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Abstract: Alternating between physical and cognitive tasks has been proposed as an alternative in job
rotation, allowing workers to recover from the physical work while still being productive. However,
effects of such alternations on stress have not been investigated. This controlled experiment aimed at
determining the extent to which stress-related responses develop during alternating physical and
cognitive work, and to determine the extent to which cognitive task (CT) difficulty influences these
responses. Fifteen women performed three sessions of 10 consecutive work bouts each including
a seven-minute repetitive physical task (pipetting) and a three-minute CT (n-back) at one of three
difficulty levels. Stress was assessed in terms of changes in heart rate variability, blood pressure,
salivary alpha-amylase, salivary cortisol, perceived stress, and cognitive performance. The work
session did not result in any marked stress response, and CT difficulty did not significantly influence
stress, apart from alpha-amylase being higher at the easiest CT (F = 5.34, p = 0.02). Thus, according
to our results, alternating between repetitive physical tasks and cognitive tasks may be a feasible
alternative to classic job rotation between physical tasks only, even if the cognitive task is quite
difficult. Future studies should address possible effects of the temporal pattern of alternations, and
combine even other occupationally relevant tasks, preferably for extended periods of time.

Keywords: recovery; mental task; physical task; women; repetitive work; job rotation

1. Introduction

Increased variation in biomechanical exposure has been proposed by authorities and researchers
as a remedy for reducing risks of musculoskeletal disorders (MSD), particularly in jobs dominated
by repetitive and constrained tasks [1–5]. Variation can be modified by changing rest allowances
at work [5], and the effectiveness of rest in providing recovery from muscle fatigue has, indeed,
been confirmed in numerous studies of isometric, isotonic contractions [6–8]. However, extending
or restructuring rest breaks appears to have limited effect on fatigue and discomfort in occupational
settings [9]. One explanation may be that rest allowances can be implemented only to a limited extent
because breaks are essentially non-productive time [5,7]. Job rotation is another way of increasing
physical variation, but studies so-far show inconclusive results regarding whether job rotation is,
indeed, effective in increasing variation and reducing musculoskeletal complaints [10–12].
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Job rotation schemes often consist of alternations between different physically demanding work
tasks. An alternative involves including a (productive) mental work task with little biomechanical
demands in an otherwise physical work, one example being workers at an assembly line performing
administrative work in between bouts of physical work [13]. This would allow workers to recover
from physical fatigue, as with a rest break, however without losing productive time. Alternations
between physical and mental tasks occur already in many occupations, including retail, service-jobs,
and certain industries, and may even be preferred by workers, compared to performing either physical
or mental tasks only [14].

Alternations between activation and recovery are parts of an adaptive stress response,
as emphasized in the allostatic load model [15]. In contrast, prolonged and persistent activation of stress
regulatory systems can result in allostatic load, and potentially increase the risk of MSD [16–19] and
cardiovascular disease (CVD) [20]. In a biopsychosocial view on stress and MSD, workers performing
repetitive and simple tasks, are at greater risk for developing MSD, in particular if the psychosocial work
environment is unfavorable as well [21]. Inadequate regulation of autonomic nervous system (ANS)
activity in terms of a reduced vagal tone, as reflected in lower heart rate variability (HRV) [22–24],
has been proposed as a mechanism linking work stress and CVD. Moreover, prolonged stress is
associated with an impaired hypothalamic–pituitary–adrenal (HPA)-axis response and an inability to
respond adequately to everyday stressors [25]. However, sufficient recovery is considered to alleviate
negative effects and to promote health [26,27]. Keeping with the allostatic load model, alternating
between physical tasks leading to fatigue and mental tasks offering recovery may be a viable option
when designing healthy jobs.

Experimental studies suggest that a high mental workload, both in its own right and if it occurs
concurrently with a physical task, imposes a marked activation of stress regulatory systems, compared
to rest or a light mental workload [28–34]. However, it has seldom been investigated whether stress
is an issue when a mental task, difficult or not, alternates with a physical task, even though this
is relevant in the context of occupational applications. Some studies have addressed alternating
physical and mental tasks in relation to fatigue and performance [35–37], even if few have addressed
occupationally relevant tasks [38,39]. Only one study has addressed the influence of mental task
difficulty on stress-related responses [39]. In that study, recordings of HRV and blood pressure among
university students alternating between a repetitive physical task and a cognitive task did not suggest
any stress reaction, regardless of cognitive task difficulty. However, a more comprehensive selection of
stress indicators is needed to reflect both sympathetic nervous activation and HPA-axis response (e.g.,
salivary alpha amylase (sAA) and cortisol [40–42], and parasympathetic activation (HRV) [43].

Previous studies of alternations have been performed on men, although women tend to report
more MSDs and work-related stress [44–47]. As an example, a cross-sectional study of a large sample
from the Dutch working population found that the prevalence of neck complaints was 17.7 percent
among women, but only 10.7 percent among men [45]. Thus, studies specifically addressing stress
among women are needed, particularly for occupational tasks that women may perform to a larger
extent than men, such as repetitive, short-cycle work [47].

Thus, the aim of the present study was to determine the extent to which stress develops during
alternating physical and cognitive work in a population of women. We hypothesized that stress would
increase over time and be more pronounced with increasing difficulty of the cognitive task. The study
is part of a larger controlled experiment investigating alternating physical and cognitive tasks in
women [38].

2. Materials and Methods

2.1. Participants

Fifteen women were recruited through advertisements at the University Campus (mean age:
26.5 years (SD 4.7); height: 1.67 m (SD 0.06); weight: 66 kg (SD 4.9); BMI 23.7 kg·m−2 (SD 1.9)). Inclusion
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criteria were previous experience of pipetting, age between 20 and 50 years, and right-handedness
(assessed by the Edinburgh Inventory [48]). Exclusion criteria were pregnancy, any chronic disease,
pain, or previous trauma to the neck or back. None of the participants used cigarettes or snuff on a
daily basis. This research complied with the Declaration of Helsinki and was approved by the Regional
Ethical Review Board in Uppsala, Sweden (Ref. No. 2014/002). Informed consent was obtained from
each participant.

2.2. Study Design

Participants visited the lab for one training session (approximately 1 h) followed by three
experimental sessions (approximately 4 h each), interspersed by between 3 to 7 days. All sessions for a
particular participant (except two) were carried out at the same time of the day (either 8.30 AM to
12.30 PM; n = 9, or 1.30 PM to 5.30 PM; n = 4). The experiments were performed in a sound insulated
room at an ambient temperature of 21–22◦ Celsius; air flow and humidity kept within recommended
values; and sufficient luminance to perform the work tasks without visual hindrances. A window was
covered with a blind to block external stimuli.

The experimental protocol consisted of a pre-test battery, ten 10-min bouts of a 7-min physical
repetitive task (pipetting) followed by a 3-min cognitive task (n-back), and after that a post-test battery
(Figure 1). The physical task was identical in all three sessions, while the difficulty level of the cognitive
task (CT) was specific to the particular session; i.e., easy, moderate or difficult. The order of CT difficulty
between sessions was counterbalanced to avoid any order effect of experimental days, and participants
were not informed about the difficulty level before the session. Participants were instructed to avoid
intense physical exercise for 24 h before each study session; avoid nicotine consumption during the
hour before each experiment; and avoid eating, drinking, and brushing their teeth for 30 min before
the experiments.
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2.3. Physical Task

The physical task consisted of pipetting at a customized workstation. This pipetting task has
been used in previous studies as a model of repetitive work [49,50] and has been demonstrated to lead
to considerable fatigue when performed without interruption [51]. In other studies, pipetting has
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been reported to imply biomechanical exposures that likely lead to increased risk of MSD in the long
term [52–54]. The present task included aspiring a pre-set volume of liquid sequentially from a pickup
tube (Ø 20 mm) and transferring it to one of four smaller target tubes (Ø 6 mm) (Figure 2). A led lamp
lit the target tube to which the liquid was to be dispensed. Thus, each pipetting cycle (2.8 s, guided by
a metronome) included aspiring and dispensing liquid, at a pace corresponding to 100 MTM (Method
Time Measurement System) [55]. The workstation was adjusted according to standard ergonomic
guidelines; the height of the table was aligned with the elbow when the participant’s arm rested on the
table at a 90◦ angle, and the height of the chair was set so that the knee angle was 90◦. The chair and
the table were arranged so that the participant’s wrist was right above the pickup tube (Figure 2) when
she reached out for that tube.

Int. J. Environ. Res. Public Health 2020, 17, x 4 of 19 

 

pickup tube (Ø 20 mm) and transferring it to one of four smaller target tubes (Ø 6 mm) (Figure 2). A 
led lamp lit the target tube to which the liquid was to be dispensed. Thus, each pipetting cycle (2.8 s, 
guided by a metronome) included aspiring and dispensing liquid, at a pace corresponding to 100 
MTM (Method Time Measurement System) [55]. The workstation was adjusted according to standard 
ergonomic guidelines; the height of the table was aligned with the elbow when the participant’s arm 
rested on the table at a 90° angle, and the height of the chair was set so that the knee angle was 90°. 
The chair and the table were arranged so that the participant’s wrist was right above the pickup tube 
(Figure 2) when she reached out for that tube. 

Participants were strapped to the chair to avoid large variations in posture, which could 
introduce noise in the eventual data. 

 
Figure 2. Arrangement of target and pickup tubes; the right, larger tube (A) was the pickup tube, and 
liquid was to be dispensed into small tubes in the fixture at the front (B). 

2.4. Cognitive Task (CT) 

The CT was a commonly used working memory test, n-back [56], requiring information to be 
both maintained and updated in response to a stimulus [57,58]. The n-back task in the form used by 
us consisted of presenting a black letter (one of seven consonants) to the participant for 2000 ms on a 
white computer screen, followed by a blank screen for 500 ms. Participants were then instructed to 
press a button when the letter shown was identical to the previous letter (n-back 1), or the letter two 
steps back (n-back 2), or three steps back (n-back 3), with these “delays” representing an increased 
level of difficulty. In planning the present study, we conducted a pilot experiment to determine which 
n-back levels to include. Results from those experiments showed that n-back 1 (easy), 2 (moderate) 
and 3 (difficult) were best suited for the eventual experiment. As intended, performance decreased 
between n-backs 1 and 2, and then further between n-backs 2 and 3. A further increase in difficulty, 
to n-back 4, resulted in a marked further drop in performance, to the extent that several participants 
gave up. One 3-min bout of n-back in the eventual experiment included, in total, 72 letter 
presentations, with 15 randomly distributed letters being “correct”, i.e., requiring a reaction. The 
easy, moderate, and difficult task resulted in, on average, 14.0, 12.8, and 8.5 correct positive answers 
[38], confirming that the n-back levels differed markedly in difficulty (p < 0.001, ηp2 = 0.70), just as 
found in the pilot experiment and also reported by other studies [58]. We considered the n-back 1 as 
a control condition, since it was very easy, yet requiring participants to focus [39,57] and thus be in a 
more controlled mental state of relevance to the two other CT difficulties than if we had used passive, 
uncontrolled rest. To diminish physical load on the right body side, participants were instructed to 

Figure 2. Arrangement of target and pickup tubes; the right, larger tube (A) was the pickup tube,
and liquid was to be dispensed into small tubes in the fixture at the front (B).

Participants were strapped to the chair to avoid large variations in posture, which could introduce
noise in the eventual data.

2.4. Cognitive Task (CT)

The CT was a commonly used working memory test, n-back [56], requiring information to be
both maintained and updated in response to a stimulus [57,58]. The n-back task in the form used by us
consisted of presenting a black letter (one of seven consonants) to the participant for 2000 ms on a
white computer screen, followed by a blank screen for 500 ms. Participants were then instructed to
press a button when the letter shown was identical to the previous letter (n-back 1), or the letter two
steps back (n-back 2), or three steps back (n-back 3), with these “delays” representing an increased
level of difficulty. In planning the present study, we conducted a pilot experiment to determine which
n-back levels to include. Results from those experiments showed that n-back 1 (easy), 2 (moderate)
and 3 (difficult) were best suited for the eventual experiment. As intended, performance decreased
between n-backs 1 and 2, and then further between n-backs 2 and 3. A further increase in difficulty,
to n-back 4, resulted in a marked further drop in performance, to the extent that several participants
gave up. One 3-min bout of n-back in the eventual experiment included, in total, 72 letter presentations,
with 15 randomly distributed letters being “correct”, i.e., requiring a reaction. The easy, moderate,
and difficult task resulted in, on average, 14.0, 12.8, and 8.5 correct positive answers [38], confirming
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that the n-back levels differed markedly in difficulty (p < 0.001, ηp2 = 0.70), just as found in the pilot
experiment and also reported by other studies [58]. We considered the n-back 1 as a control condition,
since it was very easy, yet requiring participants to focus [39,57] and thus be in a more controlled
mental state of relevance to the two other CT difficulties than if we had used passive, uncontrolled rest.
To diminish physical load on the right body side, participants were instructed to press the button with
their left (non-dominant) hand. Performance in each n-back condition was measured as the number of
correct positive answers and false positive answers (i.e., pressing the button despite no match).

2.5. Familiarization and Training Trial

On a separate day, participants performed a one-hour familiarization and training trial,
during which baseline data were collected. Before entering the experiment, participants had to
complete at least 70 cycles of pipetting without any mistakes [49,59]. Additionally, participants
performed a 10-min CT practice, including all difficulty levels.

2.6. Pre- and Post-Test Battery

At the start of an experimental session, the examiner asked participants about sleep quality,
engagement in heavy physical activity 24 h prior to the experiment and consumption of drinks,
food, and tobacco. The experiment was discontinued if a participant reported poor sleep quality;
engagement in high-intensity physical activity 24 h prior to the experiment; or consumption of drinks,
food, and tobacco within 30 min prior to the experiment. However, no experiments were discontinued
due to this reason.

Participants then rated perceived stress on the Borg CR-10 scale [60,61] and provided a saliva
sample (Figure 1), after which they completed a pre-test battery with an initial rest for five minutes,
blood pressure (BP) measurements, and a five-minute training session on the “CT of the day” to avert
any training effects during the experiment. Ratings of stress, BP measurement, and saliva sampling
were repeated just before the 10 work bouts with alternating tasks (Figure 1). After the ten work bouts,
a post-test battery was completed, with ratings of stress, BP measurement, and saliva sampling.

2.7. Physiological and Psychophysical Measurements

2.7.1. Ratings

During the last minute of each pipetting bout and during a 30 s break after each CT bout,
participants rated their perceived stress on a Borg CR-10 scale [60,61]. The CR-10 scale is a validated,
general intensity scale which has been used to measure perceived stress also in previous studies [62].
Participants communicated their ratings verbally to the examiner.

2.7.2. Electrocardiography, Heart Rate Variability, and Blood Pressure

Electrocardiography (ECG) was recorded throughout the experimental session from a standard
two-led configuration using pre-gelled Ag/AgC1 electrodes (Ambu Blue Sensor VLC, Penang, Malaysia),
pre-amplified (Noraxon, MyoSystem 1400A; gain 500), and sampled at a frequency of 2000 Hz using a
customary digital 0.5–200 Hz band pass filter (Platon version 8.1). Further amplification was performed
(Brownlee Precision Model 440 Instrumentation Amplifier) with a gain of 5. Data files were stored
on a PC and imported to the Spike software (Spike 2, Cambridge Electronic Design, Cambridge,
UK) for off-line processing. The time series of R–R intervals were visually inspected for artefacts,
which were replaced using linear interpolation. HRV indices reflecting parasympathetic activity [43]
were determined both in the time domain (i.e., rMSSD; root mean square of the successive differences
between R–R intervals) and in the frequency domain (HF; high frequency spectral power: 0.15–0.4 Hz)
according to previous recommendations [63]. These HRV indices are reliable markers of autonomic
activity during light repetitive work [64]. Power spectral density of HRV was assessed using the Fast
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Fourier Transform. R–R intervals and HRV indices were obtained in consecutive, non-overlapping
2-min windows.

Systolic and diastolic arterial BP were measured using a non-invasive automatic blood-pressure
monitor (Boso Medicus Juningen, Germany) at time points shown in Figure 1.

2.8. Alpha-Amylase and Cortisol

Saliva samples were collected at 5 time points during the experimental session and once on the
training day (Figure 1). Following established procedures [42], participants were instructed to chew
lightly on a Salivette® cotton swab (Salivette bomull, Sarstedt, Landskrona, Sweden) for 60 s and to
move around the swab while chewing. After each study session, cotton swabs were frozen at −18 ◦C.
All saliva samples were analyzed for sAA. Three samples were analyzed for cortisol: (1) the baseline
sample at the beginning of each session, (2) the sample between work-bouts 6 and 7, and (3) the sample
from the end of each session. Sample 2 was collected between bouts 6 and 7 instead of mid-way in the
work bout in order to secure a sufficient amount of saliva.

sAA activity was determined using the method of Pointe Scientific, Inc. (Liquid Amylase, CNPG3
reagent set) and expressed as units per ml saliva (U/mL saliva). Thawed saliva samples were centrifuged
at room temperature for 2 min at 1000 g. The supernatant was diluted 1:50 in distilled water and a ten
microliters sample was used for duplicate analyses. Enzyme activity was measured by the absorbance
increase in the assay medium at 405 nm for 3 min at 37 ◦C. Blank reaction was assessed by measuring
activity in distilled water (10 µL). All saliva samples were analyzed for sAA.

For cortisol analyses, duplicate determinations were made in 40 µL of centrifuged saliva from the
sample used to determine sAA. Free salivary cortisol was analyzed using an enzyme immunoassay
kit (Cortisol Saliva ELISA, SE 120038; Sigma-Aldrich, Darmstadt, Germany) and expressed as ng
cortisol/mL saliva.

2.9. Statistical Methods

When planning the study, we performed power calculations, showing that a minimum of
15 participants were needed to sufficiently reduce the likelihood of type II error in repeated-measures
studies of the addressed outcomes, given what was considered relevant effect sizes.

Assumptions of normally distributed data were checked by calculating skewness and kurtosis.
Non-normal distributions were considered to be present if these parameters exceeded +2 or −2.

2.9.1. Baseline Observations

For descriptive purposes, variables were expressed as group means with standard deviations
(SD) between participants. Differences between protocols in subjective (ratings) and objective (HR,
RMSSD, HF, cortisol, sAA) indicators before the experiment, i.e., pre-test, were examined using
repeated-measures ANOVA with CT1-3 as a within-subjects factor.

2.9.2. Effects of Alternations

Effects of the experimental work bouts on perceived stress during the last minute of each pipetting
work bout and after each CT work bout were tested using a set of repeated-measures ANOVAs, with
CT (three levels), time (work bouts; ten levels), and their interaction as within-subject factors.

To determine the effect of alternating physical and cognitive work on physiological stress indicators,
a set of repeated-measures ANOVAs (effects: CT, time, and interaction CT × time) were run with data
expressed in percentage of baseline values. Time effects were addressed by examining ten observations
of HR and HRV-variables during work (i.e., the mean value in each work-bout); two levels for systolic
BP, diastolic BP, and cortisol (i.e., mean values of pre- and post-measurements); and four levels for sAA.

In all ANOVAs, the order of experiments differing in CT difficulty was added as a between-subject
factor to account for possible order effects. In all statistical tests, partial eta squared (ηp2) was used to
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express effect size, tentatively classified according to Cohen (1988) [65], i.e., small, medium and large
effects corresponding to ηp2 of 0.01, 0.06, and 0.14, respectively.

All statistical analyses were performed in SPSS version 24.0 (IBM SPSS Statistics for Windows,
IBM Corp, Armonk, NY, USA).

3. Results

3.1. Data Inspection

We found no critical violations of assumptions of normally distributed data, except for HF HRV,
which were therefore log-transformed prior to further analysis.

3.2. Baseline Value

At baseline, i.e., before performing any physical or cognitive task, we found no significant
differences between the three conditions (CT1-3) in any outcome variable (all p > 0.07, all ηp2 < 0.17),
except for BP. Systolic BP was slightly higher before experiments with CT3 compared to CT1 (p = 0.04,
ηp2 = 0.27), while diastolic BP was slightly higher before CT1 compared to CT2 (p = 0.02, ηp2 = 0.34).

3.3. Perceived Stress

Stress ratings during the last minute of each pipetting work bout were not significantly associated
with CT difficulty (Table 1) and did not change significantly across time. Stress ratings after each
CT-bout increased significantly across time (Table 1, Figure 3), but the time effect did not differ
significantly between CT difficulty levels (interaction CT × time).

Table 1. Ratings of stress during the last minute of pipetting bouts and just after cognitive task (CT)
bouts. Results of repeated measures ANOVAs with main effect and interactions, and mean values
(with SD) in each CT condition across all points in time.

Variable
ANOVA Mean (SD)

df F p ηp2 CT1 CT2 CT3

Stress (CR-10)
during pipetting

Time 9 0.74 0.67 0.08
CT 2 1.36 0.28 0.13 1.7 (1.4) 1.9 (1.5) 1.8 (1.3)

Interaction (CT × time) 18 0.59 0.90 0.06

Stress (CR-10)
after CT

Time 9 2.19 0.03 0.15
CT 2 2.74 0.09 0.19 1.2 (1.7) 1.3 (1.2) 1.5 (1.3)

Interaction (CT × time) 18 0.78 0.73 0.06

Abbreviations: df = degrees of freedom; ηp2 = partial eta squared; CT = cognitive task; SD = standard deviation
between participants; CR = category ratio.
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Figure 3. Development of perceived stress across consecutive work bouts (WB) of pipetting and
cognitive task (CT). Each time point on the x-axis represents ratings of stress during the last minute of
pipetting (full drawn lines) and just after each CT bout (dotted lines). Standard deviations for means
across all participants and all time points.

3.4. Physiological Indicators of Stress

3.4.1. Heart Rate and HRV

Data on HRV from one participant were excluded due to technical problems. HR, RMSSD and HF
changed significantly across consecutive work bouts (Table 2); HR decreased across time (Figure 4),
while RMSSD and HF increased (Figures 5 and 6), suggesting an overall increased parasympathetic
activity. CT difficulty did not affect HR, RMSSD, or HF significantly, and we found no significant
interaction between CT and time.

Table 2. Physiological indicators of stress (heart rate, heart rate variability (HRV), blood pressure (BP),
salivary alpha amylase (sAA)), and cortisol during work. Results of repeated measures ANOVAs with
main effect and interactions, and mean values in each CT condition across all points in time.

Measure ANOVA Mean (SD)

Df F p ηp2 CT1 CT2 CT3

HR (bpm)
Time 9 9.37 ≤0.001 0.33
CT 2 0.76 0.48 0.06 72.6 (8.0) 72.7 (8.4) 73.2 (7.7)

Interaction (CT × time) 18 1.23 0.24 0.08
HRV

RMSSD (ms)
Time 9 2.51 0.01 0.16
CT 2 0.29 0.75 0.02 50.0 (22.1) 47.4 (28.8) 50.8 (33.1)

Interaction (CT × time) 18 0.40 0.99 0.03
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Table 2. Cont.

Measure ANOVA Mean (SD)

Df F p ηp2 CT1 CT2 CT3

HF (log ms2) *
Time 9 4.17 ≤0.001 0.26
CT 2 0.32 0.72 0.03 2.7 (0.3) 2.7 (0.4) 2.7 (0.3)

Interaction (CT × time) 18 0.74 0.77 0.06

BP (mmHg)
Systolic
Time 2 1.91 0.29 0.28
CT 2 1.76 0.22 0.26 112.9 (7.8) 112.6 (8.9) 113.8 (7.9)

Interaction (CT × time) 4 1.18 0.35 0.19

Diastolic
Time 2 0.80 0.48 0.14
CT 2 0.88 0.44 0.15 73.6 (7.5) 72.4 (7.0) 73.3 (6.0)

Interaction (CT × time) 4 1.95 0.14 0.28

sAA (µ/mL saliva)
Time 3 1.38 0.27 0.13
CT 2 4.86 0.02 0.34 43.0 (21.8) 49.6 (26.7) 54.2 (35.7)

Interaction (CT × time) 6 0.28 0.94 0.03

Cortisol (ng cortisol/mL
saliva)
Time 1 0.32 0.59 0.03
CT 2 0.09 0.92 0.01 8.2 (2.7) 7.9 (2.0) 8.0 (3.1)

Interaction (CT × time) 2 1.97 0.17 0.18

Abbreviations: df = degrees of freedom; ηp2 = partial eta squared; CT = cognitive task; SD = standard deviation
between participants. * HF was log-transformed prior to further analysis. Data were expressed in percentage of
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Figure 5. Development of root mean square of the successive differences between R–R intervals (RMSSD)
across consecutive pipetting work-bouts (WB). At each time point on the x-axis, corresponding to
the pipetting work bouts, a mean value for RMSSD across participants is presented. Separate lines
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time points.
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Figure 6. Development of High Frequency spectral power (HF) across consecutive pipetting work
bouts (WB). At each time point on the x-axis, corresponding to the pipetting work bouts, a mean
value for HF across participants is presented. Separate lines illustrate cognitive task (CT) difficulties.
Standard deviations for means across all participants and all time points.
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3.4.2. Blood Pressure

Systolic and diastolic BP did not change significantly between pre- and post- test batteries, and
they were not significantly associated with CT difficulty. We found no significant CT × time interaction
effects (Table 2).

3.4.3. Salivary Alpha Amylase (sAA) and Cortisol

Experimental session time (morning, afternoon or mixed) influenced sAA activity (F = 5.69,
p = 0.03, ηp2 = 0.56), but not cortisol (F = 0.24, p = 0.79, ηp2 = 0.05).

sAA activity was higher during CT1 than during CT2 and CT3 (Figure 7), and this difference
was statistically significant (Table 2, Figure 7). Thus, sympathetic nervous activity was larger during
the easy CT than during the moderate and difficult CTs. CT difficulty had no main effect on cortisol,
and we found no significant CT × time interaction.
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sAA did not change significantly with time (Table 2). However, in the CT2 and CT3 experiments,
sAA baseline values were higher than immediately before the subsequent pipetting work. Cortisol
decreased with time, but the time effect was not significant (Table 2).

4. Discussion

We examined the effects on stress-related responses of 110 min alternating physical and cognitive
work, the latter at three different difficulty levels. Contrary to our hypotheses, we found no significant
increase in perceived stress, BP, salivary cortisol, or sAA during the work bout, irrespective of the
cognitive task difficulty. Rather, HR decreased, and HRV increased significantly over time, indicating
increasing parasympathetic activation. We found no effect of CT difficulty on stress-related responses,
apart from sAA increasing more from baseline levels during work including the easiest cognitive tasks
(CT1) compared with the moderate (CT2) and difficult (CT3) tasks. Overall, our findings suggest that
work consisting of a light, repetitive physical task alternating with a cognitive task, at the intensity
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levels and temporal patterns investigated here, is not associated with any marked stress response,
regardless of cognitive task difficulty.

4.1. Stress Effects of Combining Physical and Mental Work

To our best knowledge, this is the first study to investigate alternating physical and cognitive tasks
using a comprehensive selection of stress indicators, including both subjective (perceived stress) and
objective indicators, with the latter covering both ANS branches, i.e., sympathetic nervous activation
(amylase), vagal modulation (HRV-indices), and the HPA-axis (cortisol). We expected that 110 min
of work would result in a stress response, and that this response would be more pronounced for a
more difficult cognitive load, but no such effect was observed. The CT could be performed throughout
the 110-min working period without any notable performance reduction [38] despite CT performance
differing significantly between the three CT difficulties (correct positive answers p < 0.001, ηp2 = 0.70;
false positive answers p < 0.001, ηp2 = 0.49 [38]), which could suggest differences in stress. Moreover,
perceived mental effort differed between CT levels (p = 0.01, ηp2 = 0.30), even though mental fatigue
ratings did not (p = 0.29, ηp2 = 0.12) [38].

Mathiassen et al. [39] examined cardiovascular stress markers (HR, HRV, and BP) during
alternations between repetitive physical and cognitive tasks and found that alternations led to elevated
levels of HR and BP that persisted above baseline-levels one hour after work. In contrast, we found
that HR decreased, and HRV increased (rMSSD and HF power), indicating that parasympathetic
nervous activity increased across the ten work bouts. One explanation for these unexpected findings
may involve the fairly low intensity of the physical task (i.e., pipetting). Previous studies have
found that sustained isometric contractions at intensities exceeding 10% MVC lead to increased
sympathetic nervous activity [66] and that concurrent mental demands have more pronounced effects
on parasympathetic withdrawal at higher intensities of physical work [67].

The stress response is also likely to depend on the cognitive task. The n-back task used in this
study did not expose participants to multiple stressors, while this has often been the case in previous
experiments of mental tasks alone or concurrent with a physical task. For instance, Hjortskov et al. [30]
studied effects of mental stress during computer work on HRV-indices and BP, using a CT combined
with socially threatening exposures, i.e., aggression and surveillance. The stress condition led to a
vagal withdrawal, although BP was higher during computer work alone than when adding stress.
Krantz et al. [32] investigated physiological stress responses to three versions of the Stroop Color
Word Test and two types of arithmetic tasks. All stressors increased levels of sympathetic activity
(catecholamines, HR, systolic and diastolic BP), while—consistent with our results—none of these
protocols significantly increased HPA-axis activity. In contrast to our study, where conditions were
performed at separate days, all mental stressors in Hjortskov et al. [30] and Krantz et al. [32] were
performed within the same experimental session, and carry-over effects may have occurred.

4.2. Ecological Validity

Previous experimental studies of concurrent and alternating physical and cognitive tasks include
examples of lighter physical tasks than pipetting, such as computer work [30], but also considerably
heavier tasks, such as maximal isokinetic leg extensions or manually moving a 300 g manipulandum [39].
We argue that the pipetting task in our study has a good ecological validity and can serve as a valid model
of low-intensity repetitive upper extremity tasks commonly performed in occupational settings [52–54].
The pipetting sequence used in the present study, i.e., switching sequentially between tubes in a
predictable pattern, was designed to impose only a minor cognitive load, mimicking the situation
in simple repetitive occupational tasks. Pipetting task performance remained stable throughout the
work bouts with very few errors occurring during any of the experimental sessions; this agrees with
previous findings regarding this pipetting task [68]. While frequent shifts between tasks has been
suggested to lead to reduced productivity due to task interruptions [69], we observed no such effects.
We emphasize that the choice of pipetting, i.e., a low-intensity physical task, likely resulted in less
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pronounced stress responses than those following from performing more intense or heavy physical
tasks. However, our aim in the present study was not to deliberately provoke any stress response but
to investigate the extent to which a stress response would develop during a typically occurring task.

In selecting the n-back task, we prioritized having a CT that was easily manipulated and controlled,
rather than adopting a task with a closer resemblance of occupational work, such as having demanding
instructions for how to perform the pipetting task correctly [49]. Thus, the cognitive demands associated
with n-back are likely less complex than those occurring in many occupational tasks with multiple
parallel stressors. Still, we find that n-back is occupationally relevant, in involving a number of key
working memory processes also occurring in common work tasks, such as processing information,
keeping it in the memory, and updating it. Thus, n-back reflects occupational demands better than,
e.g., simple span tasks, reaction time tests, or the Stroop color word test [56]. N-back also activates
brain areas involved in error detection and strategic reorganization of information [57], which are
processes involved in everyday work.

The temporal pattern of alternations between physical and mental tasks is likely to influence the
physiologic response [6,7], but specific associations remain to be investigated. Some studies of rest
breaks suggest that shorter and more frequent breaks are more effective in reducing fatigue and muscle
discomfort than longer and less frequent breaks [69–72], but in general, research addressing temporal
patterns appears inconclusive [9]. Future studies should investigate to which extent different temporal
alternation patterns influence stress responses.

Our experimental design with a strictly controlled temporal pattern only serves as a crude model
of an occupational setting. Worker autonomy will probably be greater in real-life occupational settings,
leading to more irregular alternation patterns. Moreover, additional conditions present at work but
not in the laboratory, e.g., external demands and support from colleagues, will likely influence stress
responses [73,74], and maybe interact with the demands in cognitive tasks. In addition, stress responses
may develop if work continues for more than 110 min [75], and we encourage studies extending the
total exposure duration.

Notably, we did not attempt to identify a “just right” combination of productive physical
and cognitive task(s) that would be sufficiently challenging to promote both mental and physical
performance and health, despite this being an ultimate goal in job design according to the Goldilocks
work paradigm [76]. Pipetting is unlikely to provide sufficient stimulus to improve cardiorespiratory
or musculoskeletal capacity. Linking to the Goldilocks work paradigm, future controlled studies of
alternating physical and mental work tasks should consider using physical work tasks with different,
and maybe larger, load in time patterns inspired by, e.g., exercise and sports physiology.

4.3. Methodological Considerations

A strength of our study is the comprehensive approach in monitoring stress responses,
including both subjective (perceived stress) and objective indicators, representing both ANS branches,
and the HPA-axis.

However, the technique used for saliva samples may have disadvantages. The Salivette® is easy
to administer, but since it is absorbent, saliva flow can be compromised. Moreover, the collection
method does not account for saliva dilution [77]. This is important when interpreting the sAA and
cortisol values. Thus, future studies should consider using methods accounting for saliva flow.

Our results are based on a limited number of participants (n = 15), which may, for some of the
outcomes, lead to a critical risk of type II errors. In addition, the small sample size in combination with
the convenience recruitment of participants may add uncertainty regarding the representativeness of
our sample vis-a-vis the target population, i.e., healthy women, 20 to 50 years of age, with previous
pipetting experience.

Women are more often than men engaged in repetitive physical work tasks [78] and also report
more MSD [45]. However, the choice of women as a study group requires caution in generalizing results
to men, since men may respond differently to both the physical and the cognitive task. Our sample
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consisted of quite young women, and the results may not transfer to older individuals, considering
that both cognitive and physical performance change with age [79,80]. In addition, individuals with
stress-related health problems may experience alternating tasks as more stressful than individuals with
no such problems [25,81]. Moreover, individual differences in executive functioning seem to influence
stress regulation [82]. Thus, effects of CT difficulty on stress may vary between individuals having
different working memory capacities.

5. Conclusions

Alternations between a light, repetitive physical work task and a cognitive task did not lead to
any pronounced stress responses (perceived stress and indicators of sympathetic and parasympathetic
nervous activity) among healthy women. Cognitive task difficulty did not influence the stress response,
except for a greater increase in sAA-levels from baseline during the easiest CT.

Thus, our results suggest that combining physical and cognitive tasks may be an option in job
rotation and that cognitive task difficulty seems to be less of a concern, at least when demands are
within the limits investigated here.

Author Contributions: Conceptualization, S.E.M., D.M.H., E.L., and H.J.; methodology, S.E.M., D.M.H., S.M., E.L.,
K.D., P.L., and H.J.; formal analysis, S.M. and D.M.H.; investigation, S.M.; writing—original draft preparation, S.M.;
writing—review and editing, all authors; visualization, S.M.; project administration, S.E.M. and S.M.; funding
acquisition, S.E.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by AFA insurance [Ref. No. 120223].

Acknowledgments: We are grateful to Nisse Larsson and Per Gandal for technical support and to Staffan Hygge
for valuable contributions to the design of the study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1. European Committee for Standardization. EN 1005-2: 2003+A1 2008. Safety of Machinery—Human Physical
Performance; Recommended Force Limits for Machinery Operation; European Committee for Standardization:
Brussels, Belgium, 2008.

2. The Swedish Work Environment Authority. Ergonomics for the Prevention of Musculoskeletal Disorders, AFS
2012:2. In Arbetsmiljöverkets Föreskrifter och Allmänna råd om Belastningsergonomi; Swedish Work Environment
Authority: Stockholm, Sweden, 2012. (In Swedish)

3. Bongers, P.M. The cost of shoulder pain at work. BMJ 2001, 322, 64–65. [CrossRef] [PubMed]
4. Kilbom, A. Repetitive work of the upper extremity: Part II—The scientific basis (knowledge base) for the

guide. Int. J. Ind. Ergon. 1994, 14, 59–86. [CrossRef]
5. Mathiassen, S.E. Diversity and variation in biomechanical exposure: What is it, and why would we like to

know? Appl. Ergon. 2006, 37, 419–427. [CrossRef] [PubMed]
6. Mathiassen, S.E. The influence of exercise/rest schedule on the physiological and psychophysical response to

isometric shoulder-neck exercise. Appl. Ergon. 1993, 67, 528–539. [CrossRef]
7. Konz, S. Work/rest: Part II—The scientific basis (knowledge base) for the guide. Int. J. Ind. Ergon. 1998, 22,

73–99. [CrossRef]
8. Dickerson, C.R.; Meszaros, K.A.; Cudlip, A.C.; Chopp-Hurley, J.N.; Langenderfer, J.E. The influence of cycle

time on shoulder fatigue responses for a fixed total overhead workload. J. Biomech. 2015, 48, 2911–2918.
[CrossRef]

9. Luger, T.; Bosch, T.; Veeger, D.; De Looze, M. The influence of task variation on manifestation of fatigue is
ambiguous—A literature review. Ergonomics 2014, 57, 162–174. [CrossRef]

10. Padula, R.S.; Comper, M.L.C.; Sparer, E.H.; Dennerlein, J.T. Job rotation designed to prevent musculoskeletal
disorders and control risk in manufacturing industries: A systematic review. Appl. Ergon. 2017, 58, 386–397.
[CrossRef]

http://dx.doi.org/10.1136/bmj.322.7278.64
http://www.ncbi.nlm.nih.gov/pubmed/11154606
http://dx.doi.org/10.1016/0169-8141(94)90006-X
http://dx.doi.org/10.1016/j.apergo.2006.04.006
http://www.ncbi.nlm.nih.gov/pubmed/16764816
http://dx.doi.org/10.1007/BF00241650
http://dx.doi.org/10.1016/S0169-8141(97)00069-3
http://dx.doi.org/10.1016/j.jbiomech.2015.04.043
http://dx.doi.org/10.1080/00140139.2014.885088
http://dx.doi.org/10.1016/j.apergo.2016.07.018


Int. J. Environ. Res. Public Health 2020, 17, 8509 15 of 18

11. Leider, P.C.; Boschman, J.S.; Frings-Dresen, M.H.W.; Van Der Molen, H.F. Effects of job rotation on
musculoskeletal complaints and related work exposures: A systematic literature review. Ergonomics 2014, 58,
18–32. [CrossRef]

12. Mathiassen, S.E.; Lewis, C. Physical variation at work and musculoskeletal disorders. In Fysisk Variation och
Belastningsbesvär i Arbetet; Arbetsmiljöverket: Stockholm, Sweden, 2016. (In Swedish)

13. Christmansson, M.; Fridén, J.; Sollerman, C. Task design, psycho-social work climate and upper extremity
pain disorders–effects of an organisational redesign on manual repetitive assembly jobs. Appl. Ergon. 1999,
30, 463–472. [CrossRef]

14. Jahncke, H.; Hygge, S.; Mathiassen, S.E.; Hallman, D.M.; Mixter, S.; Lyskov, E. Variation at work: Alternations
between physically and mentally demanding tasks in blue-collar occupations. Ergonomics 2017, 60, 1218–1227.
[CrossRef] [PubMed]

15. McEwen, B.S. Protection and Damage from Acute and Chronic Stress: Allostasis and Allostatic Overload and
Relevance to the Pathophysiology of Psychiatric Disorders. Ann. N. Y. Acad. Sci. 2004, 1032, 1–7. [CrossRef]
[PubMed]

16. Larsman, P.; Hanse, J.J. The impact of decision latitude, psychological load and social support at work on the
development of neck, shoulder and low back symptoms among female human service organization workers.
Int. J. Ind. Ergon. 2009, 39, 442–446. [CrossRef]

17. Tornqvist, E.W.; Hagberg, M.; Hagman, M.; Risberg, E.H.; Toomingas, A. The influence of working conditions
and individual factors on the incidence of neck and upper limb symptoms among professional computer
users. Int. Arch. Occup. Environ. Health 2009, 82, 689–702. [CrossRef]

18. Bongers, P.M.; Ijmker, S.; van den Heuvel, S.; Blatter, B.M. Epidemiology of work related neck and upper limb
problems: Psychosocial and personal risk factors (Part I) and effective interventions from a bio behavioural
perspective (Part II). J. Occup. Rehabil. 2006, 16, 272–295. [CrossRef] [PubMed]

19. Lundberg, U. Psychophysiology of work: Stress, gender, endocrine response, and work-related upper
extremity disorders. Am. J. Ind. Med. 2002, 41, 383–392. [CrossRef]

20. Chandola, T.; Britton, A.; Brunner, E.; Hemingway, H.; Malik, M.; Kumari, M.; Badrick, E.; Kivimaki, M.;
Marmot, M. Work stress and coronary heart disease: What are the mechanisms? Eur. Heart J. 2008, 29,
640–648. [CrossRef]

21. Melin, B.; Lundberg, U. A biopsychosocial approach to work-stress and musculoskeletal disorders.
J. Psychophysiol. 1997, 11, 238–247.

22. Clays, E.; De Bacquer, D.; Crasset, V.; Kittel, F.; De Smet, P.; Kornitzer, M.; Karasek, R.; De Backer, G.
The perception of work stressors is related to reduced parasympathetic activity. Int. Arch. Occup.
Environ. Health 2010, 84, 185–191. [CrossRef]

23. Jarczok, M.N.; Jarczok, M.; Mauss, D.; Koenig, J.; Li, J.; Herr, R.M.; Thayer, J.F. Autonomic nervous system
activity and workplace stressors—A systematic review. Neurosci. Biobehav. Rev. 2013, 37, 1810–1823.
[CrossRef]

24. Vrijkotte, T.G.M.; van Doornen, L.J.P.; de Geus, E.J.C. Effects of work stress on ambulatory pressure, heart
rate, and heart rate availibility. Hypertension 2000, 35, 880–886. [CrossRef] [PubMed]

25. Raison, C.L.; Miller, A.H. When Not Enough Is Too Much: The Role of Insufficient Glucocorticoid Signaling
in the Pathophysiology of Stress-Related Disorders. Am. J. Psychiatry 2003, 160, 1554–1565. [CrossRef]
[PubMed]

26. Kunz-Ebrecht, S.R.; Kirschbaum, C.; Steptoe, A. Work stress, socioeconomic status and neuroendocrine
activation over the working day. Soc. Sci. Med. 2004, 58, 1523–1530. [CrossRef]

27. Chida, Y.; Steptoe, A. Cortisol awakening response and psychosocial factors: A systematic review and
meta-analysis. Biol. Psychol. 2009, 80, 265–278. [CrossRef] [PubMed]

28. Fechir, M.; Schlereth, T.; Purat, T.; Kritzmann, S.; Geber, C.; Eberle, T.; Gamer, M.; Birklein, F. Patterns
of Sympathetic Responses Induced by Different Stress Tasks. Open Neurol. J. 2008, 2, 25–31. [CrossRef]
[PubMed]

29. Frankenhauser, M.; Nordheden, B.; Myrsten, A.-L.; Post, B. Psychophysiolocigal reactions to understimulation
and overstimulation. Acta Physiol. 1971, 35, 298–308.

30. Hjortskov, N.; Blangsted, A.K.; Fallentin, N.; Lundberg, U. The effect of mental stress on heart rate variability
and blood pressure during computer work. Eur. J. Appl. Physiol. 2004, 92, 84–89. [CrossRef]

http://dx.doi.org/10.1080/00140139.2014.961566
http://dx.doi.org/10.1016/S0003-6870(98)00060-X
http://dx.doi.org/10.1080/00140139.2017.1282630
http://www.ncbi.nlm.nih.gov/pubmed/28112588
http://dx.doi.org/10.1196/annals.1314.001
http://www.ncbi.nlm.nih.gov/pubmed/15677391
http://dx.doi.org/10.1016/j.ergon.2009.01.002
http://dx.doi.org/10.1007/s00420-009-0396-7
http://dx.doi.org/10.1007/s10926-006-9044-1
http://www.ncbi.nlm.nih.gov/pubmed/16850279
http://dx.doi.org/10.1002/ajim.10038
http://dx.doi.org/10.1093/eurheartj/ehm584
http://dx.doi.org/10.1007/s00420-010-0537-z
http://dx.doi.org/10.1016/j.neubiorev.2013.07.004
http://dx.doi.org/10.1161/01.HYP.35.4.880
http://www.ncbi.nlm.nih.gov/pubmed/10775555
http://dx.doi.org/10.1176/appi.ajp.160.9.1554
http://www.ncbi.nlm.nih.gov/pubmed/12944327
http://dx.doi.org/10.1016/S0277-9536(03)00347-2
http://dx.doi.org/10.1016/j.biopsycho.2008.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19022335
http://dx.doi.org/10.2174/1874205X00802010025
http://www.ncbi.nlm.nih.gov/pubmed/19018304
http://dx.doi.org/10.1007/s00421-004-1055-z


Int. J. Environ. Res. Public Health 2020, 17, 8509 16 of 18

31. Johansson, G. Stress, Autonomy, and the Maintenance of Skill in Supervisory Control of Automated Systems.
Appl. Psychol. 1989, 38, 45–56. [CrossRef]

32. Krantz, G.; Forsman, M.; Lundberg, U. Consistency in physiological stress responses and electromyographic
activity during induced stress exposure in women and men. Integr. Physiol. Behav. Sci. 2004, 39, 105–118.
[CrossRef]

33. Taelman, J.; Vandeput, S.; Vlemincx, E.; Spaepen, A.; Van Huffel, S. Instantaneous changes in heart rate
regulation due to mental load in simulated office work. Eur. J. Appl. Physiol. 2011, 111, 1497–1505. [CrossRef]

34. Castaldo, R.; Melillo, P.; Bracale, U.; Caserta, M.; Triassi, M.; Pecchia, L. Acute mental stress assessment
via short term HRV analysis in healthy adults: A systematic review with meta-analysis. Biomed. Signal
Process. Control. 2015, 18, 370–377. [CrossRef]

35. Stock, M.S.; Beck, T.W.; DeFreitas, J.M. The Effects of Diverting Activities on Recovery from Fatiguing
Concentric Isokinetic Muscle Actions. J. Strength Cond. Res. 2011, 25, 1911–1917. [CrossRef] [PubMed]

36. Asmussen, E.; Mazin, B. Recuperation after muscular fatigue by “diverting activities. ” Eur. J. Appl. Physiol.
1978, 38, 1–7. [CrossRef] [PubMed]

37. Davis, K.; Marras, W.S.; Heaney, C.A.; Waters, T.R.; Gupta, P. The Impact of Mental Processing and Pacing on
Spine Loading: 2002 Volvo Award in biomechanics. Spine 2002, 27, 2645–2653. [CrossRef] [PubMed]

38. Mixter, S.; Mathiassen, S.E.; Hallman, D.M. Alternations between physical and cognitive tasks in repetitive
work—effect of cognitive task difficulty on fatigue development in women. Ergonomics 2019, 62, 1008–1022.
[CrossRef]

39. Mathiassen, S.E.; Hallman, D.M.; Lyskov, E.; Hygge, S. Can Cognitive Activities during Breaks in Repetitive
Manual Work Accelerate Recovery from Fatigue? A Controlled Experiment. PLoS ONE 2014, 9, e112090.
[CrossRef]

40. Kirschbaum, C.; Hellhammer, D.H. Salivary Cortisol in Psychoneuroendocrine Research: Recent
Developments and Applications. Psychoneuroendocrinology 1994, 19, 313–333. [CrossRef]

41. Kirschbaum, C.; Hellhammer, D.H. Salivary Cortisol in Psychobiological Research: An Overview.
Neuropsychobiology 1989, 22, 150–169. [CrossRef]

42. Nater, U.; Rohleder, N. Salivary alpha-amylase as a non-invasive biomarker for the sympathetic nervous
system: Current state of research. Psychoneuroendocrinology 2009, 34, 486–496. [CrossRef]

43. Laborde, S.; Mosley, E.; Thayer, J.F. Heart Rate Variability and Cardiac Vagal Tone in Psychophysiological
Research—Recommendations for Experiment Planning, Data Analysis, and Data Reporting. Front. Psychol.
2017, 8, 213. [CrossRef]

44. EU-OSHA—European Agency for Safety and Health at Work. New Risks and Trends in the Safety and Health of
Women at Work; Publications Office of the European Union: Luxembourg, 2013. [CrossRef]

45. De Zwart, B.C.H.; Frings-Dresen, M.H.W.; Kilbom, Å. Gender differences in upper extremity musculoskeletal
complaints in the working population. Int. Arch. Occup. Environ. Health 2000, 74, 21–30. [CrossRef]
[PubMed]

46. Nordander, C.; Hansson, G.-Å.; Ohlsson, K.; Arvidsson, I.; Balogh, I.; Strömberg, U.; Rittner, R.; Skerfving, S.
Exposure–response relationships for work-related neck and shoulder musculoskeletal disorders—Analyses
of pooled uniform data sets. Appl. Ergon. 2016, 55, 70–84. [CrossRef] [PubMed]

47. Nordander, C.; Ohlsson, K.; Balogh, I.; Rylander, L.; Palsson, B.; Skerfving, S. Fish processing work:
The impact of two sex dependent exposure profiles on musculoskeletal health. Occup. Environ. Med. 1999,
56, 256–264. [CrossRef] [PubMed]

48. Oldfield, R. The assessment and analysis of handedness: The Edinburgh inventory. Neuropsychologica 1971,
9, 97–113. [CrossRef]

49. Srinivasan, D.; Mathiassen, S.E.; Hallman, D.M.; Samani, A.; Madeleine, P.; Lyskov, E. Effects of concurrent
physical and cognitive demands on muscle activity and heart rate variability in a repetitive upper-extremity
precision task. Eur. J. Appl. Physiol. 2016, 116, 227–239. [CrossRef]

50. Srinivasan, D.; Samani, A.; Mathiassen, S.E.; Madeleine, P. The size and structure of arm movement variability
decreased with work pace in a standardised repetitive precision task. Ergonomics 2014, 58, 128–139. [CrossRef]

51. Samani, A.; Srinivasan, D.; Mathiassen, S.E.; Madeleine, P. Variability in spatio-temporal pattern of trapezius
activity and coordination of hand-arm muscles during a sustained repetitive dynamic task. Exp. Brain Res.
2016, 235, 389–400. [CrossRef]

http://dx.doi.org/10.1111/j.1464-0597.1989.tb01373.x
http://dx.doi.org/10.1007/BF02734276
http://dx.doi.org/10.1007/s00421-010-1776-0
http://dx.doi.org/10.1016/j.bspc.2015.02.012
http://dx.doi.org/10.1519/JSC.0b013e318220d8dc
http://www.ncbi.nlm.nih.gov/pubmed/21659888
http://dx.doi.org/10.1007/BF00436747
http://www.ncbi.nlm.nih.gov/pubmed/631115
http://dx.doi.org/10.1097/00007632-200212010-00003
http://www.ncbi.nlm.nih.gov/pubmed/12461390
http://dx.doi.org/10.1080/00140139.2019.1614229
http://dx.doi.org/10.1371/journal.pone.0112090
http://dx.doi.org/10.1016/0306-4530(94)90013-2
http://dx.doi.org/10.1159/000118611
http://dx.doi.org/10.1016/j.psyneuen.2009.01.014
http://dx.doi.org/10.3389/fpsyg.2017.00213
http://dx.doi.org/10.2802/69206
http://dx.doi.org/10.1007/s004200000188
http://www.ncbi.nlm.nih.gov/pubmed/11196077
http://dx.doi.org/10.1016/j.apergo.2016.01.010
http://www.ncbi.nlm.nih.gov/pubmed/26995038
http://dx.doi.org/10.1136/oem.56.4.256
http://www.ncbi.nlm.nih.gov/pubmed/10450243
http://dx.doi.org/10.1016/0028-3932(71)90067-4
http://dx.doi.org/10.1007/s00421-015-3268-8
http://dx.doi.org/10.1080/00140139.2014.957736
http://dx.doi.org/10.1007/s00221-016-4798-y


Int. J. Environ. Res. Public Health 2020, 17, 8509 17 of 18

52. Wu, J.Z.; Sinsel, E.W.; Shroyer, J.F.; Warren, C.M.; Welcome, D.E.; Zhao, K.D.; An, K.-N.; Buczek, F.L. Analysis
of the musculoskeletal loading of the thumb during pipetting—A pilot study. J. Biomech. 2014, 47, 392–399.
[CrossRef]

53. Fredriksson, K. Laboratory work with automatic pipettes: A study on how pipetting affects the thumb.
Ergonomics 1995, 38, 1067–1073. [CrossRef]

54. Lintula, M.; Nevala, N. Ergonomics and the usability of mechanical single-channel liquid dosage pipettes.
Int. J. Ind. Ergon. 2006, 36, 257–263. [CrossRef]

55. Maynard, H.; Stegemerten, G.; Schwab, J. Methods-Time Measurement; Mc Graw-Hill: New York, NY,
USA, 1948.

56. Kane, M.J.; Conway, A.R.A.; Miura, T.K.; Colflesh, G.J.H. Working memory, attention control, and the n-back
task: A question of construct validity. J. Exp. Psychol. Learn. Mem. Cogn. 2007, 33, 615–622. [CrossRef]
[PubMed]

57. Owen, A.M.; McMillan, K.M.; Laird, A.R.; Bullmore, E. N-back working memory paradigm: A meta-analysis
of normative functional neuroimaging studies. Hum. Brain Mapp. 2005, 25, 46–59. [CrossRef] [PubMed]

58. Herff, C.; Heger, D.; Fortmann, O.; Hennrich, J.; Putze, F.; Schultz, T. Mental workload during n-back
task—Quantified in the prefrontal cortex using fNIRS. Front. Hum. Neurosci. 2014, 7, 935. [CrossRef]
[PubMed]

59. Srinivasan, D.; Mathiassen, S.E. Motor variability in occupational health and performance. Clin. Biomech.
2012, 27, 979–993. [CrossRef]

60. Borg, G. Borg’s Percieved Exertion and Pain Scales, 1st ed.; Human Kinetics: Champaign, IL, USA, 1998.
61. Borg, G. Psychophysical scaling with applications in physical work and the perception of exertion. Scand. J.

Work Environ. Health 1990, 16, 55–58. [CrossRef]
62. Hallman, D.M.; Ekman, A.H.; Lyskov, E. Changes in physical activity and heart rate variability in chronic

neck–shoulder pain: Monitoring during work and leisure time. Int. Arch. Occup. Environ. Health. 2013, 87,
735–744. [CrossRef]

63. Malik, M.; Bigger, J.T.; Camm, A.J.; Kleiger, R.E.; Malliani, A.; Moss, A.J.; Schwartz, P.J. Heart rate variability:
Standards of measurement, physiological interpretation, and clinical use. Eur. Heart J. 1996, 17, 354–381.
[CrossRef]

64. Hallman, D.M.; Srinivasan, D.; Mathiassen, S.E. Short- and long-term reliability of heart rate variability
indices during repetitive low-force work. Eur. J. Appl. Physiol. 2015, 115, 803–812. [CrossRef]

65. Cohen, J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; Lawrence Erlbaum Associates: New
York, NY, USA, 1988.

66. Boulton, D.; Green, S.; Macefield, V.G.; Taylor, C.E. A Comparison of Muscle Sympathetic Nerve Activity to
Non-contracting Muscle During Isometric Exercise in the Upper and Lower Limbs. Front. Neurosci. 2019, 13,
341. [CrossRef]

67. Mehta, R.K.; Nussbaum, M.A.; Agnew, M.J. Muscle- and task-dependent responses to concurrent physical
and mental workload during intermittent static work. Ergonomics 2012, 55, 1166–1179. [CrossRef]

68. Srinivasan, D.; Mathiassen, S.E.; Samani, A.; Madeleine, P. The combined influence of task accuracy and pace
on motor variability in a standardised repetitive precision task. Ergonomics 2015, 58, 1388–1397. [CrossRef]
[PubMed]

69. Baethge, A.; Rigotti, T. Interruptions to workflow: Their relationship with irritation and satisfaction with
performance, and the mediating roles of time pressure and mental demands. Work Stress 2013, 27, 43–63.
[CrossRef]

70. Boucsein, W.; Thum, M. Design of work/rest schedules for computer work based on psychophysiological
recovery measures. Int. J. Ind. Ergon. 1997, 20, 51–57. [CrossRef]

71. Balci, R.; Aghazadeh, F. Effects of exercise breaks on performance, muscular load, and perceived discomfort
in data entry and cognitive tasks. Comput. Ind. Eng. 2004, 46, 399–411. [CrossRef]

72. McLean, L.; Tingley, M.; Scott, R.N.; Rickards, J. Computer terminal work and the benefit of microbreaks.
Appl. Ergon. 2001, 32, 225–237. [CrossRef]

73. Theorell, T.; Karasek, R.A.; Eneroth, P. Job strain variations in relation to plasma testosterone fluctuations in
working men—A longitudinal study. J. Intern. Med. 1990, 227, 31–36. [CrossRef]

74. Bakker, A.; Demerouti, E. The Job Demands-Resources model: State of the art. J. Manag. Psychol. 2007, 22,
309–328. [CrossRef]

http://dx.doi.org/10.1016/j.jbiomech.2013.11.015
http://dx.doi.org/10.1080/00140139508925173
http://dx.doi.org/10.1016/j.ergon.2005.06.011
http://dx.doi.org/10.1037/0278-7393.33.3.615
http://www.ncbi.nlm.nih.gov/pubmed/17470009
http://dx.doi.org/10.1002/hbm.20131
http://www.ncbi.nlm.nih.gov/pubmed/15846822
http://dx.doi.org/10.3389/fnhum.2013.00935
http://www.ncbi.nlm.nih.gov/pubmed/24474913
http://dx.doi.org/10.1016/j.clinbiomech.2012.08.007
http://dx.doi.org/10.5271/sjweh.1815
http://dx.doi.org/10.1007/s00420-013-0917-2
http://dx.doi.org/10.1093/oxfordjournals.eurheartj.a014868
http://dx.doi.org/10.1007/s00421-014-3066-8
http://dx.doi.org/10.3389/fnins.2019.00341
http://dx.doi.org/10.1080/00140139.2012.703695
http://dx.doi.org/10.1080/00140139.2015.1005174
http://www.ncbi.nlm.nih.gov/pubmed/25683668
http://dx.doi.org/10.1080/02678373.2013.761783
http://dx.doi.org/10.1016/S0169-8141(96)00031-5
http://dx.doi.org/10.1016/j.cie.2004.01.003
http://dx.doi.org/10.1016/S0003-6870(00)00071-5
http://dx.doi.org/10.1111/j.1365-2796.1990.tb00115.x
http://dx.doi.org/10.1108/02683940710733115


Int. J. Environ. Res. Public Health 2020, 17, 8509 18 of 18

75. Garde, A.H.; Hansen, Å.M.; Jensen, B.R. Physiological response to four hours of low-level combined physical
and mental repetitive work. Scand. J. Work Environ. Health 2003, 29, 452–460. [CrossRef]

76. Holtermann, A.; Mathiassen, S.E.; Straker, L.L. Promoting health and physical capacity during productive
work: The Goldilocks Principle. Scand. J. Work. Environ. Health 2019, 45, 90–97. [CrossRef]

77. Contreras-Aguilar, M.D.; Escribano, D.; Martínez-Subiela, S.; Martínez-Miró, S.; Rubio, M.;
Tvarijonaviciute, A.; Tecles, F.; Cerón, J.J. Influence of the way of reporting alpha-Amylase values in
saliva in different naturalistic situations: A pilot study. PLoS ONE 2017, 12, e0180100. [CrossRef]

78. Nordander, C.; Ohlsson, K.; Åkesson, I.; Arvidsson, I.; Balogh, I.; Hansson, G.-Å.; Strömberg, U.; Rittner, R.;
Skerfving, S. Risk of musculoskeletal disorders among females and males in repetitive/constrained work.
Ergonomics 2009, 52, 1226–1239. [CrossRef] [PubMed]

79. Deary, I.J.; Corley, J.; Gow, A.J.; Harris, S.E.; Houlihan, L.M.; Marioni, R.E.; Penke, L.; Rafnsson, S.B.; Starr, J.M.
Age-associated cognitive decline. Br. Med. Bull. 2009, 92, 135–152. [CrossRef] [PubMed]

80. Yarasheski, K.E. Review Article: Exercise, Aging, and Muscle Protein Metabolism. J. Gerontol. Med. Sci. 2003,
58, M918–M922. [CrossRef] [PubMed]

81. Chandola, T.; Heraclides, A.; Kumari, M. Psychophysiological biomarkers of workplace stressors. Neurosci.
Biobehav. Rev. 2010, 35, 51–57. [CrossRef]

82. Williams, P.G.; Suchy, Y.; Rau, H.K. Individual Differences in Executive Functioning: Implications for Stress
Regulation. Ann. Behav. Med. 2009, 37, 126–140. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.5271/sjweh.753
http://dx.doi.org/10.5271/sjweh.3754
http://dx.doi.org/10.1371/journal.pone.0180100
http://dx.doi.org/10.1080/00140130903056071
http://www.ncbi.nlm.nih.gov/pubmed/19787502
http://dx.doi.org/10.1093/bmb/ldp033
http://www.ncbi.nlm.nih.gov/pubmed/19776035
http://dx.doi.org/10.1093/gerona/58.10.M918
http://www.ncbi.nlm.nih.gov/pubmed/14570859
http://dx.doi.org/10.1016/j.neubiorev.2009.11.005
http://dx.doi.org/10.1007/s12160-009-9100-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants 
	Study Design 
	Physical Task 
	Cognitive Task (CT) 
	Familiarization and Training Trial 
	Pre- and Post-Test Battery 
	Physiological and Psychophysical Measurements 
	Ratings 
	Electrocardiography, Heart Rate Variability, and Blood Pressure 

	Alpha-Amylase and Cortisol 
	Statistical Methods 
	Baseline Observations 
	Effects of Alternations 


	Results 
	Data Inspection 
	Baseline Value 
	Perceived Stress 
	Physiological Indicators of Stress 
	Heart Rate and HRV 
	Blood Pressure 
	Salivary Alpha Amylase (sAA) and Cortisol 


	Discussion 
	Stress Effects of Combining Physical and Mental Work 
	Ecological Validity 
	Methodological Considerations 

	Conclusions 
	References

