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Abstract: While it is generally recognized that prolonged sitting periods at work can harm the
locomotor system, little attention has been paid to the impact of sitting behavior on muscle stiffness.
This study investigated the effect of sitting posture and postural activity on lower back muscle
stiffness in a controlled experiment in which participants sat at a desk for 4.5 h. Lower back muscle
stiffness was measured before and after the sitting period. In addition, continuous recording of
kinematic data of the lower back using an eight-camera motion analysis system was applied to
quantify sitting posture and the level of postural activity. The results show that the prolonged sitting
period led to a significant increase in muscle stiffness. Further, all participants spent a substantial
amount of time in a slumped sitting posture, and the level of postural activity varied significantly
throughout the 4.5 h sitting period. Those results suggest that the increase in lumbar muscle stiffness
is presumably related to the often-preferred slump sitting posture and may help to understand how
prolonged sitting periods can increase susceptibility to common pathological conditions such as low
back pain. However, the results also leave some uncertainties that need further investigation.

Keywords: prolonged sitting; muscle stiffness; sitting posture; postural activity; sample entropy;
sedentary behavior; biomechanics; back muscles

1. Introduction

Sedentary behavior is a growing public health concern worldwide. Particularly
in developed nations, people sit 8.3 h a day on average on their way to work, at the
office, or at home [1–3]. Professional drivers are even more vulnerable to prolonged and
uninterrupted sedentary behavior. Most truck drivers in Europe use the maximum non-
stop driving time of 4.5 h to remain competitive. After a break of 45 min required by law,
they often drive non-stop for another 4.5 h [4,5]. Research has shown that long sitting
periods can cause increased muscle stiffness and fatigue [6–8], discomfort [9–11], and, at
worst, low back pain (LBP) [12–14]. In this regard, a much-debated question is whether
these negative consequences of long sitting periods can be associated with a low level
of postural activity [15] and an unfavorable sitting posture [1,16]. To date, most of the
research on sitting behavior has been descriptive or limited to relatively short examination
periods [9,17–19]. Experimental studies that quantify sitting behavior for several hours to
examine how it affects the locomotor system and how it may affect the back’s vulnerability
to injury are largely missing.

It is well-established that sedentary behavior has adverse effects on health. Besides
an increased risk of premature mortality [20] and related cardiovascular and metabolic
abnormalities [2,21], a growing body of literature recognizes sedentary behavior as an
independent risk factor for musculoskeletal discomfort [9–11]. Moreover, prolonged sitting
is associated with an increased risk of LBP [12–14]. Surveys among office workers indicate
an annual prevalence for LBP of 34% [22]. Professional drivers are even more vulnerable
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to LBP, showing a monthly prevalence of up to 50% [23]. Thus, sitting-related LBP is
becoming a tremendous socio-economic burden [1,24,25].

Etiologically, LBP is caused by several independent factors [25]. One line of research
concerning prolonged sitting recognizes the critical role of an often preferred slumped
sitting posture and its adverse effects on the stabilizing muscles of the spine [17,18,26,27].
Slumped sitting is characterized by an excessive posterior tilt of the pelvis and decreased
lordosis of the lumbar spine [17,27]. It is proposed that this posture relies mainly on the
passive lumbopelvic structures (e.g., spinal ligaments) to maintain a resting sitting position.
This results in a diminished requirement for muscle activity [28,29]. Paradoxically, it seems
reasonable to hypothesize that relaxation of the spinal muscle can increase the muscle’s
stiffness (contraction state). Residual passive tissue deformation (i.e., viscoelastic creep)
can occur during prolonged slumped sitting, when the passive tissues are continuously
loaded [30,31]. Such viscoelastic behavior implies reduced passive support of the spine.
Maintaining spinal stability seems to require a compensatory adaptation of the neuromus-
cular system’s active component—namely, the spinal muscles [18,32]. In line with this
argument, another study indicates that viscoelastic changes are often accompanied by
spasms and reflexive hyperexcitability of the spinal muscles [33]. These neuromuscular
adaptations can restrict microcirculation in muscle tissue, which, in turn, appear to trigger
a reactive imbalance in the muscle cell [34,35]. An imbalance in the muscle cell can again
promote the spontaneous formation of weak but long-lasting cross-bridges between myosin
heads and actin filaments [36]. Subsequently, the passive muscle stiffness increases [37].
A recent study supports this theoretical framework. It found that back muscle stiffness
increased after a 4.5 h sitting period [8]. However, the research did not consider sitting
posture as a contributing factor to increased muscle stiffness. Therefore, there is still no
systematic understanding of how sitting posture, particularly slumped sitting, contributes
to back muscle stiffness.

Besides sitting posture, the literature generally recognizes that regular postural activity
during long periods of sitting may prevent the manifestation of musculoskeletal disor-
ders [15,38,39]. It has been argued that a high level of postural activity, i.e., regular changes
of sitting posture, reduces the harmful effects of slumped sitting on spinal muscles [15,40].
There is some evidence that postural activity may affect muscle activity [41–43] and, con-
sequently, microcirculation of the tissue [44]. However, evidence for these relationships
remains inconclusive. Up to now, there have been few quantitative analyses of the effect of
postural activity during prolonged sitting periods on back muscle stiffness.

In light of these uncertainties, this study intended to examine whether sitting posture,
particularly slumped sitting, affected muscle stiffness during prolonged sitting. Further,
we aimed to investigate whether an increase in muscle stiffness could be related to a lack
of postural activity. By recording kinematic data of the lower back over a sitting period
of 4.5 h and performing measurements of lower back muscle stiffness, we tested two
hypotheses. First, we hypothesized that the increase in back muscle stiffness correlated
with the time spent in a slumped sitting posture. Second, we hypothesized that the change
in back muscle stiffness correlated with the level of postural activity.

2. Materials and Methods
2.1. Participants

The study included 16 participants (7 female, 9 male), ranging in age from 23 to
42 years (mean ± SD: 28.9 ± 4.8 years). The sample size was determined by a priori
power analysis (alpha: 0.05, expected observed power: 0.95, effect size: 0.6) (G*Power
3.1.9.2, [45,46]) based on previously published data [8]. The average weight of the partic-
ipants was 73.7 ± 10.4 kg, and the average height was 176.9 ± 10.0 cm. All participants
had to be healthy, with no current injuries or conditions that would cause sitting abnor-
malities. Further, all participants had to cease moderate and high physical activities 24 h
before the experiment to avoid possible muscle fatigue and altered muscle stiffness. Each
participant was aware of the hypotheses and gave written informed consent to participate
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in the study. The study was approved by the faculty’s ethics committee (approval-number:
V-370-17-FS-E.-Stimulation-07022020) and was conducted according to the Declaration
of Helsinki.

2.2. Experimental Protocol

Beginning between 7:00 and 8:00 a.m., participants sat for 4.5 h at a desk on a height-
adjustable chair to complete their regular office activities (e.g., reading and writing doc-
uments, laptop computer work) (Figure 1). Kinematic data were collected for periods of
15 min throughout the 4.5 h sitting period. Between the intervals, short breaks (<5 min)
were allowed, e.g., to go to the restroom. Stiffness data were collected before and after the
sitting period. One examiner, who had anatomy training for marker placement and probe
positioning, collected all kinematic and stiffness data.
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Figure 1. The graphical abstract illustrates the key measurements of the experiment. Stiffness measurements of the lower
back muscles (left-hand side) were collected before and after the sitting period using a custom-built indentometer device.
The device was located at the level of the third lumbar vertebra. Motion data of the lower back (right-hand side) were
captured using three retro-reflective skin markers, which were placed on the spinous processes of T10 (orange), L3 (green),
and S2 (blue) vertebrae. All participants sat for 4.5 h at a desk on a height-adjustable chair to complete their regular
office activities.

2.3. Stiffness Measurement

A custom-built indentometer device was used to measure the muscle’s resistance
against deformation as a surrogate measure for muscle stiffness [47,48]. The handheld de-
vice had already been used in a previous study to investigate the mechanical properties of
back muscles [8]. The device contains a load cell (Compression Load Cell FX1901, TE Con-
nectivity, Schaffhausen, Switzerland) and a membrane potentiometer (ThinPot 10kOhm,
Spectra Symbol, Salt Lake City, UT, USA) to measure the resistance force and displacement
of a circular indentation probe (Ø 11.3 mm). The probe was placed on the muscles two
centimeters alongside the lumbar spine (right side) while the participants lay down in a
prone position (Figure 1). The probe placement was identical with a previous study [8] and
chosen because it guarantees reliable stiffness measurements of lumbar back muscles. For
each measurement, three consecutive compression-release cycles were performed, during
which the tissue was compressed up to an indentation depth of 12 mm. The corresponding
force of resistance was recorded to calculate the stiffness. A previous study by Wilke et al.
(2018) indicated an excellent test–retest reliability (intraclass correlation coefficient: 0.84)
for the indentometer device [48].
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2.4. Acquisition and Analysis of Kinematic Data

Motion data were captured at 30 Hz using an eight-camera motion analysis system
(Vicon Motion Systems Ltd., Oxford, UK). To quantify three-dimensional motions of the
lower back, three retro-reflective skin markers (16.0 mm diameter) were placed on the
spinous processes of the following vertebrae: T10 (thoracic spine), L3 (lumbar spine), and
S2 (sacral spine) (Figure 1). The marker position was chosen in accordance with previous
studies [17,49]. Particularly, we chose T10 as the upper boundary for the lumbar region,
as Claus et al. 2009 argue that facet joint orientation and lumbar curvature can transition
as proximally as T10 [17]. We modified the chair’s backrest and participants’ garment to
guarantee continuous visibility of the markers: The chair’s back cushion was removed
but the cushioned frame of the backrest remained, and all participants had to wear a long-
sleeve T-shirt with a cut-out at the back exposing the spinal area (Figure 1). Data processing
was performed using Vicon Nexus 2.8.1 (Vicon Motion Systems Ltd., Oxford, UK) and R
Studio (R Foundation for Statistical Computing, Vienna, Austria). Motion capture data
were downsampled to 1 Hz, and a recursive fourth-order Butterworth low-pass filter (5 Hz
cutoff frequency) was used to process the kinematic data.

2.5. Spinal Kinematics (Sitting Posture and Postural Activity)

Sitting posture was evaluated by measuring the curvature of the lumbar spine. The
curvature was calculated as the angle between two vectors (LU angle), where the first
vector was bounded by markers T10 and L3, and the second vector was bounded by
markers L3 and S2. At the beginning of the sitting period, participants were asked to
maintain an upright flat sitting posture for 10 s, and the investigator controlled the upright
position visually. The flat sitting posture was defined as the lumbar spine’s neutral position
(LU angle = 0◦). Based on this definition, positive angles (LU angle > 2◦) were defined as
kyphotic curvature, whereas negative angles (LU angle < −2◦) were defined as lordotic
curvature of the lumbar spine. Lumbar angles between −2◦ and 2◦ were defined as flat
sitting posture. Notably, the terms kyphotic and lordotic curvatures relate to the flat sitting
posture and therefore can be different from the anatomical definitions (i.e., the angle can be
positive, but the lumbar curvature still be a lordotic curve, in anatomical terms).

Sample entropy (SampEn), a time series regularity measure, was used to quantify the
lower back’s postural activity. According to Richman and Moorman (2000), SampEn is the
negative natural logarithm of the conditional probability that two sequences similar for m
points remain similar at the next point [50]. Thus, a lower value of SampEn during a given
sitting period indicates more self-similarity in the time series and a lower level of postural
activity. According to previous postural control studies, m = 2 was utilized. Further, a
tolerance r = 0.1 × SD was chosen [51,52].

2.6. Data Analysis and Statistics

To evaluate sitting posture, the percentage of time spent with a flat, kyphotic, or
lordotic lumbar curvature over the course of 4.5 h was calculated for each participant.
Further, SampEn was determined for five time series data sets (1: 0–60, 2: 61–120, 3: 121–180,
4: 181–240, and 5: 241–270 min). Means and standard deviations (mean ± SDs) were
calculated, and a Shapiro–Wilk test of normality was performed for all variables.

Comparisons of lumbar muscle stiffness before and after the 4.5 h sitting period were
performed using a paired t-test due to the data’s normal distribution. Comparisons of
sitting posture were conducted using a Friedman test due to non-normally distributed
data. When a significant main effect between conditions (flat, kyphotic, lordotic) was
observed, a Bonferroni-adjusted post hoc analysis was performed. A one-way repeated
measures ANOVA for normally distributed output parameters was used to analyze the
impact of sitting time on postural variation (SampEn). When a significant main effect
between conditions was observed, a Bonferroni-adjusted post hoc analysis was performed.

The Pearson product-moment correlation coefficient test was used to test the corre-
lations between change in muscle stiffness and a kyphotic sitting posture and between
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change in muscle stiffness and postural activity level. Significance was set at α = 0.05 for
all tests, using IBM SPSS Statistics, version 25 (IBM, Armonk, NY, USA).

3. Results

Analysis of the stiffness data showed that a sitting period of 4.5 h led to a significant in-
crease in lower back muscle stiffness of 15.7% (pre: 2.48 ± 0.47 vs. post: 2.87 ± 0.51 N/mm)
(p < 0.01, t-test for paired samples). Motion capture data were analyzed to assess sitting
posture during the 4.5 h (270 min). On average, participants spent 76.6% (206.7 ± 31.1 min)
with a kyphotic curvature of the lumbar spine. Another 11.2% (30.2 ± 18.7 min) and 2.6%
(7.1 ± 2.9 min) were spent with a lordotic curvature of the lumbar spine and a flat sitting
posture, respectively. As a result of missing markers, 9.9% (26.7 ± 26.8 min) of the recorded
data were missing. The 4.5 h sitting period was interrupted 0.70 ± 0.78 times on average for
a short break, e.g., to go to the restroom (average duration: 4.17 ± 1.27 min). The Friedman
test revealed that time spent in a kyphotic posture was significantly greater than lordotic
and flat postures (p < 0.01 and p < 0.01, respectively). No statistically significant difference
was detected between the flat and lordotic postures (p = 0.23).

Concerning the level of postural activity, a one-way repeated measures ANOVA
revealed significant differences between the five time series data sets (p < 0.01, one-way
repeated measures ANOVA). According to the post hoc analysis, SampEn decreased
gradually but not significantly by 7.2% between data sets 1 (0–60 min: 0.224 ± 0.096)
and 2 (61–120 min: 0.208 ± 0.089) and by 25.8% between data sets 1 and 3 (121–180
min: 0.167 ± 0.07). In contrast, significant differences were found between data sets 4
(181–240 min: 0.191 ± 0.086) and 5 (241–270 min: 0.267 ± 0.118) (p = 0.02), as well as
between data sets 3 and 5 (p = 0.02). In total, the SampEn increased by 60.6% between data
sets 3 and 5. Figure 2 summarizes the results of the SampEn analysis.
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Figure 2. Sample entropy (SampEn) analysis during the 4.5 h (270 min) sitting period. SampEn
decreased gradually but not significantly within the first three time series. Then, SampEn increased
again. The statistical analysis revealed a significant difference (p < 0.05) between the third and fourth
as well as third and fifth time series. An asterisk indicates statistical differences.

The correlation analyses revealed a rather unexpected result. No significant correla-
tions were found between the change in muscle stiffness and a kyphotic sitting posture
(r = 0.046, p = 0.866), or between the change in muscle stiffness and the level of postural
activity (r = 0.211, p = 0.432) (Figure 3).
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Figure 3. Correlation analysis to test the effects of sitting posture and the level of postural activity on
change in muscle stiffness. Dots represent single participants. Lines represent the regression slope.
No significant correlations were found between the change in muscle stiffness and sitting posture
(kyphotic sitting posture, black dots and line) or between the change in muscle stiffness and the level
of postural activity (sample entropy, red dots and line).

4. Discussion

The present study tested the effect of sitting posture and postural activity on lower
back muscle stiffness during prolonged sitting periods. We hypothesized that the increase
in back muscle stiffness correlates with the time spent in a slumped sitting position. We
further hypothesized that the change in back muscle stiffness is correlated with the level of
postural activity. Our results indicate that prolonged sitting periods significantly increase
low back muscle stiffness. As expected, slumped sitting was often the preferred sitting
posture. However, we did not find any correlation between time spent in a slumped sitting
posture and the increase in muscle stiffness. We also found no evidence that changes in
muscle stiffness correlated with the level of postural activity. These findings shed new light
on the impact of sitting behavior on the locomotor system and how sitting behavior may
affect the back’s vulnerability to injury.

The most prominent finding to emerge from this study was that lower back muscle
stiffness increased significantly during a sitting period of 4.5 h. This finding was consistent
with our previous study [8]. According to the theoretical framework, the increase in muscle
stiffness might be explained by residual deformations (i.e., creep) in the spine’s viscoelastic
tissue [30,31], especially during prolonged slumped sitting posture. These deformations
can trigger spasms and reflexive hyperexcitability of the spinal muscles [18,33]. The
neuromuscular changes can then again restrict microcirculation in the muscle tissue [34,35].
Consequently, long-lasting cross-bridges between myosin heads and actin filaments are
formed [36] and increase the passive muscle stiffness [37].

Consistent with the literature [49,51,53], this research found that participants spent
a significant amount of the 4.5 h sitting period in a slumped sitting posture, evidenced
by a kyphotic curvature of the lumbar spine. This result may be explained by almost
inactive spinal muscles during slumped sitting posture. Related research has shown that
muscle fatigue occurs when erect postures (such as upright sitting) are sustained for as
little as 30 min, even if contractions are as low as 2% to 5% of the maximum voluntary
contraction [7]. Thus, participants might have preferred a slumped sitting posture because
it is perceived as less physically demanding [17,28,29]. However, on the downside, the lack
of muscle contractions could further promote tissue creep and neuromuscular adaptations,
e.g., spasms and hyperexcitability [18,32,33]. In line with this argument, our postural
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activity analysis showed that postural activity levels decreased in the first three hours but
increased rapidly after that. It is reasonable to hypothesize that participants who spent
an increasing amount of time in a slumped sitting posture felt discomfort (due to spasms
or hyperexcitability). Therefore, the participants may have increased postural activity at
the end of the sitting period to initiate muscle contractions, stimulate microcirculation of
the muscle tissue, and compensate for the discomfort. This behavior has previously been
described as a natural coping response [10,51]. Unfortunately, we did not measure the
oxygen saturation of the muscle tissue. Therefore, caution must be applied and further
testing is needed.

Surprisingly, the increase in lower back muscle stiffness did not correlate with the
time spent in a slumped sitting posture. At first sight, this finding challenges our initial
prediction that an increase in back muscle stiffness can be explained by the time spent
in a slumped sitting posture. However, the missing link between muscle stiffness and
sitting posture may be attributed to the significant time spent in a slumped sitting posture.
In our study, participants sat in a slumped position for at least 135 min, but on average
207 min. In contrast, they spent only 30 min on average in a lordotic and 7 min in flat and
sitting postures. Thus, most of the sitting time was likely dominated by very low or no
activation of lumbar muscles [17,26,27]. The relatively short increase in muscle activation
during erect postures might have been insufficient to compensate for the adverse effects of
slumped sitting. Instead, the prolonged slumped sitting posture may have fostered residual
deformation in the passive tissues of the low back [18,30]. Previous studies showed creep
phenomena in passive tissues after slumped sitting periods of 60 min or less [18,30].

Another unexpected finding was the missing correlation between muscle stiffness
and the level of postural activity. We expected a lower increase in muscle stiffness in
participants with greater postural activity. However, our analysis revealed that individuals
from both ends of the postural activity level showed a similar increase in muscle stiffness.
It raises the question of why higher levels of postural activity, which involves more activity
of the lumbar muscles, do not counter the increase in muscle stiffness. It is possible that
the activity level of the lumbar muscles during postural activity is too low to trigger any
microcirculation. Related research shows that a much-debated question is whether the
measured electromyographic intensities and frequencies can cause an effect on lumbar
back muscles [41,43,54]. A review by O’Sullivan et al. (2013) suggests that dynamic sitting
and postural changes are ineffective in modifying muscle activation [40]. According to this
review, significantly increased lumbar muscle activation for active sitting scenarios, such as
sitting on a dynamic office chair [43] or unsupported sitting on an exercise ball [55,56], may
be more related to the absence of a backrest rather than the dynamic sitting component.
In our study, participants sat on a stable chair with a backrest. Thus, the active sitting
component, i.e., the level of postural activity, was possibly insufficient to counter the
increase in muscle stiffness in our experimental setup. Unfortunately, the study did not
apply electromyographic (EMG) measurements to record the electrical activity produced
by lumbar muscles. Further studies are needed to determine the frequency and intensity
required to generate a lasting impact on lumbar muscles.

A limitation of this study is that we could not assess the stiffness of deep core muscles.
Our stiffness measurements were restricted to superficial structures up to an indentation
depth of 12 mm. Therefore, it remains unknown whether deep core muscles reflect the
expected effects of slumped sitting posture and postural activity on muscle stiffness. It
has been shown that deep core muscles play an important role in trunk stabilization
during postural shifts [42]. Further, it seems plausible that muscles other than the spinal
muscles might be affected by sitting posture and postural activity. Therefore, it would be of
great interest to analyze the stiffness of deep core muscles of the spine and other muscles
using ultrasound imaging, such as ultrasound shear-wave elastography [57,58] or tissue
ultrasound palpation systems [59]. Ultrasound imaging may also strengthen confidence
in the theoretical framework, which argues that increased muscle stiffness is initiated by
residual deformation in the spine’s viscoelastic passive tissues. While first experimental
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evidence shows that the neuromuscular system adapts to viscoelastic changes in the trunk
following a prolonged slumped sitting posture [18,32], considerably more work needs
to be done. This study also lacks information about variation in muscle stiffness during
the 4.5 h sitting period. Therefore, uncertainty remains about whether stiffness increased
immediately after a few minutes or increased gradually throughout 4.5 h. In addition
to that, the potential influence of hand preference on the participants’ posture and back
muscle stiffness should be investigated in more detail. Back muscle stiffness of the left
and right sides of the body could be significantly different for non-symmetric tasks such
as when using the computer mouse. Another limitation of our study may be that it was
not possible to confirm that the lumbar muscles were electrically silent during the stiffness
measurement. Measurements of muscle stiffness using tissue compliance meters are highly
influenced by the contraction state [48]. However, it is well-accepted that resting muscles
are electrically silent in healthy participants in a prone position [27,60].

Notwithstanding these limitations, our findings suggest that prolonged sitting periods
cause an increase in lumbar muscle stiffness. The increase in lumbar muscle stiffness
is presumably related to the often-preferred slumped sitting posture. Furthermore, it
reveals that postural activity seems inadequate to compensate for the harmful effects of
a predominant slumped sitting posture. While the underlying mechanisms of increased
muscle stiffness remain inconclusive, the increase in muscle stiffness may contribute to
low back pain and associated spinal problems [58]. For example, it may explain why most
patients with low back pain report that static sitting postures worsened their pain [53,61],
while dynamic tasks, such as walking, seem to relieve it [62]. Nonetheless, considerably
more work needs to be done to fully understand the importance of back muscle activation
during prolonged sitting for muscle stiffness and overall health. Future studies need
to explore the electromyographic frequency and intensity required to stimulate lumbar
muscles sufficiently. Indeed, previous research shows that regular active breaks or follow-
up exercises, e.g., roller massage, are sufficient to compensate for the adverse effects of
prolonged sitting on lumbar muscle stiffness [8,15]. However, regular activity breaks are
not always possible. Professional drivers, orchestral musicians, or people with disabilities
and handicaps are often forced to undergo long-lasting and uninterrupted sitting periods.
Some occasions during office work can also lead to the advent of sustained sitting periods.
Therefore, there is a need for intervention strategies to improve muscle activation during
sitting, including passive massage interventions or electrical muscle stimulation.
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