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Obijective: The aim of this study was to evaluate the
long-lasting motor, behavioral, physiological, and percep-
tual effects of prolonged standing work in three work-rest
cycle conditions including passive or active rest breaks.

Background: Muscle fatigue has been evidenced after
prolonged standing work through physiological and neu-
romotor measures. It has been postulated that muscle
fatigue induced by prolonged work could be attenuated
by appropriate scheduling of work and rest periods. How-
ever, investigations in this domain remain limited.

Method: Thirty participants simulated standing work
for 5 hr with work-rest cycles of short, medium, or long
standing periods including passive or active breaks. Lower-
leg muscle twitch force (MTF), muscle oxygenation,
lower-leg volume, postural stability, force control, and dis-
comfort perception were quantified on 2 days.

Results: Prolonged standing induced significant
changes in all measures immediately after 5 hr of work,
indicating a detrimental effect in long-lasting muscle
fatigue, performance, discomfort, and vascular aspects.
Differences in the measures were not significant between
work cycles and/or break type.

Conclusion: Similar physiological and motor altera-
tions were induced by prolonged standing. The absence of
difference in the effects induced by the tested work-rest
cycles suggests that simply altering the work—rest cycle
may not be sufficient to counteract the effects of mainly
static standing work. Finally, standing for 3 hr or more
shows clear detrimental effects.

Application: Prolonged standing is likely to contribute
to musculoskeletal and vascular symptoms. A limitation to
less than 3 hr of mostly static standing in occupational activi-
ties could avoid alterations leading to these symptoms.
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INTRODUCTION

Approximately 50% of the workforce in the
European Union reported working in a standing
posture most of their workday (Graf, Krieger,
Laubli, & Martin, 2015). Prolonged standing
work has been related to several musculoskel-
etal disorders (MSDs), including low-back pain
(Coenen et al.,, 2017; Gallagher, Campbell,
& Callaghan, 2014; Waters & Dick, 2014),
ankle and foot pain (Messing, Tissot, & Stock,
2008; Werner, Gell, Hartigan, Wiggermann, &
Keyserling, 2010), knee pain (Cham, Redfern,
2001), and lower-leg discomfort (Brownie &
Martin, 2015; Garcia, Graf, & Laubli, 2017,
Garcia, Laubli, & Martin, 2015; Garcia, Wall,
Steinhilber, Laubli, & Martin, 2016). It has also
been associated with cardiovascular problems,
as reviewed by Waters and Dick (2014), such
as varicose veins (Tabatabaeifar et al., 2015;
Tichsen, Hannerz, Burr, & Krause, 2005), and
leg swelling (Chester, Rys, & Konz, 2002; Lin,
Chen, & Cho, 2012). Several studies have used
physiological or subjective measures to evaluate
the effects of prolonged standing (Redfern &
Cham, 2000). However, these studies are limited
and most of them evaluated standing work for
periods less than 2 hr (Redfern & Cham, 2000).
Localized muscle fatigue has attracted attention,
as it is widely considered a precursor of MSDs
(Armstrong et al., 1993; C6té, 2014; Edwards,
1988) and recently presented as “fatigue failure
process” (Gallagher & Schall, 2017).

Prolonged standing work and its relation with
lower-limb fatigue has been evaluated thorough
postural stability tests (Antle & Coté, 2013; Han-
sen, Winkel, & Jorgensen, 1998; Madeleine,
Voigt, & Arendt-Nielsen, 1998; Zhang, Drury, &
Woolley, 1992), muscle twitch force (MTF;
Brownie & Martin, 2015; Garcia et al., 2015,


http://crossmark.crossref.org/dialog/?doi=10.1177%2F0018720818769261&domain=pdf&date_stamp=2018-04-12

MuscuLAR AND VASCULAR IssUES IN STANDING WORK

807

2016), subjective evaluations (Redfern & Cham,
2000; Wiggermann & Keyserling, 2013), and sur-
face electromyography (EMG; Halim, Omar,
Saman, & Othman, 2012; Madeleine et al., 1998).
These measurements focus on quantifying lower-
limb fatigue related to the task. In particular, MTF
is able to objectively quantify a component of
muscle fatigue commonly called long-lasting
muscle fatigue (Edwards, Hill, Jones, & Merton,
1977; Garcia et al., 2016; Westerblad, Bruton,
Allen, & Lannergren, 2000), which could persist
up to 24 hr postwork (Edwards et al., 1977) and
also results from low-level intermittent exertions,
such as prolonged standing (Garcia et al., 2015,
2016).

Performance-related measures, such as dynamic
force control test, have been used to evaluate the
effects of a fatiguing task (Huysmans, Hooze-
mans, van der Beek, de Looze, & van Dieén,
2008). These authors observed that tracking per-
formance was significantly affected by fatigue. In
addition, several studies (Antle & Coté, 2013;
Cham & Redfern, 2001; Hansen et al., 1998) used
postural stability tests to evaluate the motor effects
of prolonged standing. The underlying assump-
tion is that an increase in center-of-pressure (COP)
displacement corresponds to an increase of body
movement in response to muscle discomfort and
fatigue (Redfern & Cham, 2000).

Measurements such as leg volume (Blattler,
Thomae, & Amsler, 2016; Cham & Redfern,
2001; Hansen et al., 1998; Zander, King, &
Ezenwa, 2004) and blood flow (Antle & Co6té,
2013) have been used to evaluate the effects of
prolonged standing on detrimental vascular out-
comes. In addition, it has been proposed that
standing work discomfort may have a vascular
origin (Antle & Coté, 2013), and blood flow and
oxygenation may modulate muscle fatigue
(Hepple, 2002; Murthy, Kahan, Hargens, &
Rempel, 1997; Sjogaard, Savard, & Juel, 1988).

No study has utilized these measurements to
evaluate the effect of different standing work—
rest cycles. Alteration of work—rest cycle may
relieve the effect of the task on fatigue (Adamo,
Khodaee, Barringer, Johnson, & Martin, 2009;
Wood, Fisher, & Andres, 1997).

In jobs involving low-level and prolonged
loads to the musculoskeletal system, several stud-
ies have suggested that more physical variation
may be a positive intervention in the prevention of

MSDs; however, current evidence is weak (Math-
iassen, 2006). A recent study suggested that hav-
ing a more active standing posture may relieve the
effects on discomfort and leg volume changes
(Karimi, Allahyari, Azghani, & Khalkhali, 2016).
In addition, seated breaks between prolonged
standing exposures have been shown to relieve
effects of standing on low-back pain development
(Gallagher et al., 2014). To our knowledge, no
study has evaluated different work—rest cycles
with active and passive break interventions during
prolonged standing.

The aim of the present study was to investigate
the effects of prolonged standing on MTF, pos-
tural stability, motor control, subjective perception
of discomfort, and lower-leg swelling and vascu-
lar changes on three different work—rest cycles
with active or passive rest breaks. A secondary
aim was to understand the role of some fatigue
mechanisms. The study was designed to test the
following hypothesis: Change in fatigue magni-
tude with work—rest cycles and/or rest-break types
should be reflected by changes in physiological
and, to some extent, psychophysical variables
associated with muscle fatigue.

METHOD
Participants

Thirty healthy individuals (15 males, 15
females) between 18 and 65 years old partici-
pated in the study. Approval was obtained from
the ethics committee of ETH Zurich, and all
participants gave written informed consent prior
to the experiments. This research complied with
the tenets of the Declaration of Helsinki. The
participants’ mean age and weight (£ SD) were 30
(# 12) years and 68 (£ 13.9) kg, respectively. They
were not divided into groups as previous compa-
rable studies did not show significant age and/
or gender effects (Garcia et al., 2015). Exclusion
criteria included any musculoskeletal, neurologi-
cal, or vascular problems that hinder the ability
to perform standing work for more than 5 hr. All
participants received a financial compensation for
their involvement in the study.

Dependent Variables

Gastrocnemius-soleus MTF amplitude and
duration, COP displacement speed and 95% con-
fidence ellipse area, soleus muscle oxygenation
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Figure 1. Work—rest cycles. The horizontal lines represent the standing work periods,
the solid boxes represent the rest breaks (active or passive), and the patterned boxes
represent the seated rest breaks (lunch and postwork). Measurements were performed
at baseline (Bsl), after the first 3 hr of work (T3), immediately after the end of the
workday (T5), and 1 hr postwork at the end of the seated recovery period (T6).

(HbT and StO,), lower-leg volume, perception
of discomfort, and force control magnitude (root
mean square tracking error [RMSE]) were col-
lected during two nonconsecutive simulated
standing workdays for each participant.

Experimental Design

Three work-rest cycles including, respec-
tively, short, medium, and long standing peri-
ods (Figure 1) with two break types (active
or passive) were tested. Each participant was
randomly assigned to two out of the six pos-
sible schedules following an incomplete bal-
anced block design where each of the conditions
occurred equally frequently and randomly on
the first or second session. Thus, 10 participants
performed each single condition. For example,
one participant could have been assigned the
same cycle repeated with a different break type
or two different cycles with the same break type.
Only one condition (cycle-break type) was
tested in an experimental day.

During standing work periods, the partici-
pants performed light manual tasks, including
computer work and reading books, that could be
alternated to prevent boredom. All tasks were
performed on a workbench adjusted to elbow
height and close to the participant to avoid far
reaches. The work area was constrained to a
maximum of 1.5 m? as is common in manufac-
turing industries. Participants were not allowed
to walk (performing more than two consecutive

steps) or rest their arms on the worktable; how-
ever, body weight shifting and movement of the
legs were not constrained. All participants were
provided with the same type of new sport shoes.
A similar experimental protocol was described
in two previous related studies (Garcia et al.,
2015, 2016).

The total amount of standing time for all
work—rest cycles was 275 min, and the total
amount of rest breaks was 15 min. In addition, a
30-min seated lunch break followed the 3rd hr of
work, and 1 hr seated recovery period was pro-
vided at the end of the standing workday. A
lunch meal and beverages were offered during
the lunch break, and water was provided
throughout the day. Two break types separated
working periods; a passive or an active break
was performed depending on the assigned
schedule. However, each workday included only
one break type. Passive breaks consisted in
remaining seated on an armchair for the required
time. Active breaks consisted of three activities:
(a) low-force pedaling while seated, (b) elevat-
ing the legs and resting them stretched and sup-
ported while seated, and (c) one leg balancing
and stepping on the toes 15 times with each leg
while standing. Break activities were assigned
randomly to participants but balanced through-
out the day and across participants.

Measurements of the dependent variables
(listed earlier), with the exception of muscle oxy-
genation, were performed before the start of the
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Figure 2. Muscle twitch force test setup for the
gastrocnemius-soleus muscles.

workday at baseline, after the first 3 hr of work
(T3), immediately after the end of the workday
(TS), and 1 hr postwork at the end of the seated
recovery period (T6), as illustrated in Figure 1.
Muscle oxygenation was measured every 45
min. The complete duration of the experimental
sessions was about 7 hr. Participants were
required to avoid high-exertion physical activi-
ties, such as weight lifting and running, at least
24 hr prior to each session. Each experimental
session was performed at least 2 days apart
within a week for each participant. In addition,
no more than 2 days prior to the first experimen-
tal day, participants performed a 3-hr training
session for the dynamic force control test.

Apparatus and Procedure

MTF. The present study followed the proce-
dure detailed in our previous studies to measure
the MTF of the gastrocnemius-soleus muscles
(Garcia et al., 2015, 2016). While sitting in a
comfortable armchair, the participant rested the
right foot on a fixed plate with a knee flexion
angle of 60° and an ankle dorsiflexion angle of
0° from the neutral anatomical posture. The fixed
plate was equipped with a force sensor connected
to an amplifier (Figure 2). The knee was strapped
to the armchair to avoid upward movements of
the leg during the stimulation. The participant
maintained a relaxed posture during the mea-
surement period, confirmed verbally and through
force signal monitoring. Pregelled electrodes (5
x 5 cm) were placed on the skin over the motor
point area of the gastrocnemius and soleus mus-
cles (Botter et al., 2011) and over the upper part

of the distal gastrocnemius tendon, respectively.
The electrodes’ locations were marked to ensure
identical placement on the second experimental
day.

Electrical stimulation was applied through a
Digitimer (Ft. Lauderdale, FL) stimulator
(DS7A) driven by a pulse generator (DG2A) ata
frequency of 2 Hz, with an intensity between 10
and 30 mA and a pulse duration of 1 ms. For
each participant, the stimulation intensity corre-
sponded to the maximum tolerable discomfort
associated with the largest twitch force. The
same intensity was used on both experimental
days. The twitch force signal was sampled at
1000 Hz by a custom LabVIEW program
(National Instruments, Austin, TX). The pro-
gram also computed and displayed the muscle
twitch amplitude and duration (= contraction
time + 0.5 relaxation time) in real time for visu-
alization. This procedure was done to determine
the stimulation-induced potentiation state of the
muscle. The gastrocnemius-soleus MTF steady
state occurs usually after about 3 min of poten-
tiation, as described by Adamo, Martin, and
Johnson (2002); Garcia et al., 2015, 2016; and
Kim and Johnson (2014). After reaching the
steady state, three consecutive series of 30
twitches with a coefficient of variation under 3%
were recorded (Adamo et al., 2002). Hence,
each period of muscle stimulation lasted about 4
min. MTF amplitude and duration were mea-
sured at baseline, T3, TS, and T6 (Figure 1).

Postural stability. The method and procedure
were identical to our previous study Garcia et al.
(2015). COP x, y coordinates were recorded at a
frequency of 1000 Hz while the participant stood
upright on a force plate with the eyes closed for
30 s. Footprints were marked on the force plate
to obtain the same feet placements for each test.
The COP displacement speed and corresponding
95% confidence ellipse area were calculated
using Matlab and following Geurts, Nienhuis,
and Mulder (1993) and Oliveira, Simpson, and
Nadal (1996). Previous studies have suggested
that the changes in COP 95% confidence ellipse
area and mean speed provide variability and
postural control information associated with
fatigue (Chiari, Rocchi, & Cappello, 2002;
Geurts et al., 1993). Hence, postural stability
was assessed at baseline, T3, T5, and T6.



810

September 2018 - Human Factors

Lower-leg volume. The lower-leg volume
was measured using a volumetric edema gauge.
The device consisted of a water tank filled up to
the overflow level. Most of the lower leg could
be submerged in water while the participant was
in a seated posture with the lower leg perpen-
dicular to the ground. The water displaced out of
the tank by lower-leg immersion was weighted
and the value recorded. The lower-leg volume
was measured at baseline, T5, and Té6.

Dynamic force control. A 1-min-duration
isometric tracking task was used to test force
control. A large white cursor was displayed on a
computer monitor. This target cursor was con-
trolled by a random signal (0-0.5 Hz frequency
bandwidth) and moved along a vertical axis. The
extreme values of the magnitude scale on this
axis corresponded to 0% (top) and 20% (bot-
tom) of the participant’s maximal voluntary con-
traction, respectively. A second cursor (smaller
and blue) was also presented on the screen. This
latter was controlled by the force signal gener-
ated by pressure of the foot (plantar flexion) on
the force transducer. The posture was identical
for the MTF and force control measurements.
The participant was instructed to track the white
target cursor movement by keeping the foot-
controlled blue cursor inside the white target.
Force exertion and cursor displacement (pres-
sure, down; relaxation, up) were fully compati-
ble. The force signal was sampled at 50 Hz and
low pass filtered (second-order Butterworth fil-
ter, 10 Hz cutoff frequency). The RMSE was
evaluated at baseline, T3, TS, and T6 to quantify
the performance.

Lower-leg muscle oxygenation. OxyPerm
near-infrared spectroscopy surface sensors (Bio-
medical Optics Research Laboratory, Zurich,
Switzerland), with a light spectrum range of 700
to 900 nm, were placed over the soleus muscle
to measure total hemoglobin (HbT), given by
the sum of oxygenated hemoglobin (O,Hb) and
deoxygenated hemoglobin (HHb), and oxygen
saturation (StO,) on the soleus muscle. StO,
reflects the balance between the supply of oxy-
gen and its consumption in the muscle region
under the sensors (Ferrari, Muthalib, & Quares-
ima, 2011). Moreover, HbT represents the
changes in the total volume of hemoglobin in the
tested muscle area (Quaresima et al., 2001).

HbT and StO, were measured every 45 min
from the beginning to the end of the workday,
which corresponded to seven measurements.
During each measurement, the participant stood
still for 60 s. Data were recorded at 100 Hz and
a third-order lowpass Butterworth filter with a
cutoff frequency of 0.05 Hz was applied. Post-
work measurements were not possible due to
incompatibility with lower-leg immersion.
Subjective evaluation. Discomfort level of
the lower body (feet, ankles, lower leg, knees,
upper leg/hip, and lower back) was evaluated
using an adapted Nordic questionnaire (Kuo-
rinka et al., 1987) as presented by Garcia et al.
(2015). The questionnaire included 10-cm visual
analog scales associated with body areas, on
which vertical marks were placed to rate dis-
comfort (0—10). Scales for left and right body
areas were grouped due to their high correlation
(Pearson’s correlation coefficient > .7).

Data Analysis

All data were analyzed using mixed models
to consider fixed (time, work cycle, break type)
and random effects (subject, day). Day (within
participant) was also included as a random effect
as measures taken within a day are usually cor-
related. Because percentage changes were of
interest in the present study, all data were log
transformed for the statistical analysis. In order
to address our hypotheses, first, we analyzed
data with a model using time (baseline, T3,
T5, T6) as the independent variable, participant
as a random effect, and day within-participant
random effect (Model A). (Note that time has
seven levels for StO, and HbT measures.) Then,
to investigate the effect of work-rest cycle
(see Figure 1), a second model used time as
independent variable, participant as a random
effect, day (Day 1, Day 2) within-participant
random effect, and the interaction of time and
cycle (Cycle 1, Cycle 2, Cycle 3) (Model B). To
investigate the effect of break type (active, pas-
sive), a third model was used with time as inde-
pendent variable, participant as a random effect,
day (Day 1, Day 2) within-participant random
effect, and the interaction of time and break
type (active, passive) (Model C). All analyses
were performed with a variance-components
covariance structure and a residual maximum
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TABLE 1: Mixed Model A Results for Time

Time
Measurement Num df Den df F Ratio p
MTF amplitude 3 161 26.30 <.0001
MTF duration 3 161 29.90 <.0001
COP speed 3 165 21.75 <.0001
COP ellipse area 3 165 3.57 .015
Volume 2 118 48.52 <.0001
Tracking RMSE 3 173 5.66 .001
NIRS StO, 6 250 21.63 <.0001
NIRS HbT 6 250 5.99 <.0001
Discomfort lower back 3 417 33.28 <.0001
Discomfort hip/upper leg 3 417 48.01 <.0001
Discomfort knees 3 417 55.28 <.0001
Discomfort lower leg 3 417 129.5 <.0001
Discomfort ankles 3 417 51.85 <.0001
Discomfort feet 3 417 217.2 <.0001

Note. COP = center of pressure; Den = denominator degrees of freedom; HbT = total hemoglobin; MTF = muscle
twitch force; NIRS = near-infrared spectroscopy; Num = numerator degrees of freedom; RMSE = root mean square
error; StO, = oxygen saturation. Bold font indicates significant values, a = .05.

likelihood estimation. In addition, differences of
least square means were computed to compare
each measure as a function of time. The level of
significance was set to o = .05. For comparison
simplification, means and standard error val-
ues refer to changes relative to baseline after
normalization, whereas p values correspond to
the analysis applied to the log-transformed raw
data. Data analyses were conducted using SAS
9.4. Results illustrations are relative to baseline
to facilitate the visualization of effects.

RESULTS
MTF

Time was a highly significant main effect
for twitch amplitude and twitch duration (Table
1). However, time interactions with work—rest
cycle and break type were not significant, as
indicated in Tables 2 and 3, respectively. Hence,
the following results correspond to Model A.
Twitch amplitude was significantly lower at T3
(M = 91.45%, SE = 3.98%; p = .04), TS (M =
77.11%, SE = 3.92%; p < .0001), and T6 (M =
73.17%, SE = 4.30%; p < .0001) than at base-
line. Moreover, the measurements at T5 and

T6 were significantly (p < .0001) lower than
at T3 (Figure 3a). Twitch duration was signifi-
cantly higher at T3 (M = 104.39%, SE = 1.02%j;
p =.009), TS (M = 105.05%, SE = 1.27%; p =
.0004), and T6 (M = 112.45%, SE = 1.78%;
p <.0001) than at baseline (Figure 3b). Further-
more, twitch duration increased significantly
(p <.0001) after the postwork recovery period,
T6, compared with T5.

Postural Stability

Time was a highly significant main effect for
COP displacement speed and 95% confidence
ellipse area (Table 1). However, time interac-
tion with work—rest cycle and break type were
not significant, as indicated in Tables 2 and 3,
respectively. Hence, the following results cor-
respond to Model A. COP displacement speed
was significantly slower at T3 (M = 99.17%,
SE = 17%; p < .0001), T5 (M = 98.72%, SE =
.15%; p < .0001), and T6 (M = 98.99%, SE =
.16%; p < .0001) when compared with base-
line. In addition, COP displacement speed was
significantly (p = .004) slower at TS5 but not at
T6, compared with T3. COP 95% confidence
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TABLE 2: Mixed Model B Results for Cycle x Time

Cycle x Time

Measurement Num df Den df F Ratio P
MTF amplitude 8 155 .85 .56
MTF duration 8 155 77 .63
COP speed 8 159 74 .65
COP area 8 159 .87 .54
Volume 6 114 1.13 .35
Tracking RMSE 8 166 .64 74
NIRS StO, 14 238 .90 .55
NIRS HbT 14 238 .94 .52
Discomfort lower back 8 171 .26 .98
Discomfort hip/upper leg 8 411 3.30 .001
Discomfort knees 8 411 1.76 .08
Discomfort lower leg 8 411 .63 .75
Discomfort ankles 8 411 .78 .62
Discomfort feet 8 411 1.14 .33

Note. COP = center of pressure; Den = denominator degrees of freedom; HbT = total hemoglobin; MTF = muscle
twitch force; NIRS = near-infrared spectroscopy; Num = numerator degrees of freedom; RMSE = root mean square
error; StO, = oxygen saturation. Bold font indicates significant values, a = .05.

ellipse area was significantly larger at TS (M =
142.79%, SE = 11.03%; p = .002) and T6 (M =
135.35%, SE = 9.73%; p = .02) but not at T3
(M =132.65%, SE = 8.44%; p = .06), compared
with baseline.

Lower-Leg Volume

Time was a highly significant main effect
for lower-leg volume (Table 1). However, time
interaction with work-rest cycle and break type
were not significant, as indicated in Tables 2
and 3, respectively. Hence, the following results
correspond to Model A. Lower-leg volume
was significantly larger at TS (M = 102.26%,
SE = 27%; p < .0001) and T6 (M = 101.39%,
SE = .23%; p <.0001), compared with baseline
(Figure 4). However, lower-leg volume was sig-
nificantly smaller (p = .0003) after the postwork
recovery period, T6, compared with T5.

Dynamic Force Control

Time was a highly significant main effect for
the RMSE (Table 1). However, time interac-
tion with work-rest cycle and break type were
not significant, as indicated in Tables 2 and
3, respectively. Hence, the following results

correspond to Model A. RMSE was signifi-
cantly higher at T5 (M = 107.75%, SE = 2.42%;
p = .003) but not at T3 (M = 104.29%, SE =
1.95%; p = .13) and T6 (M = 99.16%, SE =
1.9%; p = .44), compared with baseline. More-
over, RMSE was significantly lower (p < .03)
after the postwork recovery period, T6, com-
pared with T3 and T5.

Lower-Leg Muscle Oxygenation

Time (seven measures) was highly signifi-
cant for StO, and HbT (Table 1). The interaction
of time with work—rest cycle was not significant
for either measure, as indicated in Table 2.
However, the interaction of time with break type
was significant only for HbT (Table 3). Hence,
the following results correspond to Model C for
HbT and Model A for StO,.

For the active break type, HbT Measures 2 to 5
were not significantly different from the measure
at baseline; however, Measures 6 and 7, performed
after the 4th hr (M = 105.50%, SE = 2.59%; p =
.005) and the Sth hr (M = 108.48%, SE = 1.67%;
p < .0001) of standing work, respectively, were
significantly higher than at baseline. For the
passive break type, only HbT Measures 3 and 5,
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TABLE 3: Mixed Model C Results for Break x Time

Break x Time

Measurement Num df Den df F Ratio p
MTF amplitude 4 158 .82 .52
MTF duration 4 158 .67 .62
COP speed 4 162 2.20 .07
COP area 4 162 1.43 .23
Volume 3 116 21 .89
Tracking RMSE 4 170 1.32 .27
NIRS StO, 7 244 .81 .58
NIRS HbT 7 244 2.66 .01
Discomfort lower back 4 174 .69 .60
Discomfort hip/upper leg 4 414 1.81 A3
Discomfort knees 4 414 2.07 .08
Discomfort lower leg 4 414 1.17 .33
Discomfort ankles 4 414 3.56 .007
Discomfort feet 4 414 1.09 .36

Note. COP = center of pressure; Den = denominator degrees of freedom; HbT = total hemoglobin; MTF = muscle
twitch force; NIRS = near-infrared spectroscopy; Num = numerator degrees of freedom; RMSE = root mean square
error; StO, = oxygen saturation. Bold font indicates significant values, a = .05.

performed at the 2nd hr (M= 96.20%, SE=1.42%;
p=.01) and the 3rd hr (M = 95.54%, SE = 1.89%;
p =.002) of standing work, respectively, were sig-
nificantly lower than at baseline.

StO, was significantly higher (p < .0001)
after 45 min of standing, M = 107.38%, SE =
1.69%, and at each measurement time up to the
end of the standing work, M = 113.66%, SE =
2.38%, compared with baseline. StO, did not
increase significantly between Measures 2 and
4; however, the increase between Measures 4
(M=109.43%, SE =2.36%) and 5 (M = 114.36%,
SE = 2.46%) was significant (p = .006). This
increase persisted up to the last measurement.

Subjective Evaluation of Discomfort

The main effect of time was significant for
discomfort ratings of the six body areas (Table
1). The interaction of time with work—rest cycle
was significant only for the discomfort ratings
of hip/upper leg (Table 2). The interaction of
time with break type was significant only for
the discomfort ratings of ankles (Table 3). In
all body areas, discomfort was significantly
(< .0001) higher at T3 and T5, compared with
baseline, regardless of the cycle or break type.

One-hour postwork discomfort ratings at T6 for
the lower back, knees, hip/upper leg (all work—
rest cycles), and ankles (only passive break
type) were not significantly different from base-
line. However, discomfort ratings for the lower
legs, feet, and ankles (only active break type)
were significantly higher (< .01) at T6 than at
baseline. Perception of discomfort decreased
significantly (< .0001) for all body areas after
the postwork seated period (T6), compared
with T5, regardless the cycle or break type. To
explore the relevance of the interaction effect on
hip/upper leg and ankles, least square mean dif-
ferences to baseline of paired observations were
computed. Discomfort ratings of the hip/upper
leg were significantly higher (< .01) for work—
rest Cycle 1, compared with Cycles 2 and 3,
but only at T5. Discomfort ratings of the ankles
were significantly higher (< .04) for active than
for passive break type at T3, TS, and T6.

DISCUSSION

Three different work-rest cycles with two
break types (active and passive) were investi-
gated to assess possible physiological benefits
of interventions aimed at reducing prolonged
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Figure 3. Changes in muscle twitch force (a) amplitude
and (b) duration, relative (%) to baseline (Bsl). Vertical
bars indicate standard errors. Asterisk (*) indicates a
significant difference regardless of break type or work—
rest cycle when compared with Bsl.

standing effects on muscle fatigue, perfor-
mance, discomfort, and vascular issues. A sig-
nificant effect of prolonged standing work was
observed in all measures immediately after 5
hr of standing work. However, the influence of
work cycles and/or break type was not signifi-
cant. Hence, muscle fatigue and physiological
and motor behaviors in response to prolonged
standing, as opposed to shorter exposures, are
discussed first to frame the context of effects
and mechanisms. Then, last but not least, the
influence of work cycles is presented in this
context to more closely support conclusions.

Prolonged Standing and Muscle Fatigue

When compared with baseline, the signifi-
cantly lower twitch amplitude and higher twitch
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Figure 4. Changes in lower-leg volume relative (%)
to baseline (Bsl). Vertical bars indicate standard
errors. Asterisk (*) indicates a significant difference
regardless of break type or work—rest cycle when
compared to Bsl.

duration observed immediately after 5 hr of
standing work and their corresponding persis-
tence or exacerbation for at least 1 hr postwork
corroborate our previous studies with different
work-rest cycles (Garcia et al., 2015, 2016).
This finding shows that within a large range
of work-rest cycles (from 19.7 min work and
1.25 min rest here to 110 min work and 5 min
rest in Garcia et al., 2016) with the same total
standing duration, prolonged standing leads
to long-lasting muscle fatigue. Furthermore,
we previously concluded that 2 hr of stand-
ing work does not correspond to clear signs
of long-lasting fatigue (Garcia et al., 2015,
2016). However, the significant increase in
twitch duration and decrease in twitch ampli-
tude observed here after 3 hr of standing present
a clear indication of muscle fatigue. In terms of
muscle fatigue, which is considered a factor in
MSDs (Coté, 2014; Edwards et al., 1977; Gal-
lagher & Schall, 2017), 2 hr of standing work
is likely acceptable, but 3 hr may correspond
to a critical duration because fatigue develops
significantly. Moreover, subjective evaluation
of discomfort increased significantly after 3 hr
and 5 hr of standing work. However, ratings
return to baseline level after 1 hr postwork.
This finding corroborates previous studies sug-
gesting that long-lasting fatigue phenomena are
not subjectively perceived (Adamo et al., 2002,
2009; Garcia et al., 2015).
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Muscle Fatigue and Motor Performance

The dynamic control of force was not sig-
nificantly altered after 3 hr of standing work,
although signs of peripheral muscle fatigue had
appeared. However, a significant degradation
was observed immediately after 5 hr, but this
performance decrement was no longer present
after the recovery period. Several studies have
illustrated motor control impairments induced
by muscle fatigue (Cowley, Dingwell, & Gates,
2014; Johnston, Howard, Cawley, & Losse,
1998; Selen, Beek, & van Dieen, 2007). How-
ever, these effects were measured only immedi-
ately after a rather severe fatiguing task regimen
(at least 7 on a 10-point subjective rating scale).
Here, alteration of precise force control was
induced by prolonged low-level exertion. The
significant decrease in muscle force—producing
capability combined with the increase in con-
traction and relaxation time may be invoked to
explain performance alteration.

The mechanisms underlying these phenom-
ena, which present a long time lag, cannot clar-
ify alone the performance recovery 1 hr post-
work, because twitch amplitude and duration
show the persistence of fatigue. Furthermore,
here the task is apparently depending on a single
degree of freedom (plantar flexion-relaxation in
a single plane). Hence, reorganization based on
the exploitation of multijoint redundancy (Srini-
vasan & Mathiassen, 2012), redundant motor
solutions (Cowley et al., 2014; Dingwell, Small-
wood, & Cusumano, 2013), redundant intermus-
cular coordination (Cote, Feldman, Mathieu, &
Levin, 2008; Madeleine & Farina, 2008), or
variability in a multijoint neuromotor system
(Mudie, Gupta, Green, & Clothier, 2016) should
be considered. In other words, a compensation
strategy may be adopted to produce the required
foot pressure variations. Fatigue 1 hr postwork is
primarily resulting from excitation-contraction
coupling failure, as discussed later.

We postulate that reorganization of the motor
command to drive the “least fatigued/most per-
formant” motor unit pool may occur because the
number of nonrecruited motor units by the task
remains sufficiently large for the level of con-
traction required. This hypothesis is supported
by the spatial redistribution of gastrocnemius
and soleus activation with fatigue (Mesin &

Farina, 2004; Vieira, Loram, Muceli, Merletti, &
Farina, 2011), the variability in motoneuron
activity (recruitment/derecruitment) with and
after fatigue (Hunter & Enoka, 2003), and the
variability of motoneuron input as a function of
task during submaximal fatiguing contractions
(Hunter & Enoka, 2003; Maluf, Shinohara, Ste-
phenson, & Enoka, 2005; Rudroff, Poston, Shin,
Bojsen-Moller, & Enoka, 2005). It could not be
excluded that this change in motor command
may also involve a contribution by upper-leg
muscles in the production of foot pressure. An
alternative/complementary explanation may be
that improved learning of the task during the
experimental day may emerge after 1 hr of
recovery, especially because the task is repeated
after 1 hr only. Indeed, the role of a learning
effect is possible, as it was observed that perfor-
mance was better on experimental Day 2, com-
pared with Day 1.

The present results suggest that prolonged
standing work has a negative effect on postural
control, because it is assumed that a smaller
COP area indicates a more stable posture
(Schérli, van de Langenberg, Murer, & Miiller,
2012). Johnston et al. (1998) noted that lower-
extremity fatigue is reflected by a significant
decrease in motor control performance and bal-
ance. This result agrees with the present find-
ings, where significant lower-leg muscle fatigue
was evidenced. However, postural stability
altered by leg muscle fatigue, as observed here
and other studies as well (Madeleine et al.,
1998), is not strictly preserved by the possible
change in motoneuron recruitment strategy
evoked earlier despite a slowdown in COP dis-
placement speed.

This apparent paradox, when considering pre-
vious results indicating an increase of COP dis-
placement speed (Freitas, Wieczorek, Marchetti,
& Duarte, 2005; Garcia et al., 2015) and the
compensation mechanism suggested for force
control, may be explained by versatility of the
control mechanism. Due to the nature of the task,
posture stability is less constrained than preci-
sion tracking and corresponds not to a force con-
trol task but rather to a coordination task. Hence,
slowdown in COP speed due to reduced muscle
force capability and the associated increase in
COP displacement area may be considered
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acceptable by the central nervous system because
postural stability is far from being compromised.
Indeed, it has been shown that the central ner-
vous system may be satisfied with a “function-
ally good enough” muscle coordination as an
alternative to an optimization process to reduce
the cost of a complex reorganization of muscle
coordination (de Rugy, Loeb, & Carroll, 2012;
Lee, Thrasher, Layne, & Martin, 2016).

The present results underline the importance
of the context in terms of fatiguing task and per-
formance task. It may be assumed that compen-
sation of muscle fatigue is most likely dependent
on both the level of fatigue and task constraints,
which is in line with changes in motoneuron
activity as a function of task, as evoked earlier.
In the present context, the role of central fatigue
(Bigland-Ritchie, Furbush, & Woods, 1986;
Gandevia, Enoka, McComas, Stuart, & Thomas,
1995) in the alteration of posture stability and/or
the limitation of a significant reorganization of
body segment/muscle coordination may not
appear to be critical because the precision task,
which is also dependent on central mechanisms,
showed improvement at the end of the postwork
recovery period.

Overall, integration of these data (muscle
fatigue and degradation of motor performance)
leads us to suggest that standing work in mostly
static conditions (workspace limited to 1.5 m?,
as common in industrial settings) should be lim-
ited to less than 3 hr to avoid alterations of motor
outcomes and associated long-term issues evi-
denced by MSDs.

Prolonged Standing and Vascular
Outcomes

The present study showed that lower-leg
volume significantly increased after 5 hr of
prolonged standing work. Previous studies also
reported a similar effect after half an hour (Antle
& Coté, 2013), 2 hr (Hansen et al., 1998), and
4 hr (Zander et al., 2004) of standing work.
Concomitantly, HbT tended to also increase,
but this increase was significant only toward
the end of the standing task in active break
conditions (Figure 5). This finding may not
be surprising, because an increment in muscle
activity is likely to contribute to an increment in
metabolism. Additionally, here we observed that
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Figure 5. Changes in lower-leg muscle oxygenation
HbT regardless of work-rest cycle and to baseline
(Bsl). Vertical bars indicate standard errors. Asterisk
(*) indicates a significant difference when compared
to Bsl.

lower-leg volume had significantly decreased
after the 1-hr postwork recovery seated break.
Thus, disruption of the flux of potassium ions
(K+), which are involved in muscle contrac-
tion mechanisms and whose loss is “the largest
at low prolonged contractions” (Sejersted &
Sjogaard, 2000), may be suspected to contribute
to long-lasting muscle fatigue. Indeed, it may
be suspected that an increase in water volume
(Sjogaard, 1988) is associated with a dissipation
of K+ in the extracellular space that reduces K+
uptake by the muscles (Sejersted & Sjogaard,
2000) and thus exacerbates muscle fatigue.
However, in the cases presented here, such
phenomenon is not likely of significant impor-
tance because despite a reduction in volume, and
thus recession of dissipation during the recovery
period, muscle fatigue remains the same or
slightly increases. Although prolonged low-
level muscle activity K+ loss (Sejersted &
Sjogaard, 2000) could be compensated by con-
comitant increase in HbT as observed in the
active break condition, it must be observed that
HDbT does not change significantly in the passive
break-type condition, and muscle fatigue magni-
tude is not different between conditions. Hence,
these results support the assumption proposed
earlier by Sejersted and Sjogaard (2000) and
Sjogaard (1988) that a loss of K+ is not
a major component of long-lasting fatigue, as
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evidenced here. Long-lasting fatigue may remain
primarily associated with the failure of excita-
tion-contraction coupling involving calcium
ions (Cat+) release mechanisms (Lamb, 2002;
Ortenblad, Sjogaard, & Madsen, 2000; Wester-
blad, Duty, & Allen, 1993). Finally, muscle oxy-
genation is not likely to be an issue here, because
StO, increases during the standing hours.

Work Cycles and Break Type

The evaluation of work-rest cycles has been
considered as a potential solution to reduce
the effects of workload in different fatiguing
tasks (Eksioglu, 2006; Maresh et al., 2014).
In the evaluation of four work schedules dur-
ing prolonged standing, Van Dieen and Oude
Vrielink (1998) concluded that longer breaks
may help to relieve leg swelling, compared
with shorter breaks. However, the amount of
break presented in their study, 30 min after
every 30 min of work, may not be applicable
to all work environments. In the present study,
work—rest schedules were based on the amount
of break commonly given in industry, 15 min
over a 5-hr work period plus 30 min of lunch
break. However, this break duration (15 min
total) may not be long enough to present a ben-
efit or a difference when dividing it in various
work—rest schedules, as presented in Figure 1.
The differences among the present work-rest
schedules are not significant in terms of any of
the physiological or performance measurements
presented in this study.

Regarding break type, the integration of
physical variation during low-level prolonged or
intermittent work has been suggested as an
effective intervention; however; there is no
strong evidence in this matter (Mathiassen,
2006). A recent study, concluded that changes in
lower-leg muscle activity may reduce the effect
on leg swelling (Karimi et al., 2016). Here, we
incorporated changes of muscle activity during
the breaks; however, no difference was observed
compared with a passive break, except for mus-
cle oxygenation. Uda, Seo, and Yoshinaga
(1997) evaluated the use of intermittent exercise
to reduce lower-leg swelling during standing
work and suggested that activities such as
knee bending reduce the swelling. The active

exercises required during the break did not have
an advantage over passive breaks; however, this
result may be due to the duration of the activity.
Dynamic/walking interventions have attenuated
effects compared with a more static standing
posture (Balasubramanian, Adalarasu, & Regu-
lapati, 2008, 2009; Garcia et al., 2016). Hence,
the integration of dynamic interventions may
have a benefit if done during the standing period
instead of the break.

Furthermore, periods of complete rest during
a fatiguing schedule have been suggested to be
necessary to alleviate muscle fatigue (Adamo
et al., 2009; Bystrom, Mathiassen, & Fransson-
Hall, 1991). Prolonged standing has also been
associated with the development and aggravation
of low-back pain (Ringheim, Austein, Indahl, &
Roeleveld, 2015). The present results concur
with these observations; however, we did not
record low-back muscle EMG. Hence our inter-
pretations remain focused on lower-limb issues.
The amount of rest needed to alleviate the effects
of prolonged standing still needs to be deter-
mined. In the present study, 15 min of break (plus
a 30-min lunch break) during a 5-hr period of
standing work is not enough to alleviate the
effects of standing, no matter how it is distributed
in the schedule. Thus, prolonged standing work
should be limited to no more than 2 hr (Garcia et
al., 2015, 2016). A work shift should perhaps
combine periods of standing, sitting, and walk-
ing, which could be addressed in future studies.

Some limitations may apply to the present
study. The study is limited to light manual work
and would not apply to heavier-load manipula-
tions. The interaction between vascular and/or
edema issues and muscle fatigue may not be sig-
nificant in the present context, but it would be
risky to generalize to other activities involving a
more significant loading of leg muscles. Finally,
a detailed EMG analysis of leg muscle activity
patterns via 2-D electrode arrays was precluded
due to obvious limitations (complexity, conflict
with leg volume and muscle oxygenation mea-
sures). Hence, the control of motor units’ activa-
tion patterns could not be investigated to further
the understanding of neuromotor mechanisms
and application to the design of effective inter-
ventions aimed at counteracting muscle fatigue.
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CONCLUSIONS

Muscle fatigue, vascular outcomes, and perfor-
mance were affected by 5 hr of prolonged stand-
ing work regardless of the work-rest cycle or
break type. Three hours of standing work showed
a detrimental effect in terms of muscle fatigue
but not performance. Subjective perception of
discomfort does not reflect long-lasting fatigue.
Alterations of the work-rest cycle may not be
a sufficiently efficient solution for mainly static
standing work, and an active break type does not
have an advantage over a passive break type dur-
ing work.
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KEY POINTS

e Physiological and performance measures were
significantly altered after 5 hr of work, and some
effects persisted for more than an hour after the
end of work.

o The tested work—rest cycles do not seem to attenu-
ate the effects of prolonged standing on motor out-
comes and muscle fatigue.

e There is no evidence of potential advantage (or
disadvantage) of active or passive break types for
the tested work—rest cycles.

e Standing work for 3 hr or more leads to significant
leg muscle fatigue.
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