher VO2max (β = 0.27, 95% 
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Background
In 2022, there were close to 20 million new cancer cases 
and 9,7  million cancer deaths [1]. Substantial evidence 
supports that there is an inverse relationship between 
cardiorespiratory fitness (CRF) and cancer-related mor-
tality [2, 3]. Physical activity improves cancer prognosis 
and survival, especially in breast cancer, prostate can-
cer, and colorectal cancer [4]. The current WHO physi-
cal activity guidelines recommend a target range of 
150–300  min of moderate-intensity or 75–150  min of 
vigorous-intensity physical activity per week or an equiv-
alent combination of moderate-intensity and vigorous-
intensity aerobic physical activity for people with chronic 
diseases or disabilities, whereby each minute has a health 
effect [5]. The impact of physical activity on cancer 
metabolism involves suspected molecular mechanisms 
that affect cellular nutrient availability and systemic out-
comes such as body weight, energy balance, endocrinol-
ogy, microbiome, inflammation, and immunity [6, 7]. 
Despite general physical activity recommendations, there 
is a lack of the use of wearable devices throughout the 
entire study period to establish a temporal relationship 
between physical activity and metabolic or inflammatory 
markers, body composition, and cardiorespiratory capac-
ity in cancer patients.

A significant limitation arises from the differences in 
the generation of physical activity data. Researchers usu-
ally have to rely on subjective self-reported physical activ-
ity data [8]. Relying on self-reported physical activity data 
can result in inconsistencies and lead to flawed conclu-
sions when making recommendations [9]. Therefore, the 
measurement method (subjective vs. objective) signifi-
cantly impacts the observed magnitude of physical activ-
ity. In addition, the differences between self-reports and 
device-based measures appear to increase with vigorous 
physical activity (VPA), distorting the interpretation of 

VPA [10]. In conclusion, the variation in data collection 
methods is a significant challenge to the recommen-
dations for aerobic physical activity. Wearable devices 
represent a promising approach to measuring physical 
activity in an objective and standardized way [11].

Medical research studies have used consumer-based 
wearable devices to record aerobic physical activity 
[12]. Wearing consumer-based wearable devices already 
increases physical activity in healthy individuals and 
those with chronic diseases [13, 14]. Breast cancer sur-
vivors have found activity trackers helpful for follow-
ing physical activity recommendations, and the device’s 
design can influence their motivation to wear them [15]. 
In general, wearable technology presents an inexpensive 
and scalable opportunity to facilitate more active life-
styles for cancer survivors [16]. In addition, the associa-
tion between physical activity and cardiometabolic and 
endocrine improvements was more significant in accel-
erometer-measured physical activity compared to ques-
tionnaire/self-report [17].

Consumer wrist-worn devices with acceleration and 
heart rate sensors can measure steps and MVPA via dif-
ferent sensors. These wearable devices frequently use 
acceleration sensors for step data generation and have 
acceptable accuracy [18, 19]. Non-step-based param-
eters, especially energy consumption and heart rate, have 
low to moderate validity for consumer-based wearable 
devices [18]. However, despite the different validation 
methods and a lack of standardization, a meta-analysis 
concluded that consumer wearable devices are valid for 
measuring MVPA [20].

This paper is based on data from the randomized con-
trolled CRBP-TS trial that investigated the effectiveness 
of home-based strength-endurance training for cancer 
patients after surgery. We analyzed six months of con-
tinuously tracked aerobic physical activity (including 

CI [0.04 to 0.51], p = 0.023), higher cardiac output (β = 0.2, 95% CI [0.013 to 0.47], p = 0.039), lower fat mass (β= -0.24, 
95% CI [-0.44 to 0.03], p = 0.028), lower insulin (β=-4.2, 95% CI [-6.4 to -2.0], p < 0.000), and lower leptin (β=-0.56, 95% CI 
[-0.97 to -0.15], p = 0.008).

Conclusions  Continuous activity tracking with wearable devices provides an objective and standardized opportunity 
to investigate the amount of aerobic physical activity and its association with systemic health outcomes in cancer 
survivors. Our long-term activity data support a positive relationship between aerobic physical activity and 
cardiorespiratory fitness as well as metabolic health.

Trial registration  DRKS-ID: DRKS00020499; Registered 17 March 2020, ​h​t​t​p​​s​:​/​​/​d​r​k​​s​.​​d​e​/​​s​e​a​​r​c​h​/​​e​n​​/​t​r​​i​a​l​​/​D​R​K​​S​0​​0​0​2​0​4​9​9.

Key points
• A positive association exists between MVPA or steps and higher VO2max and cardiac output in cancer survivors.
• An inverse association exists for additional steps and lower insulin and leptin metabolic biomarkers in cancer 
survivors.
• Consumer wearable devices are a suitable measurement method for objectively quantifying the effects of long-
term aerobic physical activity on health outcomes.

Keywords  Consumer wearable device, Physical activity, Cardiorespiratory fitness, Biomarkers, Cancer survivor
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leisure and occupational exercise) with consumer wear-
able devices. This allows us to reflect an accurate esti-
mation of physical activity behavior over a significantly 
more extended period than previously considered. It re-
evaluates the relationship between daily aerobic physical 
activity and systemic health outcomes, including car-
diorespiratory fitness, hemodynamics, body composi-
tion, biomarkers, fatigue, and cancer-specific quality of 
life (QoL), in cancer survivors. We hypothesized that a 
higher level of MVPA and steps would be associated with 
significantly improved systemic health outcomes.

Methods
Study design
This manuscript reports a secondary cohort analysis 
from a prospective randomized controlled trial (CRBP-
TS Trial). The study protocol for CRBP-TS was described 
in detail in 2021 [21] and the main results were reported 
in 2023 [22, 23]. CRBP-TS was a randomized, controlled, 
multicenter (Dresden, Hannover, Leipzig, Germany) trial 
to implement a multimodal, home-based, and individu-
ally adapted online training program to improve physi-
cal activity and performance. A consumer wrist-worn 
device tracked aerobic physical activity (MVPA and 
steps) continuously throughout the intervention period 
(six months) in the intervention group (IG) and control 
group (CG). The intervention group additionally engaged 
in home-based exercise bodyweight training (30 min per 
session) with help from videos via an App with alternat-
ing strength-endurance parts, information on general 
health improvement, disease prevention, and lifestyle 
changes (diet, exercise, and self-awareness) from the 
study team (physician, sports scientist, and a study nurse) 
via the app. Subjects in the original intervention group 
were advised to increase their overall physical activity in 
addition to their home training intervention.

The present manuscript’s observational analyses were 
not part of the original CRBP-TS study design. The 
CRBP-TS study was approved by the Ethics Commit-
tee of the Medical Faculty, University of Leipzig (refer-
ence number 056/20-ek), as well as at all participating 
sites. The study was registered at DRKS with trial ID 
DRKS00020499, and the first registry was on March 17, 
2020.

Participants
The CRBP-TS study enrolled participants who were can-
cer patients applying the international classification of 
diseases (ICD) Codes C18/19/20 (colorectal cancer), C50 
(breast cancer), and C61 (prostate cancer) in those who 
had undergone curative (R0) surgery at stages T1N0M0 
to T3N3M0 (tumor, node, metastases); ECOG (Eastern 
Cooperative Oncology Group) ≤ 1; and were between 18 
and 75 years of age.

Both groups, the intervention and control group, got 
structured information on general health improvement, 
disease prevention, and lifestyle changes (diet, train-
ing, and self-perception) from the study team (physi-
cian, sports scientist, and a study nurse). Additionally, 
all patients in both the intervention and control group 
received activity feedback via wearable devices. The 
intervention group performed the home training and the 
recommendations for two (at least) or preferably three 
times or more per week for 30  min of home-based and 
bodyweight online endurance-resistance training. Addi-
tionally, various measures were implemented to increase 
physical activity, including activity biofeedback through 
an app and tablet, structured information, training 
reminders, and assessments to raise awareness of indi-
vidual fitness levels. Due to the distance-based training 
setting, there was no immediate control over whether the 
weekly training recommendations were implemented. 
However, this was a realistic setting that reflects the life 
situation of most people.

Researchers have contended that a cancer diagnosis 
may function as a ‘teachable moment’ in which a cancer 
survivor’s motivation for lifestyle change may be incredi-
bly high [24]. We assume, and the data from the wearable 
device support this, that the control group was also phys-
ically active (rehabilitation sports groups, gym, etc.). The 
two groups showed no significant differences in physical 
activity. The intervention group indicated a mean of steps 
8430 per day (SD ± 2560), MPA 113 min/wk ((SD ± 101), 
and VPA 40  min/wk (SD ± 31), and the control group 
a mean of steps 8570 per day (SD ± 2437), MPA 102 
(SD ± 73) and VPA 42 (SD ± 40). The wearable devices 
enabled us to record each participant’s complete aero-
bic activity profile, regardless of their group affiliation. 
Despite the interventional patients in the original CRBP-
TS trial participating in an intervention home training 
program that affected physical capacity (VO2max), the 
control group patients revealed steps and MVPA closely 
resembling those of the patients in the IG, which is why 
we analyzed the activity data from both study groups 
with completely 111 participants (Fig. 1). In this observa-
tional study, we included only those participants from the 
intervention group and control group, who met the rec-
ommended minimum for thresholds for data generation 
of device based physical activity (see next section Activity 
tracking/Exposure).

In the original CRBP-TS study, 18 adverse events in 16 
patients (11%) were documented and classified as seri-
ous adverse events (SAE) that were unrelated to the exer-
cise intervention (no temporal relation to training, other 
cause such as accident, new disease diagnosis, or sched-
uled surgery). 12 of the 16 patients were excluded due to 
incomplete activity data and were not included in this 
observational analysis.
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Fig. 1  CONSORT Flow diagram
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Activity tracking/Exposure
All participants were given a consumer wrist-worn wear-
able device at baseline (vívoactive 4 and 4s; Garmin, 
Olathe, Kansas, USA) to determine daily steps with an 
acceleration sensor and MVPA with a heart rate sen-
sor. The Garmin wearable devices calculate MVPA by 
comparing the current heart rate to the average rest-
ing heart rate, whereby age, weight, and height are also 
taken into account in the calculation [25]. In conclusion, 
there was no interrelationship between steps and MVPA 
calculation.

The physical activity was measured continuously 
between the pre- and post-tests and was averaged over 
the entire study period; thereby, we could establish a 
temporal relationship between physical activity and out-
comes. The minimum reporting thresholds for data gen-
erated by wearable activity trackers, which most studies 
require, were considered. A valid day is defined as having 
at least 10 h of wear time within a single day, and a valid 
interval is defined as a week with at least three valid days 
[12]. In our study, the wearable device was worn continu-
ously for 24  h throughout the study period. A day was 
considered valid if data from more than 10 h of device-
based activity was recorded during the awake period. A 
week was considered valid if it contained at least four 
valid days per week. The data were then normalized to 
a seven-day period, and weekly averages were calculated 
accordingly. We determined that each participant’s wear-
able device data was representative if it included at least 
13 weeks of activity data. On average, participants had 22 
valid weeks of data (SD: 3.6; min: 13; max: 26). Since the 
participants wore the wearable devices throughout the 
entire study period and were unaware of any data loss, we 
do not expect any changes in physical activity behavior 
during the weeks for which data was lost.

The number of minutes spent on aerobic physical activ-
ity per week in the moderate (3-5.9 METs) and vigorous 
(≥ 6 METs) intensity ranges was measured. In general, 
physical activity covers any activity enabled by increased 
energy expenditure, i.e., leisure-related and work-related 
activities [26]. Exercise and training are also muscu-
lar activities, but they are planned, structured, and per-
formed repetitively to improve physical performance. In 
this respect, physical activity encompasses exercise and 
training as a subcategory, including all muscular activi-
ties in daily life. In the present analysis, daily MVPA or 
steps, rather than a specific exercise or training, served 
as exposure.

Physical activity recommendations in scientific stud-
ies are expressed in steps, active calories, MET minutes, 
MET hours, or MVPA. MVPA was created because MET 
minutes are too complicated for the non-scientific public 
[27]. However, all recommendations rely on an indication 
of 500–1000 active calories/MET min/wk to achieve a 

health benefit. 150 moderate activity minutes (3.3 METs 
x 150  min) or 75 vigorous activity minutes (6.7 METs 
x 75 min) are equivalent to the lower limit of 500 MET 
min/wk in EE. 300 moderate activity minutes (3.3 METs 
x 300 min) or 150 vigorous activity minutes (6.7 MET x 
150 min) are equivalent to the upper limit of 1000 MET 
min/wk in EE. Vigorous activities thus count for twice as 
much as moderate ones [28]. In this study, we measured 
moderate and vigorous activity minutes, and the vigorous 
activity minutes were counted only twice to ensure com-
parability in calculating multiple linear regression models 
and active energy turnover.

Wearable device data were imported into the CRBP-
TS application (App-Provider: DiaVention GmbH, Han-
nover, Germany) via a Bluetooth interface between 
the wearable and tablet (Lenovo Tab M10 TB-X606X; 
Lenovo, Hong Kong, China). The Garmin Health SDK 
(software development kit) transmitted daily data. There-
fore, we got the activity data directly from the wearable 
devices via Bluetooth in our CRBP-TS application.

Outcomes and clinical assessments
This observational analysis investigated the association 
between the dose of aerobic physical activity and primary 
and secondary outcomes of the CRBP-TS trial. The fol-
lowing parameters were included in our study:

 	• Cardiorespiratory fitness: We assessed the VO2max 
(ml/kg/min), the change in VO2max after six months 
was the primary endpoint in CRBP-TS, and the 
peak power output (Watts and Watts/kg). We used 
Dynostics Ergo-Spirometry, Sicada GmbH, Germany, 
to assess these parameters. The cardiorespiratory 
exercise was tested on an electronically braked 
semi-reclining ergometer. The starting load 
was 30 watts with a 10 watts/min increase until 
subjective or objective exhaustion or the occurrence 
of termination criteria [29]. Staff conducting 
the studies were not blinded to the treatment 
groups. Cardiorespiratory exercise capacity was 
assessed according to current recommendations 
and evaluated in a blinded manner at the study’s 
core laboratory in Leipzig, Germany. Maximum 
oxygen uptake (VO2max) was defined as the highest 
30-second average within the last minute of exercise.

 	• Hemodynamic parameters: peak cardiac output 
(l/min) [CO] and adjusted rate-pressure product 
(HRxSBP) [RPP] were also measured during the 
cardiorespiratory exercise test. We used custo 
BT300 electrocardiogram, custo GmbH, Germany, 
and PhysioFlow impedance cardiography, Manatec 
Biomedical, France. Impedance cardiography is 
a reliable method for assessing hemodynamics 
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during exercise and is sensitive to changes in cardiac 
function in patients [30, 31].

 	• Body composition: body weight, fat mass, and lean 
body mass (LBM). We used the BIACORPUS RX 
4004 M, manufactured by MEDI CAL HealthCare 
GmbH, Germany, for phase-sensitive impedance 
analysis to measure body composition. BIA is 
a suitable and valid method for assessing body 
composition in oncology [32].

 	• Biomarkers: we analyzed the metabolic markers 
hemoglobin A1c (HbA1c), leptin and insulin. Blood 
parameters were analyzed in the central core 
laboratory (Institute of Laboratory Medicine, Clinical 
Chemistry and Molecular Diagnostics, University 
Hospital Leipzig, Leipzig, Germany).

 	• Psychological status: The European Organisation 
for Research and Treatment of Cancer core 
questionnaire with the module C-30 (EORTC QoL-
C30) [33] and the Fatigue Severity Scale (FSS) were 
used to investigate cancer-specific QoL and fatigue.

Confounder
For this observational study, we adjusted all analy-
ses for variables deemed possible confounders for the 
six-month observational period. In the statistical mul-
tiple linear regression model, we included the following 
confounders:

 	• Age: metric variables calculated from the birth date 
until the date of study enrollment.

 	• Gender: dichotomy variable, male or female.
 	• Body-mass-index (BMI): metric variable.
 	• baseline: baseline values of the dependent variable, 

metric variable.

Other potential confounders were excluded from our 
analyses: The type of cancer (colorectal cancer, breast 
cancer, prostate cancer) would be a confounder, but is 
already taken into account by gender as a confounder, 
since only two females had colorectal cancer. As relevant 
comorbidity, only four participants had diabetes or car-
diovascular disease and were excluded as covariates. No 
other comorbidities, such as orthopedic, rheumatologi-
cal, or neurological disorders, were contraindicated for 
physical activity and training. Aerobic physical activity 
as exposure includes all daily activities, i.e., leisure, work, 
and exercise. We have previously reported no significant 
difference in the exposure to physical activity (steps and 
MVPA) between the intervention and control group over 
the intervention period. Since home training is only one 
component of the intervention, we believe it should not 
introduce significant bias beyond what is typically found 
in an observational study with comparable exposure and 
outcomes. As individual components of physical activity, 

particularly the type and amount of training, could not be 
fully known, we excluded the study group (intervention 
group vs. control group) as a confounder.

Statistics
All participants providing sufficient aerobic physical 
activity data were included in our statistical evaluation. 
All analyses were conducted via linear models. Physi-
cal activity (MVPA or steps) was the exposure, and age, 
gender, BMI (excluded for body composition outcomes), 
and baseline values of dependent variables were adjust-
ing covariates. We checked the following conditions to 
apply multiple linear regression: excluding extreme out-
liers (3 times the interquartile range) before the model 
calculation, examining the residuals for outliers after 
the analysis, normal distribution and independence of 
the residuals, linearity and homoscedasticity, and no 
multicollinearity between the variables. Our results are 
reported descriptively as the mean and standard devia-
tion for baseline and after six months, as mean and 
95% confidence intervals for moderate physical activity 
(MPA), vigorous physical activity (VPA), and steps, and 
as multiple regression analyses with adjusted R square, 
non-standardized Beta-Coefficient, 95% confidence 
intervals, and p-values. Data were analyzed using IBM 
SPSS Statistics (Version 29; IBM, Armonk, New York, 
USA) and displayed using GraphPad Prism (Version 9; 
GraphPad Software Inc., California, USA).

Results
122 participants completed the CRBP-TS trial. The 
device-based physical activity data from 111 partici-
pants could be used for the present observational analysis 
(Fig. 1; Table 1). Sixty-seven participants in that popula-
tion were females, of whom 65 were breast cancer survi-
vors; only two females had colorectal cancer. The cancer 
entities were already accounted for by gender as a factor 
in the linear model. Table  2 presents the outcome vari-
ables (dependent variables) descriptively as a baseline 
and after six months with mean and standard deviations. 
The CRBP-TS study revealed no differences in MVPA or 
steps between the intervention and control group in the 
original research. The independent variable (exposure), 
physical activity for the total group (intervention group 
and control group), is presented as MPA (108  min/wk), 
VPA (41  min/wk), and steps (8498 per day) on average 
over six months. MPA, VPA, and steps are also presented 
as means and 95% confidence intervals for every week of 
the 26-week study period (Fig. 2).

The associations between MVPA or steps and cardiore-
spiratory fitness, body composition, biomarkers, fatigue, 
and cancer-specific QoL in cancer survivors after six 
months are illustrated in Table  3. A weekly increase of 
100 min MVPA was significantly associated with higher 
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cardiorespiratory fitness: VO2max (ml/kg/min) (β = 0.5, 
95% CI [0.02 to 1.0], p = 0.042) and peak power output 
(Watt/kg) (β = 0.04, 95% CI [0.003 to 0.08], p = 0.037), and 
higher cardiac output (l/min) (β = 0.6, 95% CI [0.2 to 1.1], 
p = 0.009).

For steps, a daily increase of 1000 was significantly 
associated with greater VO2max (ml/kg/min) (β = 0.27, 
95% CI [0.04 to 0.51], p = 0.023) and higher cardiac out-
put (l/min) (β = 0.2, 95% CI [0.013 to 0.47], p = 0.039). In 
terms of body composition, we observed negative rela-
tionship between fat mass (kg) (β= -0.24, 95% CI [-0.44 to 
0.03], p = 0.028) and steps. Regarding metabolic biomark-
ers, highly significant lower insulin (pmol/l) (β=-4.2, 95% 
CI [-6.4 to -2.0], p < 0.000) and leptin (ng/ml) (β=-0.56, 
95% CI [-0.97 to -0.15], p = 0.008) levels were associated 
with more steps after six months. Due to the low adjusted 
R-squared value for EORTC (Table 3), we were unable to 
assess cancer-specific QoL data in our linear model.

Discussion
The main findings from this observational analysis are 
significant associations between aerobic physical activ-
ity (as measured by MVPA or steps), device-based track-
ing during six months after surgery, and VO2max, cardiac 
output, and metabolic biomarkers (insulin and leptin) 
in cancer survivors. Our results for MPA (108  min/wk) 
and VPA (41  min/wk) in combination are within the 

range of current recommendations for MVPA [5]. Unfor-
tunately, half of the German and U.S. adult population 
currently does not achieve the physical activity level of 
150–300  min/wk MPA [34, 35]. For steps, a large pro-
spective cohort study reported that accruing more steps 
per day (up to ~ 10000 steps/day) was associated with 
steady declines in cancer and CVD incidence [36]. The 
measured physical activity was device-based, but only 
for one week, and may not represent effective habitual 
walking behavior. Our findings indicate an average of 
8498 per day, which falls within the recommended range 
of approximately 7.000–10.000 steps per day for cancer 
patients [37]. It is reasonable to suggest that a practical 
step threshold for people with chronic disease and lower 
physical fitness might be below 7.000 steps per day.

Many epidemiological studies have investigated the 
association between MVPA and systemic health, clas-
sifying intensity in METs based on the absolute energy 
demands of different physical activities [38, 39]. Absolute 
measures can lead to misclassification of individual exer-
cise intensity, such as moderate or vigorous, because they 
do not account for factors like body weight and compo-
sition, sex, fitness level, or diseases [40]. The amount of 
self-reported physical activity, which is based on abso-
lute intensity measured in METs, does not consider the 
individual´s maximum cardiorespiratory fitness or the 
relative intensity of their exercise. For example, an older 
person with a low VO2max of approximately 5 METs, 
working at 4 METs, is exercising at a vigorous intensity 
(80% of VO2max). In contrast, a younger person with a 
higher VO2max of 15 METs, working at the same absolute 
intensity of 4 METs, is exercising at a light to moderate 
intensity (about 33% of their VO2max) [41]. For individual 
exercise prescription, particularly for deconditioned indi-
viduals with chronic diseases, a relative measure of inten-
sity — defined as the energy cost of the activity relative 
to the individual’s maximal capacity — is more suitable 
[40]. In contrast to other studies involving self-reported 
questionnaires or device-based recorded physical activity 
for only 3–7 days, and to the best of our knowledge, this 
prospective observational cohort analysis is the first to 
have measured the aerobic physical activity continuous 
device-based over six months and made a direct asso-
ciation on cardiorespiratory and metabolic systemic out-
comes in cancer patients.

At baseline, our participants had a mean VO2max of 
27.5  ml/kg/min, which corresponds to a maximum 
MET value of 7.8. Most wearable devices, like the Gar-
min vivoactive 4 and 4s, which feature wrist-based heart 
rate sensors, calculate MVPA by comparing the current 
heart rate to the average resting heart rate. They utilize 
the heart rate reserve as the basis for determining rela-
tive exercise intensity to estimate MVPA. For moderate 
(3-5.9 MET) and vigorous (≥ 6 MET), the relative exercise 

Table 1  Demographic and clinical characteristics
Baseline, n = 111

Age, mean (SD) 54 (11)
BMI, mean (SD) 26.2 (4.5)
Sex, n (%)
Female 67 (60.4)
Male 44 (39.6)
Cancer entity No., n (%)
Colorectal cancer 12 (10.8)
Breast cancer 65 (58.6)
Prostate cancer 33 (29.7)
Comorbidities, No., n (%)
Diabetes type 2 4 (3.6)
Hypertension 31 (27.9)
Obesity (BMI > 30 kg/m²) 23 (20.7)
Cardiovascular diseases 4 (3.6)
Hypothyroidism 23 (20.7)
Asthma 2 (1.8)
Arthritis 8 (7.2)
Depression 6 (5.4)
Cancer medication, n (%)
Estrogen receptor modulator 19 (17.1)
Monoclonal antibody 2 (1.8)
Aromatase inhibitors 12 (10.8)
Chemotherapy medication 4 (3.6)
Values presented at the means, standard deviation, number and percentage. 
Abbreviations: BMI = body-mass-index
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intensity is classified as 40–59% and 60–89% of the heart 
rate reserve or VO2R [40]. Training studies suggest that a 
minimum effective intensity of 30% VO2R is suitable for 
lower-fit subjects [42].

We found that an additional 100  min of MVPA per 
week, or taking more than 1,000 steps each day, was 
associated with a higher VO2max (β = 0.5 or β = 0.27). In 
a 12-month follow-up of another observational analysis 
within a randomized controlled trial (RCT), the effect of 
unsupervised, self-motivated physical activity on VO2max 
was examined in 357 participants with breast, colon, and 
prostate cancer after six months [43]. The physical activ-
ity measurements were also device-based, but only within 
a single week. There, a 30-minute increase in MVPA per 
day was positively associated with higher maximum oxy-
gen uptake of 0.34  ml/kg/min (β = 0.34). However, the 
test subjects could have artificially adjusted their physi-
cal activity within the week. In the CRBP-TS trial, physi-
cal activity was tracked for six months, which might have 
reduced this potential disruptive factor.

Heart failure is a recognized consequence of can-
cer treatment and can affect QoL and survival [44]. The 
CRBP-TS study was one of the first trials to measure 
maximum cardiac output pre- and post-intervention 

in post-surgery cancer survivors. We observed a posi-
tive association between increased physical activity and 
improved pump function in MVPA and steps. In particu-
lar, maximum cardiac output increased by 0.6  l/min for 
100 MVPA min more per week.

The sequelae of cancer therapy in cancer survivors on 
body composition often entail a loss of lean body mass 
and an increase in fat mass, mainly depending on the 
type of therapy (chemotherapy, radiotherapy, hormone 
therapy) [45]. We found a slight inverse association 
between steps and fat mass, but not for lean body mass. 
As we did not measure energy or protein intake during 
this period, it is difficult to interpret these changes in 
body composition. Obesity has a systemic pro-inflamma-
tory effect and is, therefore, a risk factor for developing 
cancer [46]. Reducing body fat mass should be a primary 
goal of cancer prevention and treatment.

Diabetes raises the risk of all-cause mortality among 
breast, prostate, and colorectal cancer survivors [47]. 
Higher levels of fasting insulin are known to raise the risk 
of breast cancer recurrence and more significant overall 
mortality [48]. Similarly, tumors can use insulin signaling 
to drive glucose uptake while inducing cell survival and 
proliferation [49]. Physical activity may well lower breast 

Table 2  Systemic health outcomes at baseline and after six months in cancer survivors, as well as mean physical activity over six 
months

Baseline
Mean (SD)

After 6 month
Mean (SD)

Cardiorespiratory fitness
VO2max, ml/kg/min 27.5 (6.0) 28.6 (6.6)
Peak power output, Watt 136 (34) 144 (39)
Peak power output, Watt/kg 1.80 (0.47) 1.90 (0.53)
Rate-pressure product 26,417 (5516) 25,877 (5320)
Cardiac output max, l/min 17.3 (3.25) 17.8 (3.56)
Body composition
Body mass index (kg/m2) 26.1 (4.5) 26.2 (4.4)
Weight (kg) 77.4 (15.7) 77.6 (15.8)
Fat mass (kg) 23.0 (9.6) 22.4 (8.9)
Lean body mass (kg) 54.3 (11.0) 55.2 (12.1)
Biomarker
CRP level (mg/l) 3.2 (12.0) 1.7 (1.8)
HbA1c (%) 5.4 (0.5) 5.4 (0.4)
Insulin (pmol/l) 65 (49) 70 (80)
Leptin (ng/ml) 14.1 (17.4) 12.4 (13.3)
Quality of Life & Fatigue
FSS 2.89 (1.60) 2.88 (1.59)
EORTC 62 (23) 70 (22)
Physical activity
MPA (3–5,9 METs) 108 (88)
VPA (≥ 6 METs) 41 (36)
Steps (per day) 8498 (2490)
Values presented at the means and standard deviation, Abbreviations: VO2max: maximum oxygen uptake; CRP = c-reactive protein; HbA1C = glycosylated hemoglobin; 
EORTC QLQ = European Organization for Research and Treatment of Cancer Quality of Life questionnaire; FSS = Fatigue severity scale; MVPA: moderate-to-vigorous 
physical activity; MPA = moderate physical activity; VPA = vigorous physical activity; MET = metabolic equivalent of task;
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Fig. 2  Steps per day, moderate physical activity, and vigorous physical activity in min per week during the observational period (n = 111; mean data 
recording 22 ± 3.6 weeks; presented as mean and 95% CI)
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cancer risk by reducing insulin resistance and other bio-
logical mechanisms [50]. Our study findings demon-
strate a significant inverse association between physical 
activity and insulin. With 1,000 more steps per day of 
physical activity, insulin levels were lower, ranging from 
− 6.4 to -2.0 pmol/l (95% CI). We also detected a similar 
inverse association with leptin (-0.97 to -0.15) involving 
a simultaneous reduction in fat mass in our participants. 
Increased leptin levels were pronounced in relationship 
with obesity and are associated with higher cancer risk 
[51]. Leptin may play a pivotal role in the pathogenesis, 
development, and metastasis of breast cancer [52]. How-
ever, as leptin’s role alone and in its relationship with obe-
sity in cancer development and therapy remains unclear, 
more research is needed [53].

There is strong evidence that physical activity improves 
QoL and reduces fatigue in cancer patients and can-
cer survivors [54, 55]. However, our findings for MVPA 
or steps could not establish an inverse association with 
fatigue. Our cancer-related QoL results cannot be evalu-
ated due to the adjusted R-squared value of 0.02.

In this investigation, we relied on the Garmin vívoac-
tive 4 and 4s wearable devices to objectively record physi-
cal activity. In general, consumer wearable devices can 
motivate cancer survivors to be more physically active, 
and breast cancer survivors found that their wearable 
devices helped them follow activity guidelines [56]. Most 
devices, such as the Garmin vívoactive 4 and 4s, estimate 

MVPA using an algorithm that combines accelerom-
eters and optical heart rate measurements (Photople-
thysmography). Although MVPA is probably one of the 
most commonly used parameters regarding the effects of 
aerobic physical activity on health, there is a lack of com-
prehensive meta-analyses on the accuracy, particularly 
for the sensors used in consumer wearable devices, such 
as the Garmin vivoactive 4. In addition to the bias inher-
ent in the measurement technology, there is also a lack of 
validity in the device data generation process. However, 
most studies define a valid day as a wear-time of at least 
ten hours within one day and a valid interval as a week 
with at least three valid days [12]. These recommenda-
tions for data generation were exceeded in this study. 
Although clinicians should be cautious when considering 
MVPA for clinical and research purposes, despite the dif-
ferent methods employed in studies, there is a consensus 
that consumer wearable devices are valid for measuring 
MVPA [20]. In addition to MVPA, steps are often used 
to evaluate aerobic physical activity. Consumer wear-
able devices accurately measure steps and heart rates in 
laboratory-based settings [57]. Steps also demonstrated 
acceptable accuracy under free-living conditions com-
pared to validated technology (ActiGraph and New-Life-
styles NL-2000i) [58]. Compared to other device-based 
activity outputs, the Garmin vivoactive 4s also reliably 
indicates step counts under free-living conditions [19]. 
The orientation towards the number of steps per day can 

Table 3  Associations of MVPA and steps with health outcomes for cancer survivors. Presented as adjusted R-squared, unstandardized 
regression coefficient (Beta) with 95% confidence intervals and p-Value. The changes in outcomes relate to an increase in MVPA of 
100 min per week or 1,000 steps per day

MVPA Steps
n Adjusted R-squared Beta (95% CI) p-Value Adjusted R-squared Beta (95% CI) p-Value

Cardiorespiratory fitness
VO2max (ml/kg/min) 108 0.81 0.5 (0.02 to 1.0) 0.042* 0.81 0.27 (0.04 to 0.51) 0.023*
Peak power output (Watt) 108 0.82 2.7 (0.1 to 5.3) 0.044* 0.82 1 (-0.2 to 2.4) 0.098
Peak power output (Watt/kg) 108 0.81 0.04 (0.003 to 0.08) 0.037* 0.81 0.02 (-0.002 to 0.04) 0.072
Hemodynamic
Rate-pressure product 109 0.70 212 (-263 to 686) 0.378 0.70 -73 (-300 to 154) 0.525
Cardiac output max (l/min) 81 0.56 0.6 (0.2 to 1.1) 0.009** 0.55 0.2 (0.013 to 0.47) 0.039*
Body composition
Bodyweight (kg) 108 0.97 -0.1 (-0.5 to 0.4) 0.802 0.97 -0.1 (-0.31 to 0.16) 0.370
Fat mass (kg) 111 0.90 -0.03 (-0.5 to 0.4) 0.903 0.91 -0.24 (-0.44 to -0.03) 0.028*
Lean body mass (kg) 110 0.96 0.04 (-0.3 to 0.4) 0.815 0.96 0.1 (-0.03 to 0.3) 0.113
Biomarker
HbA1c (%) 106 0.51 0.03 (-0.01 to 0.07) 0.128 0.51 0.02 (-0.01 to 0.04) 0.145
Insulin (pmol/l) 106 0.37 -3.1 (-7.8 to 1.6) 0.192 0.44 -4.15 (-6.4 to -2.0) 0.001***
Leptin (ng/ml) 101 0.60 -0.6 (-1.4 to 0.3) 0.193 0.62 -0.56 (-0.97 to -0.15) 0.008**
Quality of Life & Fatigue
FSS 89 0.53 -0.1 (-0.3 to 0.1) 0.421 0.53 -0.05 (-0.1 to 0.05) 0.306
EORTC 79 0.04 4.2 (0.01 to 8.5) 0.049* 0.002 1 (-1 to 3) 0.324
Abbreviations: MVPA: moderate-to-vigorous intensity physical activity; Beta: unstandardized regression coefficient; VO2max: maximum oxygen uptake; 
HbA1C = glycosylated hemoglobin; EORTC QLQ = European Organization for Research and Treatment of Cancer Quality of Life questionnaire; FSS = Fatigue severity 
scale; Note: All models (except Body composition Outcomes) were adjusted for age, gender, body mass index and Baseline values. The Body composition Outcomes 
were adjusted for age, gender, and Baseline values *significant p-value < 0.05; ** highly significant p-value < 0.01; *** very highly significant p-value < 0.001
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be a valid and reliable control parameter for consumer 
wearable devices.

Strengths and limitations
The present study has three essential strengths. First, 
the CRBP-TS study employed a prospective design, uti-
lizing high-quality data. Second, we tracked the aerobic 
physical activity device-based and continuously over six 
months to establish a valid physical activity behavior. If 
physical activity data were collected only once at base-
line over a one-week period, it might not accurately 
reflect long-term habitual physical activity behavior. 
There is limited evidence supporting observation periods 
for device-based physical activity that last longer than 
one week. Recommendations suggest that it is crucial 
to wear activity trackers throughout the study period to 
ensure that reliable and valid data can be obtained for 
data analysis [59]. Third, we measured cardiorespiratory 
and metabolic outcomes at the beginning and end of the 
observational period to make an association between 
objective physical activity and systemic health outcomes.

The present study has some limitations. First, wear-
able devices may be faulty in capturing certain types of 
physical activity, particularly strength training or swim-
ming. So, the amount of physical activity in our study 
may have been underestimated. Second, wearable devices 
do not yet distinguish between continuous and interval 
exercise involving aerobic activities. The effects on CRF 
can differ depending on the kind of activity at the same 
amount of MVPA. Third, wearable device sensors cannot 
validly capture strength training. Activities such as upper 
body strength training and cycling, which involve static 
and intense muscle contractions, can affect blood flow in 
the forearm as assessed by photoplethysmogram, yield-
ing less accurate results [60]. Since static, intense muscle 
contractions have a minimal effect on blood flow in the 
forearm, we anticipate a minor margin of error in our 
measurements. Future studies on physical activity should 
record strength training, device-based physical activity 
via manual entries, and the amount of sedentary time 
required to acquire a completely objective physical activ-
ity profile. Fourth, this study was an observational analy-
sis within an RCT, so we can not make any causal claims. 
However, this method is not unusual and has been prac-
ticed frequently in other studies [61, 62]. Fifth, protein 
and energy consumption were not quantified, affecting 
body composition and performance beyond physical 
activity.

Conclusion
Higher aerobic physical activity tracked continuously 
using wearable devices over six months revealed a signifi-
cant association with various systemic health outcomes 
in cancer survivors. These outcomes included higher 

oxygen uptake, cardiac output, while showing lower lev-
els of biomarkers such as insulin and leptin. Our findings 
offer valuable insights into the aerobic physical activity 
habits of cancer survivors over a long-term observation 
period. Using objective and cost-effective measurement 
methods, such as consumer wearable devices, would 
help to generate comprehensive activity profiles in future 
research.
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