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Abstract
Background The knowledge, from laboratory studies dating back to the 1950s on the importance of the association between 
cardiorespiratory fitness and aerobic workload for workers health, is fundamental for promoting sustainable healthy employ-
ability among ageing blue-collar workers today. However, the association between cardiorespiratory fitness and aerobic 
workload has not yet been documented during daily work, and we do not know if it applies to the normal work of blue-collar 
workers in different age groups. We aim to investigate the association between cardiorespiratory fitness and aerobic workload 
among blue-collar workers using measurements of 24-h heart rate collected over consecutive working days.
Methods We analyzed baseline cardiorespiratory fitness, assessed using a sub-maximal cycle ergometer test, and 1–4 days 
of 24-h heart rate measurement from 497 blue-collar workers participating in the DPHACTO study. We investigated the 
association between cardiorespiratory fitness and aerobic workload defined as the average percentage of heart rate reserve 
(%HRR), maximum %HRR and the duration time spent at a high HRR (> 30%) during working hours. The association was 
assessed using multivariate linear regression models adjusted for age, sex, self-rated health, shift-work, prescription medica-
tion and occupation, as well as for different age strata.
Results Higher cardiorespiratory fitness was significantly associated with decreased mean %HRR −0.32 [95% CI −0.39 to 
−0.25], maximum %HRR −0.35 [95% CI −0.45 to −0.25] and time spent at  ≥ 30% HRR; −1.8% [95% CI −2.2 to −1.5%]. 
These associations were evident across age groups, with slightly stronger associations for workers aged 46–51 (total range 
18–68).
Conclusions Higher cardiorespiratory fitness was associated with the decreased aerobic workload during normal work 
across all age groups and levels of work intensity. Our findings highlight the importance of cardiorespiratory fitness when 
considering the workload and its relevance in the promotion of healthy sustainable employment.

Keywords Heart rate reserve · Objective measurement · Physical work demands · Sustainable employment · Recovery

Introduction

“Fit for work” is a fundamental concept in the understanding 
of relations between occupational physical activity (OPA) 
and health. Accordingly, the importance of high cardiorespi-
ratory fitness among blue-collar workers is well established 
(Holtermann et al. 2010a). This is exemplified in research 
showing that high OPA increases the risk for cardiovascular 
disease mortality among workers with low and moderate 
cardiorespiratory fitness, but not among workers with high 
cardiorespiratory fitness (Holtermann et al. 2010b). Such 
findings show that high cardiorespiratory fitness has a pro-
tective effect among blue-collar workers with high OPA.

The underlying mechanism for the protective effect of 
high cardiorespiratory fitness is thought to be due to the 
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relatively lower aerobic workload for a fit, compared to an 
unfit, worker doing the same manual work task. However, 
this knowledge is based on the findings of classical standard-
ized laboratory studies measuring aerobic workload during 
graded exercise (Karvonen 1957). Thus, it remains unknown 
whether this basic pillar of work physiology—the protec-
tive effect of high cardiorespiratory fitness—actually applies 
during normal unconstrained work of blue-collar workers. 
Moreover, because cardiorespiratory fitness decreases with 
age (Hodgson and Buskirk 1977; Klabunde 2011), and 
because we now have an ageing workforce who face the 
prospect of an increasing retirement age (OECD 2017), 
knowledge about how the relationship between cardiores-
piratory fitness and aerobic workload changes throughout 
working life is of great importance for ensuring sufficient 
workability and thus sustainable employability (Ng and 
Chan 2018). Verifying the classical laboratory findings in 
an unconstrained workplace setting is an important next step 
in the knowledge needed for health promotion and preven-
tion of early retirement.

A commonly utilized method for measuring aerobic 
workload outside of the laboratory is to measure heart rate 
reserve (HRR). HRR is calculated using the maximum, 
minimum and working heart rate estimates (Korshøj et al. 
2015) and indicates the individual heart rate at work relative 
to the total possible span of heart rate. It thereby provides an 
individual estimate of the aerobic workload (i.e. physiologi-
cal response to the work performed).

Using heart rate measurements collected over 1–4 con-
secutive workdays during normal unconstrained work among 
497 blue-collar workers we investigated the association 
between cardiorespiratory fitness and aerobic workload, and 
whether this association depends on the workers age.

Method

Data collected from the Danish PHysical ACTivity cohort 
with Objective measurements (DPHACTO) was used for 
analysis. The DPHACTO cohort consists of blue-collar 
workers from 15 companies across the cleaning, manufactur-
ing, and transport sectors (Jørgensen et al. 2019). Data col-
lection was conducted between December 2011 and March 
2013 and in accordance with the Helsinki Declaration. The 
study was approved by the Danish Data Protection Agency 
and local ethics committee (H-2-2012-011). All participants 
provided written informed consent prior to assessment.

Criteria for inclusion and exclusions

Eligible workplaces were workplaces that employed 
blue-collar workers from the cleaning, manufacturing and 

transportation sectors and gave consent to allow meas-
urements to take place during working hours. Workers 
from eligible workplaces were invited to participate in 
the baseline health check, questionnaire, and subsequent 
diurnal measurement (Jørgensen et al. 2019). Workers 
were included if they responded to the baseline question-
naire, participated in the baseline health check, and agreed 
to 24-h activity measurement over 1–4 consecutive days. 
Workers were excluded from cardiorespiratory fitness test-
ing if they suffered from hypertension—identified as blood 
pressure of  ≥ 160 or  ≥ 100 mmHg for systole and diastole 
respectively at the health check—or self-reported angina 
pectoris, or declared the use of heart or lung medicine. 
Moreover, workers with a history of disc herniation, con-
siderable musculoskeletal pain in the lower back area, or 
fever on the day of testing were excluded from cardiores-
piratory fitness testing. No measurements were taken in 
the case of pregnancy and individuals reporting allergy 
to bandages or adhesives were excluded from the diurnal 
heart rate measurements. We only included workers who 
provided valid data for cardiorespiratory fitness and 24-h 
heart rate in our analysis.

Data collection

Assessment of cardiorespiratory fitness

Baseline measurements included digital questionnaires, 
anthropometrical measurements, and objective measure-
ments of cardiorespiratory fitness and heart rate. Car-
diorespiratory fitness was assessed using a submaximal 
cycle ergometer test (Åstrand and Ryhming 1954), on an 
Ergomedic 874 E cycle ergometer (Monark AB, Varberg, 
Sweden). This test measures the heart rate required to 
achieve a given power output (work conducted) to pro-
vide an estimate of VO2max that takes into account both 
age and gender. Initial power output estimation was made 
using the information on age and estimated fitness. Typical 
output was estimated at between 60 and 90 W at a cadence 
of 60 revolutions per minute. Tests lasted a maximum of 
10 min and were terminated once a steady-state heart rate 
was registered—defined as a heart rate change of less than 
5 beats/min from 5 to 6 min. If a heart rate of less than 
110 beats/min was registered after the first minute, power 
output was increased to achieve a registered heart rate at 
or above 60% of the estimated maximum or at least 120 
beats/min. Heart rate was measured with a handheld pulse 
oximeter (Nellcor OxiMax N-65, United States), fixed to 
the fingertip. The combination of power output and heart 
rate were then used in the estimation of maximal oxygen 
uptake (Åstrand and Ryhming 1954).
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Assessment of aerobic workload

Following baseline measurements, a single Actiheart 
device (Actiheart, CamNTech Ltd., Cambridge, England) 
was used to measure 24-h heart rate, over four consecutive 
days. Actiheart consists of a single electrocardiography 
node attached at the apex of the sternum and connected to 
a secondary node, which is attached over any intercostal 
space on the left side of the ribcage. Workers were also 
requested to log work, leisure, and sleep periods, and peri-
ods without wearing the monitors in a diary provided after 
device placement. Furthermore, workers were instructed 
to remove any monitors causing irritation or discomfort.

For heart rate data to be considered a valid representa-
tion of aerobic workload, the Actiheart needed to be worn 
for at least one valid day. A valid day was defined as  ≥ 4 h 
of heart-rate data collection during work hours or  ≥ 75% 
of the individual’s average work hours. We also excluded 
measurements with beat error  > 50%.

The calculation of heart rate reserve (%HRR) was as 
follows (Karvonen 1957):

where  HRmin was the minimum heart rate over an aver-
age of ten beats using a moving window during the course 
of the whole measurement period and  HRmax was esti-
mated according to (Tanaka et al. 2001):

We chose to use  HRmin because heart rate, like blood 
pressure, can be much influenced by mental stress or phys-
ical activities if measured in a clinical health setting. Since 
we measured the heart rate continuously during the 24 h 
of the day, we could therefore subtract the minimum heart 
rate throughout the 24 h. Thus, to attain the most precise 
estimation of HRR we used the lowest heart rate period 
over the day, which we believe provides the most valid 
estimate of the true sleeping heart rate of an individual.

Actiheart devices were initialized and downloaded 
using Actiheart software. All were set to short-term 
recording mode, allowing inter-beat intervals to be cap-
tured for up to 440,000 heartbeats. Once downloaded, the 
inter-beat intervals recorded on Actiheart were further 
processed and checked for errors using Acti4 software 
using methods described in full previously (Kristiansen 
et al. 2011). In brief, Acti4 software splits 24-h heart rate 
measurements into periods of work, leisure, and sleep 
time based on the information contained in participant 
diaries (Skotte and Kristiansen 2014). Inter-beat inter-
vals were then resampled at a 4 Hz frequency through the 

(1)% HRR =

HRHRwork −HRHRmin

HRHRmax −HRHRmin

× 100

(2)HRmax = 208 − 0.7 × Age

implementation of a linear interpolation scheme and the 
calculations outlined above were completed (Eqs. 1, 2).

Inter-beat intervals corresponding to less than 36 beats/
min or greater than 200 beats/min were discarded (Skotte 
and Kristiansen 2014). Additionally, intervals differing by 
more than 15% compared to their neighbouring intervals or 
containing an error rate greater than 50% were discarded 
(Skotte and Kristiansen 2014).

Assessment of covariates and other variables

Age was determined based on the date of birth of the par-
ticipant and sex was determined using the question “Are you 
male or female?” self-rated general health was determined 
by the question “How will you rate your overall health?” 
rated on a scale of 1 = very good, 2 = good, 3 = fairly good, 
4 = poor, 5 = very poor. Participant’s use of medication 
was determined using the question “Have you in the last 
three months been taking prescription medication?” with 
a dichotomous ‘yes/no’ response category. This question 
was followed by “If yes, what kind of medication?” also 
using a dichotomous ‘yes/no’ response category. Occupa-
tional sector was determined according to the workplace, 
and occupation itself was determined by the question “What 
is your present main occupation?” with the response cat-
egories: 1 = blue-collar, 2 = white-collar and 3 = manager. 
For our analyses, these two variables (sector and occupa-
tion) were combined into a new occupation variable in the 
following way: blue-collar workers from each of the three 
occupational sectors (cleaning, manufacturing, transporta-
tion) were classified according to their sector, while white-
collar workers and managers from each of the sectors were 
classified together as ‘administration workers’. Shift workers 
were identified with the question “At what time of the day 
do you usually work in your main occupation?” with cat-
egory responses “fixed day work” and “night/varying/other”. 
Participants reported their workability on a 0–10 scale in 
response to “Please rate your present work ability?”.

Outcomes

Three outcomes were used in this study. These were; mean 
%HRR at work (%HRRmean), maximum %HRR at work 
(%HRRmax; the maximum %HRR above which the partici-
pant has spent at least 1 min), and the proportion of time at 
work spent at or above 30% of HRR (≥ 30%HRR). 30%HRR 
was chosen as a cut-off due to the suggestions of previous 
literature (Wu and Wang 2002; Korshøj et al. 2015). The 
association between the exposure (cardiorespiratory fitness) 
and each of these outcomes were investigated independently 
using linear regression modelling.
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Statistical analyses

We chose to express the time spent above and below 30% 
of HRR as a proportion of an approximately 8-h workday. 
Therefore, this data was first transformed into isometric log-
ratio coordinates in accordance with the principles of com-
positional data analyses (CoDA). Simply put, this method 
allows for the time spent above and below 30% HRR to be 
expressed relative to each other. As such, instead of investi-
gating only the time spent above 30% HRR, we investigate 
the time spent above 30% HRR relative to the time spent 
below 30% HRR. In this manner, we can account for indi-
vidual differences in the daily composition of HRR (i.e. the 
proportion a 24-h day with a HRR above or below 30% of 
an individual’s overall HRR).

The association between cardiorespiratory fitness 
and aerobic workload

The primary analysis involved two regression models for 
each outcome. The first was an unadjusted model that inves-
tigated the association between cardiorespiratory fitness and 
each HRR outcome. The second was an adjusted model that 
included age, sex, self-rated health, shift-work, prescription 
medication and occupation as potential confounders. These 
potential confounders were retained in the model regard-
less of significance. Where significant effects of potential 
confounders were identified (α = 0.05), the interaction was 
assessed by adding an interaction term to the model. We 
used scatterplots with locally weighted polynomial regres-
sion (LOWESS) lines to visualise the relationship between 
cardiorespiratory fitness and each outcome. Contour plots 
were used to visualise the effects of identified interactions 
when the interacting variable (i.e. age) was continuous. We 
chose to include LOWESS lines as they are a widely utilized 
method for displaying relationships between investigated 
variables that is unconstrained by the assumptions used in a 
regression model. This same logic is used for the inclusion 
of the contour plots, which are developed using LOWESS 
principles. Linear regression models were used as they pro-
vided a satisfactory fit for the data.

Stratification by occupation, pace of work, and age

The secondary analysis involved stratification by occupa-
tional group and age. We chose to stratify by the occupa-
tional group due to differences in activity levels between 
each of these groups. However, this stratification revealed 
that there was also a wide variation in physical activity levels 
within occupational groups. Therefore, we decided post-hoc 
to further stratify according to quartiles of steps-per-hour 
at work as a proxy for the pace or intensity of work, thus 
providing a rough approximation of work pace regardless 

of the occupational group. We also chose to stratify by age 
(using quartiles) to understand the identified interaction 
between cardiorespiratory fitness and age. We chose quar-
tiles to maintain a balanced number of participants between 
groups and because we had no specific reason to choose any 
other value(s). In all cases, stratification was based upon 
the adjusted model (i.e. all potential confounders were 
included in the model except the variable used to stratify). 
All analyses were conducted in R (R Core Team 2018)/Stu-
dio (RStudio Team 2016) using packages: compositions (van 
den Boogaart et al. 2018), robcompositions (Matthias et al. 
2019), car (Fox 2018), lmtest (Hothorn et al. 2018), and the 
tidyverse suite of packages (Wickham et al. 2019).

Results

Of the 1087 workers included in DPHACTO, 497 provided 
data relevant to this analysis. For our collection of heart 
rate data, the median (interquartile range) number of days 
included for each participant was 3 (2 to 3). In line with this, 
the mean (standard deviation; SD) number of hours at work 
for each participant contributing to the analyses was 18.5 
(7.8). Participants had a mean (SD) age of 44 (9.8) years 
and 41% were women. Most (67%) were blue-collar workers 
employed in the manufacturing sector and nearly all (99%) 
reported a general health that was ‘fairly good’ or better. The 
mean Cardiorespiratory fitness was 32 (8.9) and the mean 
%HRR at work was 30 (7.4). Full details are provided in 
Table 1. Information on the groups stratified by age, occu-
pation and work pace are provided in the Online Appendix.

The association between cardiorespiratory 
fitness and aerobic workload

Scatterplots (and LOWESS lines) showed a clear nega-
tive relationship between cardiorespiratory fitness and the 
three measures of aerobic workload (HRRmean, HRRmax 
and the proportion of time spent > 30%HRR) used as out-
comes in our study (Figs. 1,2, 3). Regression analyses show 
a significant association between cardiorespiratory fitness 
and aerobic workload (%HRR), whereby higher cardi-
orespiratory fitness is associated with lower values in all 
three outcome measures. The estimates in the unadjusted 
analysis for %HRRmean, %HRRmax and  > 30% HRR were 
β = −0.32 [95% CI −0.39 to −0.25], β = −0.35 [−0.45 to 
−0.25] and Δ%t (change in the proportion of time spent 
above 30%HRR) =  −1.8% [−2.2 to −1.5%], respectively 
(Table 2). When we adjusted the model for age, sex, self-
rated health, shift-work and prescription medication, all 
associations increased slightly in strength, but there were 
no changes in statistical significance (Table 2). Covariates 
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identified as significant in the multivariate model were age 
and occupation for all outcome measures, and shift work for 
%HRRmean only (p < 0.05). Moreover, interaction effects 
were identified between cardiorespiratory fitness and age for 
both %HRRmean (p = 0.048) and  > 30%HRR (p = 0.011). 
Contour plots of these interactions indicate that among older 
age groups, increases in cardiorespiratory fitness are associ-
ated with greater reductions in aerobic workload (Figs. 4, 5).

When stratified on age, all estimates remained negative 
and statistically significant (Table 3). When comparing 
across age groups, each outcome measure tended towards 
a u-shaped association with the strongest association 
between cardiorespiratory fitness and aerobic workload 
among the 46 to 51-year-old age group. The effect esti-
mates in this group were β = −0.45 [−0.60 to −0.31], 
β = −0.45 [−0.70 to −0.20] and Δ%t = −2.6% [−3.4% 
to −1.7%] for %HRRmean, %HRRmax, and  > 30%HRR 
respectively. When stratified according to the occupation, 

the direction of effect remained the same for all analy-
ses; however, the size of the effect did not remain statisti-
cally significant in the two smallest occupational groups, 
cleaning and transport (Table 4). Across all occupational 
groups, the effect sizes ranged from −0.37 to −0.18 for 
%HRRmean, −0.50 to −0.09 for %HRRmax and −1.0 to 
−2.2% for  > 30%HRR. When stratified according to 
the mean steps-per-hour at work, higher cardiorespira-
tory fitness was associated with significantly reduced 
aerobic workload across all outcome measures and work 
pace intensities (Table 5). The effect sizes ranged from 
−0.38 [−0.52 to −0.25] to −0.26 [−0.39 to −0.13] for 
%HRRmean, −0.58 [−0.79 to −0.36] to −0.33 [−0.59 
to −0.07] for %HRRmax, and −1.9% [−2.6 to −1.2%] to 
−1.4% [−2.2 to −0.8%] for  > 30%HRR.

Discussion

Our results show that higher cardiorespiratory fitness is 
associated with a lower aerobic workload during normal 
unconstrained work among blue-collar workers. This asso-
ciation was found regardless of age or the number of steps 
per hour (as a proxy for work intensity). Furthermore, we 
identified age as a significant moderator of the relationship 
between cardiorespiratory fitness and aerobic workload. 
This interaction tended towards a u-shaped relationship 
with the greatest effect of fitness on the aerobic workload 
being in the 46–51 years age group.

Our findings verify the results from laboratory studies 
dating back to the 1950s, demonstrating the importance 
of cardiorespiratory fitness for aerobic workload during 
standardized graded physical work (Karvonen 1957). To 
our knowledge, this is the first time this association has 
been verified using device-worn measurements gathered 
over consecutive workdays in a large sample of workers. 
The persistence of the association between cardiorespira-
tory fitness and aerobic workload across age and occu-
pational strata supports this basic fundament of work 
physiology.

Our findings also support previous epidemiological stud-
ies reporting a strong protective effect of high cardiorespira-
tory fitness against health impairments (e.g. cardiovascular 
disease and all-cause mortality) among workers with high 
OPA (Holtermann et al. 2012; Harari et al. 2015; Wanner 
et al. 2019). Relative workload (e.g. HRR) is a strong deter-
minant for the acute and long-term physiological adaptations 
and health effects from physical activity and our study sup-
ports the proposed causal chain of increased cardiorespira-
tory fitness lowering relative workload, and thus decreas-
ing the risk cardiovascular disease and all-cause mortality 
(Krause 2010).

Table 1  Demographics details of workers from cleaning, manufactur-
ing and transportation sectors in Denmark (n = 497)

Mean (SD), median 
(IQR) or n (%)

Age (years) 44 (SD 9.8)
Sex (f) 203 (41%)
BMI (kg/m2; n = 496) 27 (SD 4.6)
Smoking (n = 489)
 Never 200 (41%)
 Former 146 (30%)
 Current 34 (7%)
 Daily 109 (22%)

General Health (n = 487)
 Very poor 0 (0%)
 Poor 7 (1%)
 Fairly good 137 (28%)
 Good 301 (62%)
 Very good 42 (9%)

Cardiorespiratory fitness  (mlO2/min/kg) 32 (SD 8.9)
Occupation (n = 445)
 Administration 68 (15%)
 Cleaning 42 (9%)
 Manufacturing 298 (67%)
 Transportation 37 (8%)

Shift-work (n = 484)
 Fixed day work 386 (80%)
 Night/varying work hours 69 (14%)
 Other 29 (6%)

Work ability (n = 495) 9 (IQR 8 to 9)
Mean %HRR at work 30 (SD 7.4)
Maximum %HRR at work 57 (SD 10.5)
Proportion of time spent  > 30%HRR at work 47% (IQR 23–70%)
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Implications

The findings of our study support that cardiorespiratory fit-
ness is of importance for the aerobic workload. Although 
we showed that this finding is consistent across all levels 
of work intensity (using the steps per hour as a proxy) 
(Table 5), we argue that this finding is particularly important 

for blue-collar workers. This is because blue-collar work-
ers are at increased risk for health impairments and early 
drop-out from the working market compared with higher 
educated occupational groups with less physical demand-
ing work (Sewdas et al. 2019). In other words, blue-collar 
workers in manual jobs (e.g. construction, manufacturing, 
service and eldercare) have a greater need for initiatives 

Fig. 1  Scatterplot (and LOW-
ESS line) showing the relation-
ship between cardiorespiratory 
fitness and mean % heart rate 
reserve (%HRR) at work

Fig. 2  Scatterplot (and LOW-
ESS line) showing the relation-
ship between cardiorespiratory 
fitness and maximum % heart 
rate reserve (%HRR) at work
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to reduce the aerobic workload—such as offering tailored 
exercise at the workplace for sustaining and improving car-
diorespiratory fitness (Korshøj et al. 2016; Hallman et al. 
2017; Lidegaard et al. 2018; Lund Rasmussen et al. 2018). 
Apart from increasing fitness, tailoring of manual work tasks 
to the cardiorespiratory fitness of workers may also be a 
solution for reducing the relative aerobic workload of indi-
vidual workers—promoting balance between the capacity 
of workers and their tasks (which, currently, does not seem 
to be occurring Merkus et al. 2019; Oakman et al. 2019). 
Such tailoring would likely focus on equitable distribution 
in how work tasks are allocated (i.e., relative to capacity), 

but could also include other work modifications such as 
increased opportunity for rest breaks, shorter time at work, 
fewer days at work and help from fitter colleagues.

Our findings also suggest that age has an influence on the 
relationship between cardiorespiratory fitness and aerobic 
workload at work, with the strongest effect in the age span 
between 46 and 51 years of age. As we see no physiological 
explanation why the effect of cardiorespiratory fitness on 
HRR would decrease above this age, it is reasonable that 
this drop may be either due a tailoring towards less physi-
cally demanding manual work to the older workers and/or 
a ‘healthy worker effect’ (Mohren et al. 2010; Gommans 
et al. 2015; Zacher 2015). If that is the case, our findings 
suggest that cardiorespiratory fitness becomes more impor-
tant for maintaining a healthy workload as age increases. 
Because cardiorespiratory fitness generally decreases with 
age (Hodgson and Buskirk 1977; Klabunde 2011), and 
because statutory retirement age in most countries is increas-
ing (OECD 2017), the promotion of cardiorespiratory fitness 
as the workforce is aging is vital for achieving longer healthy 
working lives—particularly among blue-collar workers who 
generally have poor cardiorespiratory fitness (Kenny et al. 
2016).

Strengths and limitations

A major strength of the current study is the device-worn 
measurement of heart rate, measured over several consecu-
tive days in unconstrained workplace settings. A potential 

Fig. 3  Scatterplot (and LOW-
ESS line) showing the relation-
ship between cardiorespiratory 
fitness and the proportion of 
time spent above 30% heart rate 
reserve (30%HRR) at work

Table 2  The association between cardiorespiratory fitness (VO2max) 
and relative aerobic load (%HRR) at work

Bold indicates statistically significant effects (p < 0.05)
HRR  heart rate reserve, Max %HRR maximum % of HRR at which 
an individual has spent at least 1  min at or above during work, 
>30%HRR percentage of time spent at work above 30% HRR
a Estimates are β-coefficients
b Estimates are the absolute change in the proportion of time spent at 
work above 30%HRR

Estimates [95% CI]

Unadjusted analysis
(n = 497)

Adjusted analysis
(n = 439)

Mean %HRRa −0.32 [−0.39 to −0.25] −0.35 [−0.42 to −0.28]
Max %HRR a −0.35 [−0.45 to −0.25] −0.43 [−0.55 to −0.32]
 > 30%HRRb −1.8% [−2.2 to −1.5%] −1.9% [−2.3 to −1.5%]
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limitation of our study is that the participants included in 
our study may not be representative of the general popu-
lation. However, the demographics of our study are very 
similar to the overall DPHACTO cohort profile (Jørgensen 
et al. 2019). The primary difference between our study 
and the overall DPHACTO cohort was that participants 
in this study had higher self-rated health than those in the 

overall cohort (respectively, 71 vs. 61% of participants 
self-rated their general health as good or very good). This 
seems likely that, due to health issues, not all participants 
could perform the cardiorespiratory fitness test. This 
would have removed those workers with the worst health 
and may partly explain the potential healthy worker effect 
discussed above.

Fig. 4  Contour plot of the 
interaction between cardi-
orespiratory fitness and age in 
relation to mean % heart rate 
reserve (%HRRmean) at work. 
Contour plots use the differ-
ence between contour lines to 
show the change in an outcome 
(%HRRmean, illustrated by the 
contour lines) in relation to two 
independent variables (age and 
cardiorespiratory fitness). For 
any given age, a smaller vertical 
distance between contour lines 
indicates a larger effect (greater 
slope) of cardiorespiratory fit-
ness on %HRRmean at work

Fig. 5  Contour plot of the 
interaction between cardiores-
piratory fitness and age in rela-
tion to the proportion of time 
spent  > 30% heart rate reserve 
(HRR) at work. Contour plots 
use the difference between con-
tour lines to show the change in 
an outcome (the proportion of 
time spent >30 %HRR at work; 
illustrated by the contour lines) 
in relation to two independent 
variables (age and cardiorespi-
ratory fitness). For any given 
age, a smaller vertical distance 
between contour lines indicates 
a larger effect (greater slope) of 
cardiorespiratory fitness on the 
proportion of time spent >30 
%HRR at work
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Another potential limitation is the use of a submaximal 
test for cardiorespiratory fitness. We chose to use a submaxi-
mal test instead of a maximal test for several reasons. First, 
among workers (particularly blue collar) not used to exercis-
ing, maximal heart rate and maximal oxygen consumption 
cannot be achieved in a single exercise test as it requires 
several sessions over a period to feel safe and to learn to 
reach peak aerobic intensity. Second, because a high propor-
tion of the workers are not in very good health, we would 
have had a large number of participants ‘drop out’ from the 

test. These two reasons would have increased the likelihood 
that the maximal test would introduce bias in cardiorespira-
tory fitness. Furthermore, the test needed to be performed 
at the workplaces, which do not permit maximal testing for 
safety reasons. As such, we used a well-acknowledged and 
validated sub-maximal cycling test (Åstrand and Ryhming 
1954).

Finally, as the majority of participants came from the 
manufacturing sector, this does somewhat limit our con-
clusions regarding other sectors. However, the fact that 

Table 3  The association between cardiorespiratory fitness (VO2max) and relative aerobic load (%HRR) at work—stratified by occupation

Bold indicates statistically significant effects (p < 0.05)
HRR heart rate reserve, Max %HRR maximum % of HRR at which an individual has spent at least 1 min at or above during work,  > 30 %HRR  
percentage of time spent at work above 30 %HRR
a Estimates are β-coefficients
b Estimates are the absolute change in the proportion of time spent at work above 30 %HRR

Occupation group Estimates [95% CI]

Administration (n = 68) Cleaning (n = 42) Manufacturing (n = 293) Transportation (n = 36)

Mean %HRRa −0.37 [−0.56 to −0.18] −0.18 [−0.41 to 0.05] −0.38 [−0.47 to −0.30] −0.35 [−0.76 to 0.06]
Max %HRRa −0.50 [−0.84 to −0.17] −0.30 [−0.77 to 0.18] −0.48 [−0.60 to −0.36] −0.09 [−0.64 to 0.47]
 > 30%HRRb −1.0% [−1.5 to −0.4%] −1.0% [−1.8 to −0.0%] −2.2% [−2.6 to −1.7%] −1.4% [−3.2 to 0.4%]

Table 4  The association between cardiorespiratory fitness (VO2max) and relative aerobic load (%HRR) at work—stratified by work pace (steps/
hour at work)

Bold indicates statistically significant effects (p < 0.05)
HRR heart rate reserve, Max %HRR maximum % of HRR at which an individual has spent at least 1 min at or above during work,  > 30 %HRR 
percentage of time spent at work above 30 %HRR
a Estimates are β-coefficients
b Estimates are the absolute change in the proportion of time spent at work above 30 %HRR

Estimates [95% CI]

Work pace (steps/hour)  < 844.6 (n = 110) 844.6–1165.9 (n = 109) 1165.9–1492.7 (n = 110)  > 1492.7 (n = 110)
Mean %HRRa −0.38 [−0.52 to −0.24] −0.38 [−0.52 to −0.25] -0.26 [−0.39 to −0.13] −0.35 [−0.49 to −0.22]
Max %HRRa −0.33 [−0.59 to −0.07] −0.58 [−0.79 to −0.36] −0.41 [−0.62 to −0.20] −0.46 [−0.68 to −0.24]
 > 30%HRRb −1.9% [−2.6 to −1.2%] −1.8% [−2.4 to −1.2%] −1.4% [−2.2 to −0.8%] −1.9% [−2.5 to −1.2%]

Table 5  The association between cardiorespiratory fitness (VO2max) and relative aerobic load (%HRR) at work—stratified by age

Bold indicates statistically significant effects (p < 0.05)
HRR heart rate reserve, Max %HRR maximum % of HRR at which an individual has spent at least 1 min at or above during work, >30%HRR 
percentage of time spent at work above 30% HRR
a Estimates are β-coefficients
b Estimates are the absolute change in the proportion of time spent at work above 30%HRR

Age group (years) Estimates [95% CI]

 ≤ 37 (n = 111) 38–45 (n = 121) 46–51 (n = 112)  ≥ 52 (n = 95)

Mean %HRRa −0.29 [−0.44 to −0.15] −0.37 [−0.49 to −0.24] -0.45 [−0.60 to −0.31] −0.28 [−0.50 to −0.07]
Max %HRRa −0.39 [−0.60 to −0.17] −0.45 [−0.66 to −0.25] −0.45 [−0.70 to −0.20] −0.42 [−0.69 to −0.16]
 > 30%HRRb −1.5% [−2.1 to −0.8%] −1.9% [−2.5 to −1.3%] −2.6% [−3.4 to −1.7%] −1.7% [−2.8% to −0.5%]
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stratified analyses were performed and (while acknowledg-
ing the small sample sizes) there were no differences identi-
fied, mean that this issue is unlikely.

Conclusion

Our study shows that higher cardiorespiratory fitness is asso-
ciated with a lower aerobic workload during normal uncon-
strained work and that this association is present across all 
age groups. These findings serve to verify the fundamental 
laboratory studies that form the basis upon which our under-
standing of the importance of cardiorespiratory fitness for 
healthy work has been built. Our manuscript highlights the 
importance of cardiorespiratory fitness for reducing relative 
aerobic workload, particularly among blue-collar workers 
from ‘middle-age’ onwards. Therefore, our results support 
initiatives for promoting and sustaining cardiorespiratory fit-
ness and promoting a balance between work tasks and the 
cardiorespiratory fitness of workers.

Acknowledgements These results are based on data from the large 
Danish Physical Activity cohort with Objective measurements 
(DPHACTO), and so we would like to acknowledge those involved in 
the managing and establishment of this cohort. Dorte Ekner is acknowl-
edged for logistic planning, data collection, and data management. 
Klaus Hansen is acknowledged for his contribution to the protocol 
for cardiorespiratory fitness measurements and data collection. Jørgen 
Skotte is acknowledged for data processing and analysis. Data manag-
ers Lisbeth Nielsen and Angelika Worm Jørgensen are acknowledged 
for their handling and management of the considerable extent of the 
cohort data.

Funding This work is funded by a grant from the Danish Working 
Environment Research Fund (11-2017-03).

Compliance with ethical standards 

Conflicts of interest All authors declare no conflicts of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Åstrand PO, Ryhming I (1954) A nomogram for calculation of aero-
bic capacity (physical fitness) from pulse rate during submaximal 
work. J Appl  Physiol 7:218–221

Fox J (2018) R Package “car”: companion to applied regression. https 
://CRAN.R-proje ct.org/packa ge=car

Gommans F, Jansen N, Stynen D et al (2015) The ageing shift worker: 
a prospective cohort study on need for recovery, disability, and 
retirement intentions. Scand J Work Environ Health 41:356–367. 
https ://doi.org/10.5271/sjweh .3497

Hallman DM, Holtermann A, Søgaard K et al (2017) Effect of an 
aerobic exercise intervention on cardiac autonomic regulation: a 
worksite RCT among cleaners. Physiol Behav 169:90–97. https 
://doi.org/10.1016/j.physb eh.2016.11.031

Harari G, Green MS, Zelber-Sagi S (2015) Combined association of 
occupational and leisuretime physical activity with all-cause 
and coronary heart disease mortality among a cohort of men 
followed-up for 22 years. Occup Environ Med 72:617–624. 
https ://doi.org/10.1136/oemed -2014-10261 3

Hodgson JL, Buskirk ER (1977) Physical fitness and age, with 
emphasis on cardiovascular function in the elderly. J Am Geri-
atr Soc 25:385–392. https ://doi.org/10.1111/j.1532-5415.1977.
tb006 71.x

Holtermann A, Hansen JV, Burr H et al (2012) The health paradox of 
occupational and leisure-time physical activity. Br J Sports Med 
46:291–295. https ://doi.org/10.1136/bjsm.2010.07958 2

Holtermann A, Jørgensen MB, Gram B et al (2010) Worksite interven-
tions for preventing physical deterioration among employees in 
job-groups with high physical work demands: background, design 
and conceptual model of FINALE. BMC Public Health 10:1–12. 
https ://doi.org/10.1186/1471-2458-10-120

Holtermann A, Mortensen OS, Burr H et al (2010) Physical demands 
at work, physical fitness, and 30-year ischaemic heart disease and 
all-cause mortality in the Copenhagen male study. Scand J Work 
Environ Heal 36:357–365. https ://doi.org/10.5271/sjweh .2913

Hothorn T, Zeileis A, Farebrother RW, et al (2018) R Package ‘lmtest’: 
testing linear regression models. https ://CRAN.R-proje ct.org/
packa ge=lmtes t

Jørgensen MB, Gupta N, Korshøj M et al (2019) The DPhacto cohort: 
an overview of technically measured physical activity at work 
and leisure in blue-collar sectors for practitioners and research-
ers. Appl Ergon 77:29–39. https ://doi.org/10.1016/j.aperg 
o.2019.01.003

Karvonen MJ (1957) The effects of training on heart rate: a longitudinal 
study. Ann Med ExpBiolFenn 35:307–315

Kenny GP, Groeller H, McGinn R, Flouris AD (2016) Age, human per-
formance, and physical employment standards. Appl Physiol Nutr 
Metab 41:S92–S107. https ://doi.org/10.1139/apnm-2015-0483

Klabunde R (2011) Cardiovascular physiology concepts. Lippincott, 
Wolters Kluwer Health

Korshøj M, Lidegaard M, Skotte JH et al (2015) Does aerobic exer-
cise improve or impair cardiorespiratory fitness and health among 
cleaners? A cluster randomized controlled trial. Scand J Work 
Environ Heal 41:140–152. https ://doi.org/10.5271/sjweh .3475

Korshøj M, Ravn MH, Holtermann A et al (2016) Aerobic exercise 
reduces biomarkers related to cardiovascular risk among cleaners: 
effects of a worksite intervention RCT. Int Arch Occup Environ 
Health 89:239–249. https ://doi.org/10.1007/s0042 0-015-1067-5

Krause N (2010) Physical activity and cardiovascular mortality—dis-
entangling the roles of work, fitness, and leisure. Scand J Work 
Environ Heal 36:349–355. https ://doi.org/10.5271/sjweh .3077

Kristiansen J, Korshøj M, Skotte JH et  al (2011) Comparison of 
two systems for long-term heart rate variability monitoring in 

http://creativecommons.org/licenses/by/4.0/
https://CRAN.R-project.org/package=car
https://CRAN.R-project.org/package=car
https://doi.org/10.5271/sjweh.3497
https://doi.org/10.1016/j.physbeh.2016.11.031
https://doi.org/10.1016/j.physbeh.2016.11.031
https://doi.org/10.1136/oemed-2014-102613
https://doi.org/10.1111/j.1532-5415.1977.tb00671.x
https://doi.org/10.1111/j.1532-5415.1977.tb00671.x
https://doi.org/10.1136/bjsm.2010.079582
https://doi.org/10.1186/1471-2458-10-120
https://doi.org/10.5271/sjweh.2913
https://CRAN.R-project.org/package=lmtest
https://CRAN.R-project.org/package=lmtest
https://doi.org/10.1016/j.apergo.2019.01.003
https://doi.org/10.1016/j.apergo.2019.01.003
https://doi.org/10.1139/apnm-2015-0483
https://doi.org/10.5271/sjweh.3475
https://doi.org/10.1007/s00420-015-1067-5
https://doi.org/10.5271/sjweh.3077


513International Archives of Occupational and Environmental Health (2021) 94:503–513 

1 3

free-living conditions—a pilot study. Biomed Eng Online 10:27. 
https ://doi.org/10.1186/1475-925X-10-27

Lidegaard M, Søgaard K, Krustrup P et al (2018) Effects of 12 months 
aerobic exercise intervention on work ability, need for recovery, 
productivity and rating of exertion among cleaners: a worksite 
RCT. Int Arch Occup Environ Health 91:225–235. https ://doi.
org/10.1007/s0042 0-017-1274-3

Lund Rasmussen C, Nielsen L, LinanderHenriksen M et al (2018) 
Acute effect on ambulatory blood pressure from aerobic exercise: 
a randomised cross-over study among female cleaners. Eur J Appl 
Physiol 118:331–338. https ://doi.org/10.1007/s0042 1-017-3773-z

Matthias A, Hron K, Filzmoser P, et al (2019) R Package ‘robCom-
positions’: Robust Estimation for Compositional Data. https ://
CRAN.R-proje ct.org/packa ge=robCo mposi tions 

Merkus SL, Lunde LK, Koch M et al (2019) Physical capacity, occu-
pational physical demands, and relative physical strain of older 
employees in construction and healthcare. Int Arch Occup Environ 
Health 92:295–307. https ://doi.org/10.1007/s0042 0-018-1377-5

Mohren DCL, Jansen NWH, Kant IJ (2010) Need for recovery from 
work in relation to age: a prospective cohort study. Int Arch 
Occup Environ Health 83:553–561. https ://doi.org/10.1007/s0042 
0-009-0491-9

Ng JYK, Chan AHS (2018) The work ability of Hong Kong construc-
tion workers in relation to individual and work-related factors. Int 
J Environ Res Public Health. https ://doi.org/10.3390/ijerp h1505 
0990

Oakman J, Clays E, Jørgensen MB, Holtermann A (2019) Are occupa-
tional physical activities tailored to the age of cleaners and manu-
facturing workers. Int Arch Occup Environ Health 92:185–193. 
https ://doi.org/10.1007/s0042 0-018-1364-x

OECD (2017) Pensions at a glance 2017. OECD Publishers, Paris
R Core Team (2018) R: a language and environment for statistical 

computing

RStudio Team (2016) RStudio: integrated development for R
Sewdas R, Thorsen SV, Boot CRL et al (2019) Determinants of volun-

tary early retirement for older workers with and without chronic 
diseases: a Danish prospective study. Scand J Public Health. https 
://doi.org/10.1177/14034 94819 85278 7

Skotte JH, Kristiansen J (2014) Heart rate variability analysis using 
robust period detection. Biomed Eng Online 13:1–11. https ://doi.
org/10.1186/1475-925X-13-138

Tanaka H, Monahan KD, Seals DR (2001) Age-predicted maximal 
heart rate revisited. J Am Coll Cardiol 37:153–156. https ://doi.
org/10.1016/S0735 -1097(00)01054 -8

van den Boogaart KG, Tolosana-Delgado R, Bren M (2018) R Pack-
age ‘compositions’: compositional data analysis. https ://CRAN.R-
proje ct.org/packa ge=compo sitio ns

Wanner M, Lohse T, Braun J et al (2019) Occupational physical activ-
ity and all-cause and cardiovascular disease mortality: results 
from two longitudinal studies in Switzerland. Am J Ind Med 
62:559–567. https ://doi.org/10.1002/ajim.22975 

Wickham H, Averick M, Bryan J et  al (2019) Welcome to the 
Tidyverse. J Open Source Softw 4:1686. https ://doi.org/10.2110/
joss.01686 

Wu H, Wang MJ (2002) Relationship between maximum acceptable 
work time and physical workload. Ergonomics 45:280–289. https 
://doi.org/10.1080/00140 13021 01234 9

Zacher H (2015) Successful aging at work. Work Aging Retire 1:4–25. 
https ://doi.org/10.1093/worka r/wau00 6

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1186/1475-925X-10-27
https://doi.org/10.1007/s00420-017-1274-3
https://doi.org/10.1007/s00420-017-1274-3
https://doi.org/10.1007/s00421-017-3773-z
https://CRAN.R-project.org/package=robCompositions
https://CRAN.R-project.org/package=robCompositions
https://doi.org/10.1007/s00420-018-1377-5
https://doi.org/10.1007/s00420-009-0491-9
https://doi.org/10.1007/s00420-009-0491-9
https://doi.org/10.3390/ijerph15050990
https://doi.org/10.3390/ijerph15050990
https://doi.org/10.1007/s00420-018-1364-x
https://doi.org/10.1177/1403494819852787
https://doi.org/10.1177/1403494819852787
https://doi.org/10.1186/1475-925X-13-138
https://doi.org/10.1186/1475-925X-13-138
https://doi.org/10.1016/S0735-1097(00)01054-8
https://doi.org/10.1016/S0735-1097(00)01054-8
https://CRAN.R-project.org/package=compositions
https://CRAN.R-project.org/package=compositions
https://doi.org/10.1002/ajim.22975
https://doi.org/10.2110/joss.01686
https://doi.org/10.2110/joss.01686
https://doi.org/10.1080/0014013021012349
https://doi.org/10.1080/0014013021012349
https://doi.org/10.1093/workar/wau006

	Cardiorespiratory fitness, occupational aerobic workload and age: workplace measurements among blue-collar workers
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Method
	Criteria for inclusion and exclusions

	Data collection
	Assessment of cardiorespiratory fitness
	Assessment of aerobic workload
	Assessment of covariates and other variables
	Outcomes
	Statistical analyses
	The association between cardiorespiratory fitness and aerobic workload
	Stratification by occupation, pace of work, and age

	Results
	The association between cardiorespiratory fitness and aerobic workload
	Discussion
	Implications
	Strengths and limitations

	Conclusion
	Acknowledgements 
	References




