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Abstract

Experience of stress may lead to increased electromyography (EMG) activity in specific muscles compared to a non-stressful
situation. The main aim of this study was to develop and validate a stress-EMG paradigm in which a single uncontrollable
and unpredictable nociceptive stimulus was presented. EMG activity of the trapezius muscles was the response of interest.
In addition to linear time effects, non-linear EMG time courses were also examined. Taking into account the hierarchical
structure of the dataset, a multilevel random regression model was applied. The stress paradigm, executed in N=70
subjects, consisted of a 3-minute baseline measurement, a 3-minute pre-stimulus stress period and a 2-minute post-
stimulus phase. Subjects were unaware of the precise moment of stimulus delivery and its intensity level. EMG activity
during the entire experiment was conform a priori expectations: the pre-stimulus phase showed a significantly higher mean
EMG activity level compared to the other two phases, and an immediate EMG response to the stimulus was demonstrated.
In addition, the analyses revealed significant non-linear EMG time courses in all three phases. Linear and quadratic EMG time
courses were significantly modified by subjective anticipatory stress level, measured just before the start of the stress task.
Linking subjective anticipatory stress to EMG stress reactivity revealed that subjects with a high anticipatory stress level
responded with more EMG activity during the pre-stimulus stress phase, whereas subjects with a low stress level showed an
inverse effect. Results suggest that the stress paradigm presented here is a valid test to quantify individual differences in
stress susceptibility. Further studies with this paradigm are required to demonstrate its potential use in mechanistic clinical
studies.
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Introduction dilatation, increased galvanic skin response and increased finger
pulse volume. Muscle activity measured with electromyography
(EMG) also is sensitive to stress. The majority of experimental,
- A clinical and field studies report an increase in EMG activity
[56,7] ‘and asthma [8], and mental health outcomes including 95 96 97,98,99,30,31,32,33,34]. Increased EMG activity is prom-
chromcn benign” pain [9,10], anxiety [11’12’1.3]’ PTSD [7,14], inent in the trapezius muscles, particularly if the stressor is
depression [13,15] and b'u.rn-out [15,16]. In addition, wo'rk-rclatcd personally relevant. Interestingly, however, some studies do not
exposures such as repetitive work or mental stress during work, report such a relationship [35,36,37].
increase the nfk for stre:ss-related pain [17718’19’20’21’?2’23]' A well-known caveat in stress experiments is that the procedure
After Selye’s theo.rglcal and experimental proneering work, of stress-induction is not under adequate experimental control.
more elab(?rate .deﬁmtlons O,f stress were propqse_d, I?CIUdmg the There are many possibilities to induce stress experimentally [38].
C}?nceptl of Le\‘zm}:a apd Ursin that.mallf:es E d15t1nct19n between Examples include solving a mental arithmetic task, the Stroop
three clements: the nput (str‘ess stimuli), the processing systems word color test, examination stress, public speaking tests (e.g. the
(including the subjective experience O,f stress) and the output (stress Trier Social Stress Test) or a combination of different stress tasks
respons.es) [24]. Stress, hk.e pam, 15 beﬁt conceptualized as a [39], but also paradigms in which subjects have to undergo an
{)heoretlﬁal C.O?smmt’ ﬁhtmh tls not _ directly ¢ measugable. f? unpleasant physical stimulus, such as the cold pressure test [40] or
flops?/c 0s0c1ba. ftpProla«:( © ts r)ess me}?mllre}neln bm;yy. ¢ Bse ud’ electric shock test [35,41,42,43]. It is unlikely that the above stress
ocusing on biological (somatic), psychological (behavioral) an paradigms are unpredictable and/or uncontrollable to the same

social (cultural) dimensions of stress. To cover the three L. . .
. . . L degree, which is relevant, given that one of the most crucial stress
dimensions of stress, measurement should include both subjective S s . © . .
modifying factors is the degree to which a stimulus can be

measures (self-report questionnaires) and (psycho)physiological predicted and/or controlled [44,45,46.47,48]. Tn the stress

measures. The experience of stress is generally accompanied b . . . S
P & o P Y paradigm of repeated (nociceptive) stimuli, the measurement of

an increased level of arousal and may lead to a number of . .
. . . . . the direct stress response of each stimulus may be confounded by
physiological reactions, such as acceleration of the heart rate, pupil

Chronic stress is a risk factor for both somatic outcomes, such as
hypertension [1,2,3], coronary heart disease [4], peptic ulcers
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the phenomenon of habituation. In addition, experimental stress
tasks may be confounded if accompanied by painful procedures
not associated with the experiment itself, such as venipuncture. As
a final critical point, it is important to note that there is an essential
difference between a cognitive and a physical stressor. Most stress
paradigms provide either a cognitive or a physical stressor. Studies
providing both type of stressors at the same time are scarce (e.g.
[25]).

Led by these considerations, the goal of this study was to
develop a novel and robust experimental stress paradigm
according to the following principles. First, the stress paradigm
should present a distinct cognitive and a distinct physical stressor.
Second, it should include elements of uncontrollability and
unpredictability, and third, it should be simple to administer,
independent of illness status, educational level, motivation and
other factors. To this end, a dual stress induction was introduced,
consisting of (1) the announcement of imminent receipt of a single
uncontrollable and unpredictable electric shock, thus inducing a
cognitive anticipatory stress phase, followed by (ii) a nociceptive
stimulus.

Within this experiment, three phases can be distinguished: (i) an
anticipation, pre-stimulus phase, during which subjects are
anticipating an electric shock in a relatively uncontrolled/
unpredictable situation; (ii) an immediate post-stimulus phase,
showing the initial response to the nociceptive stimulus and (iii) a
return to baseline phase, which can be described as the time
required to achieve a comparable level of baseline physiological
activity. Based on this paradigm, stress reactivity can be quantified
and stored, reflecting individual differences in stress susceptibility.

The clear advantage of this paradigm is that the presentation of
the physical stimulus has two functions: 1) it makes the examination
of a physical stressor possible and ii) it allows to demarcate the
period of mental stress induction, since subjects were instructed
that there would only be one physical stimulus.

A second goal of the study was to investigate in detail the muscle
activation response during the stress condition. Experimental
muscle response stress paradigms typically examine the linear
time-related post-stimulus effects. This is logical, given the
expectation that EMG activity increases while tension is building
up in the anticipatory pre-stimulus phase. A linear time course
suggests that the highest EMG activity would be reached just
before receiving the stimulus, but considering the fact that the
subjects receive an unpredictable stimulus, a more complex
combination of linear and non-linear time effects may be more
appropriate, for example in the form of a higher order polynomial
function, which reaches a maximum. Modeling non-linear time
effects is also relevant for the post-stimulus phase. Modeling an
inverse time function (1/time) is desirable, as this function portrays
an initial sharp decrease or increase, followed by a plateau, which
is applicable to the post-stimulus phase. EMG activity is typically
measured by a computed average over a complete experimental
condition. Thus, condition effects are tested by a comparison of
the condition means. To this end, linear regression or ANOVA
analyses are used. However, measuring EMG over time implicates
a hierarchical structure of the data, in which consecutive time
elements are nested within subjects. This hierarchical structure
needs to be taken into account using multilevel random regression
procedures [49].

We hypothesized that in comparison to baseline, EMG activity
would increase during the pre-stimulus anticipation period, and
would show a return to baseline in the post-stimulus period. In
addition to the main hypothesis, we expected (i) non-linear
EMG effects during pre- and post-stimulus stress periods,
hypothesizing presence of both quadratic and inverse effects; (ii)
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asymmetric (left-right) EMG activity in the trapezius muscles, since
we presented the electric stimulus unilaterally, on the left side; and
(i) given the multidimensional nature of stress, a positive
assoclation between subjective anticipatory stress on the one hand
and EMG activity on the other. Further, in addition to a main
effect, an interaction between the two different phases of the stress
task and subjective anticipatory stress was expected. Since
subjective stress is assumed to correlate positively with EMG
activity, a larger increase in EMG activity within the pre-stimulus
phase was expected in subjects with high levels of anticipatory
stress, as compared to subjects with low levels of anticipatory
stress.

Materials and method

Ethics Statement

The study was conducted according to the principles of the
Declaration of Helsinki and was approved by the medical ethics
committee of the Academic Hospital Maastricht and Maastricht
University (METC azM/UM, Maastricht). Before the start of the
experiment, subjects provided written informed consent.

Subjects

Seventy right-handed subjects (44 females and 26 males)
participated in the study. Their age ranged from 18 to 65 years.
Exclusion criteria were structural use of antipsychotics, anti-
epileptics or anxiolytics during the past year or structural use of
alcohol (>10 u/day). Subjects were asked to refrain from alcohol-
containing consumptions the evening before and to refrain from
caffeine-containing consumptions three hours prior to the
experiment.

Electroshocker and stimuli

An electro-shocker (type Shocko-100-AA-20, developed by
Maastricht Instruments BV and approved for usage in experi-
mental studies) was used to deliver electroshocks (see also [50]).
Stimuli were electrical pulses of 10 milliseconds duration,
administered intracutaneously on the top of the middle finger of
the non-dominant left hand, as described by Bromm and Meier
[51]. The sensation and pain threshold were determined by
gradually increasing the intensity of the stimulus, starting at zero
intensity. The first intensity that was consciously experienced was
defined as the sensation threshold, the first intensity experienced as
painful was defined as the pain threshold. This procedure was
repeated three times in order to obtain a reliable estimate. The
intensity of the electric stimulus applied during the experiment was
computed for each subject individually. The intensity of the
actually delivered stress stimulus during the experiment was
calculated as follows:

Actually delivered stress stimulus = pain threshold + 0.25%*(pain
threshold — sensation threshold)

As shown in a previous experiment, this intensity level was
experienced as painful by all subjects, albeit still acceptable [50].

Procedure

EMG-, and ECG-electrodes as well as the shock electrode were
attached. EMG-electrodes were attached on the left and right
trapezius muscle.

The baseline measurement was 3 minutes. After determination
of the individual pain threshold, subjects were instructed that they
would receive a single electric shock sometime during a 5-minute
period. The experimenter pointed out that the precise moment of
stimulus delivery and its intensity level would be determined by a
personal computer. In addition, subjects were told that stimulus
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intensity might vary between the sensation threshold and a level
clearly above the pain threshold. Just before the start of the task,
subjects had to answer the following question on a 10 point Likert
scale: How much stress do you experience at this moment,
awaiting the stimulus? Subjects were instructed to keep both hands
on the table, palms down, and not to close their eyes during the
whole measurement period. In fact, all subjects received the
experimental stimulus at exactly t=3 minutes. The whole
procedure was controlled by the software program ‘Presentation
0.71” (Neurobehavioral Systems).

Psychophysiological recordings

All recordings were conducted in an electrically and sound-
shielded cubicle (7.1 m?). EMG activity was recorded from the left
and right upper trapezius muscle. Electrodes were centered on a
point 2 cm lateral to the midpoint between the acromion process
and spinous process of the seventh cervical vertebra, using Ag/
AgCl electrodes. A reference electrode was placed over the spinous
process of the seventh cervical vertebra. Cardiac activity was
recorded with a standard 3 lead ECG. All electrodes were fixed
using 10-20 conductive paste. Brainvision BrainAmp Research
Amplifier was used for all recordings. ECG and EMG were
sampled with 1000 Hz.

Offline dataprocessing

EMG data was filtered offline (low pass 0.5 Hz, high pass
250 Hz, 50 Hz notch filter) and segmented into epochs of 500 ms.
Raw data were visually inspected for artifacts and, if found,
excluded from further analyses. EMG activity was corrected for
ECG activity: the variance due to ECG activity was removed from
the uncorrected EMG variable, using regression analysis. Next, for
each 500 ms epoch, the root mean square value was calculated
followed by a logarithmic transformation to preserve a normal
distribution.

Statistical analysis

Given the hierarchical structure of the EMG dataset, consisting
of epochs (level 1) that are clustered within individuals (level 2),
multilevel random regression analyses were performed. EMG
activity served as the dependent variable. Epoch number and
condition, coded in two dummy variables contrasting baseline and
post-stimulus versus pre-stimulus, served as independent variables
in the basic model. Number of segment was included in order to
investigate the linear effect over time. In addition to this linear
time effect, a quadratic (epoch*epoch) and inverse effect (1/epoch)
were added.

In order to test which covariance structure yielded the best fit
for our dataset, various covariance structures were tested. Scaled
Identity turned out to be significantly better than that of its
competitors, namely compound symmetry (CS) and ARI1. All
models were tested with a random intercept. All statistical analyses
were performed using SPSS 20.0. P-values below 0.05 were
considered to be statistically significant.

Results

Due to protocol violations (eyes closed, movements), 6 subjects
were excluded from the analyses, leaving n=64 analyzable
participants (40 females, 24 males).

Before analyzing the psychophysiological reactivity of the stress
task, the amount of anticipatory stress experienced was analyzed.
The mean score on the subjective stress item was 3.6 (SD = 2.61)
with a score range from 0 to 10. As expected, the mean score was
significantly different from 0 (t=10.68, p<<0.0001), indicating that,
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on average, subjects experienced mild to moderate stress.
Individual scores ranged from 0 to 10, indicative of large
between-subject differences in experience of anticipatory stress.

EMG activity during the three experimental phases

Table 1 shows the results comparing the average left and right
trapezius EMG activity for the baseline, pre-stimulus and post-
stimulus periods. Mean EMG activity during the pre-stimulus
period was significantly higher compared to baseline period (left
trapezius muscle t = 32.13, p<<0.001; right trapezius muscle t =
31.33, p<<0.001), whereas mean EMG activity during the post-
stimulus period was significantly lower compared to pre-stimulus
period (left t= —6.70, p<<0.001; right t= —9.62, p<<0.001). An
asymmetric (left-right) reaction in EMG activity was observed.
The overall tension of the left trapezius muscle was higher than the
tension of the right trapezius muscle during the whole experiment
(p<<10"®(Table 1). The random intercepts of the models were
significant (all p’s <0.001), indicating that EMG activity level at
the start of each phase varied significantly between subjects.

The linear time*condition interaction effect of EMG activity
was investigated. As hypothesized, EMG activity showed a
significant increase during the pre-stimulus period compared to
the baseline period, for both the left (t=2.31, p=0.021) and the
right (t =2.46, p = 0.014) trapezius muscle. In comparison with the
pre-stimulus period, a very significant contrasting (decreasing
EMG activity) linear time*condition interaction was observed in
the post-stimulus phase, again both left (t= —15.84, p=<0.0001)
and right (t= —12.38, p=<0.0001).

Non-linear EMG time effects were modeled post-hoc, by
including a quadratic and inverse component as predictor
variables in the multilevel model. The results of this model are
shown in figure 1.

An mverse effect was observed at all periods, consisting of a
rapid initial decline of EMG values immediately after the start of
cach period, followed by a plateau phase. The inverse and
parabolic effects were significantly different between the pre- and
post-stimulus period, for both the left (t=5.53, p<<0.0001) and
right (t=4.20, p<0.0001) trapezius muscle. With regard to the
parabolic component, there was a statistically significant pre-post
difference, only for the right trapezius muscle (t=—2.46,
p=0.014). This quadratic difference indicates that the parabolic
decrease in the EMG activity of the right trapezius muscle in the
post-stimulus period was larger than the parabolic decrease in the
pre-stimulus period.

Figure 1 shows that a complete return of EMG activity to
baseline level (i.e. mean EMG activity in the baseline period) did
not take place in the post-stimulus phase.

Finally, a series of post-hoc analyses were carried in order to
investigate possible main sex differences in EMG activity. No
significant differences could be demonstrated.

Response to the nociceptive stimulus

Figure 2 shows the short-term effect of the experimental
stimulus on EMG activity for a time window ranging from 10
seconds pre-stimulus to 15 seconds post-stimulus. The immediate
EMG effect of the nociceptive stimulus consisted of a sharp
increase, both left and right, followed by a pronounced decrease.
The time required to reach an EMG activity level equal to or
lower than the level just before the stimulus is about 15 seconds

(Fig. 2).

Subjective anticipatory stress and EMG activity
Including the non-linear time components (quadratic and
mverse) in the model, it was tested whether the mean EMG
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Table 1. Mean EMG activity (in RMS) for baseline period, pre-stimulus period and post-stimulus period.

Period Left trapezius EMG activity (mean and SD in log RMS) Right trapezius EMG activity (mean and SD in log RMS)
Baseline n = 129 [6=0.29] p = 1.24 [c=0.30]
Pre-stimulus u = 138 [6=0.30] = 134 [6=0.31]
Post-stimulus u = 136 [6=0.29] u = 1.30 [c6=0.32]

doi:10.1371/journal.pone.0095215.t001

activity level in pre- and post-stimulus phase was independently
associated with the subjective anticipatory stress level. Contrary to
the hypothesis, this appeared to be the case in neither the pre-
stimulus nor the post-stimulus period, for both the left and the
right trapezius muscle (all p’s>0.70).

We examined whether both linear and non-linear time courses
within the pre- and post-stimulus period interacted with subjective
anticipatory stress. In order to visualize the interaction effects as
contrasting as possible, only the predicted EMG time course of the
highest anticipatory stress score (10) and the lowest anticipatory
stress score (0) was plotted. This revealed strong differences in the
(non-linear) time course of the stress task between the extremes
(Fig.3 and 4). Testing the hypothesized greater level of EMG
activity in subjects experiencing more stress in the pre-stimulus
phase revealed that both left and right trapezius muscle showed
this effect: subjects with the highest stress level (score 10), showed a
quadratic initial increase of EMG activity during the pre-stimulus
period, while subjects with a zero stress level tended to display an
initial decrease during the pre-stimulus period. The multilevel
models, including the anticipatory stress scale as a continuous
variable, showed highly significant linear and parabolic effects (all
p’s<<0.0001). No interaction effects for the inverse time component
were found.

The results of a final post hoc analysis, concerning the post-
stimulus period, were less conclusive. Whereas in the left trapezius
muscle significant linear and parabolic interaction effects were
apparent, these effects were not evident in the right trapezius
muscle.

Discussion and conclusion

General EMG effects

The key finding of this study was that, in agreement with the «a
priort hypotheses, significant differences in mean EMG activity
were observed (in both left and right trapezius), between the three
experimental phases of a novel experimental stress paradigm
including a cognitive and a physical stressor. In addition, a clear
response to the experimental nociceptive stimulus was demon-
strated. Mean EMG activity level was higher in the pre-stimulus
period compared to both the baseline and the post-stimulus phase.
Further, during all three periods, a linear time course in EMG was
present. During the pre-stimulus phase there was a linear increase
in EMG activity compared to baseline, followed by a decreasing
linear course during the post-stimulus phase.

Non-linear EMG time courses were observed. The pronounced
inverse effect, characterized by a rapid decline just after the start of
each of the three phases, may be explained as follows: with respect
to the baseline period and the pre-stimulus phase, the EMG
recording started immediately after instructions were given by the
experimenter. This ‘event’ may have caused an increase in EMG
activity, which rapidly disappeared after the start of the
measurement. The inverse effect at the start of the post-stimulus
phase is attributed to the stimulus reactivity. In addition to these
mverse effects, parabolic effects were also modeled. In contrast to
the inverse effects, no parabolic time component in EMG activity
was significant.
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Figure 1. Modeled non-linear EMG activity in trapezius muscle for baseline, pre- and post-stimulus period.

doi:10.1371/journal.pone.0095215.g001
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Figure 2. Direct stimulus response, showing a time interval of 10 seconds pre-stimulus to 15 seconds post-stimulus.
doi:10.1371/journal.pone.0095215.9002
In all models, a significant random intercept was observed, in ‘habitual EMG level’ is a well-known phenomenon in (clinical)
indicating that there was random (intercept) variability in EMG practice. It can be concluded that multilevel analyses are required
starting level between subjects. This so-called intercept variability when investigating EMG activity in this type of stress experiment.
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Figure 3. Modeled non-linear time course during the stress task interacted with subjective anticipatory stress for the left trapezius
muscle. Low and high stress levels are contrasted.
doi:10.1371/journal.pone.0095215.g003
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Figure 4. Modeled non-linear time course during the stress task interacted with subjective anticipatory stress for the right

trapezius muscle. Low and high stress levels are contrasted.
doi:10.1371/journal.pone.0095215.9g004

Anticipatory stress level, measured just before the start of the
stress task, was mild to moderate on average. Given subjective
experience of stress, with parallel evidence of changes in EMG
activity, suggests that the stress task was validated. In addition,
EMG activity during the three phases was demonstrated in the
expected direction given the dual nature (the cognitive and
nociceptive stress elements) of the stress task. The relative increase
(compared to the baseline period) during the pre-stimulus phase
can be regarded as the cognitive stress response. The immediate,
sharp increase after the experimental stimulus can be regarded as
the nociceptive stress response.

Influence of subjective stress on EMG activity

There was no association between the level of subjective
anticipatory stress and the mean EMG activity level, not even
during the pre-stimulus phase. Apparently, the intuitive assump-
tion that subjective stress is expressed in a general rise in EMG
activity does not apply. Interpersonal differences in this relation-
ship, related to third variables including personality factors, may
create heterogeneity. Some examples of these potentially relevant
personality characteristics are maladaptive coping strategies such
as catastrophizing [52], state anxiety level [53] and specific
personality traits, such as neuroticism [13]. In this respect, it
becomes clear that in a proper analysis of EMG variability, a
multidimensional perspective is necessary.

When modeling the quadratic and inverse time effects, it was
found that the EMG non-linear time course during the pre-
stimulus phase was moderated by anticipatory stress level. For
both left and right trapezius muscle in the pre-stimulus phase,
EMG activity developed exactly in the direction which was
predicted: subjects with high anticipatory stress showed an initial
increase, whereas subjects with low anticipatory-stress showed an
opposite EMG time course. The observation that the top of the
fitted parabola was reached within the pre-stimulus phase, may be
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associated with the unpredictability, i.e. the uncertainty about the
exact point of time the stimulus would be received.

Although different EMG time courses were observed during the
post-stimulus phase, there was no consistency between the left and
right trapezius muscle. This left-right inconsistency in the post-
stimulus phase may be explained by the fact that the stimulus was
applied to only one (left) hand, leading to an asymmetry in EMG
activity. More experimental research to unravel this issue is
required.

Some methodological issues are apparent. First, since return to
baseline has been suggested as a useful stress parameter [10,54], it
would have been interesting to carry out analyses on this measure.
The results made clear (figure 1), however, that the post-stimulus
period was too short to reach a complete return to the EMG
activity level of the baseline phase. Therefore, in a future
experiment, the length of the post-stimulus period should be
prolonged. A second point is that one could argue that the
response to the physical stimulus is a superimposed reaction on an
existing mental stress state, and thus might be biased. This is true,
but the ideal situation, in which an experimentally controlled
physical stressor is presented without the knowledge of the subject,
might be considered as unethical. Further, stress experiments using
a series of physical stimuli, implicitly contain a mental stress
element. In other words, it seems impossible to set up a physical-
stress paradigm without also inducing a mental stressor. Another
critical note pertains the generalizability of the results of the stress
task: the current paradigm may be considered as a rigid stress task,
performed in a laboratory setting. This undoubtedly has its
limitations to the generalization to daily life stress situations. On
the other hand, the exact timing of the physical stressor and the
identical environment for all subjects facilitates the examination of
individual variability of stress reactivity and aides in linking stress
mechanisms to subjective experienced stress levels.

In sum, a new stress paradigm has been developed which
contains a dual stress induction, presenting both a mental stressor
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as well as a physical stressor. Additionally, the stress task is straight-
forward and easy to administer in a broad population, indepen-
dent of illness status, educational level, motivation and other
factors. The results of the analyses provide evidence for the validity
of the stress task. The present paradigm may be used in future
studies on fundamental stress mechanisms. Dependent on the
research question, other stress-related (psycho)physiological pa-
rameters can be incorporated. This stress task may also be used to
assess the relationship between experimentally induced psycho-
physiological stress reactivity and a subsequent health outcomes.
As such, it may possibly be useful as a diagnostic tool in clinical
practice, and contribute to high-risk preventive paradigms.
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