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1. Introduction

Neuromechanics has been focused on to investigate both behavioral characteristics
and underlying neurophysiological mechanisms for various population, including healthy
adults, elderly people, and patients with musculoskeletal and neurological diseases [1].
Moreover, based on cross-sectional findings, researchers can develop new rehabilitation
programs that effectively improve behavioral and neurophysiological functions in the
motor system. These efforts enable us to identify new neuromechanical outcome mea-
sures (e.g., nonlinear measures on EMG signals and force control data) and neuromotor
treatments (e.g., non-invasive brain stimulation and functional electrical stimulation).

To summarize and introduce current research topics and tools in the neuromechanical
research fields, our Special Issue titled “New Trends in Neuromechanics and Motor Reha-
bilitation” was launched in 2020, and a total of 10 studies were published. As a guest editor
for this Special Issue, I have categorized the published papers in three sections: (a) neurome-
chanical approaches that characterized motor functions in specific population (six papers),
(b) neuromechanical motor rehabilitation techniques (three papers), and (c) comprehensive
perspectives in neuromechanical fields (one paper).

2. Neuromechanical Estimation on Motor Functions in Specific Population

For healthy individuals, Clark and Pethick [2] explored side-to-side comparisons
(i.e., right/left and dominant/nondominant) of variability and complexity measures that
potentially estimate knee muscle force control capabilities. The authors found that only
right/left detrended fluctuation analysis (DFA) α, a nonlinear tool, indicated side-to-side
difference in uninjured healthy people. These findings suggest that using complexity-based
metrics may be a viable option to assess knee neuromuscular control functions in future
studies. Min et al. [3] investigated the effects of static stretching and explosive contraction
on the quadriceps spinal-reflex excitability and the latency time of the Hoffmann’s reflex and
motor response. The findings indicated that both static stretching and explosive contraction
did not statistically influence the spinal-reflex excitability and the latency time of motor
responses. Importantly, the two protocols did not interfere with jumping performances.
Overall, these results suggest that either static stretching or explosive contraction can be
used for a part of pre-exercise activities.

Following four studies focused on specific population such as people with obesity,
children with idiopathic toe walking, elderly people, and older women. Kim et al. [4]
determined whether people with obesity differently adapt from treadmill to over-ground
walking as compared with people with a normal-weight body mass index. Although both
groups showed a transfer of temporal gait adaptation after split-belt treadmill walking,
people with obesity showed greater asymmetry for double-limb support time. Potentially,
these abnormal adaptation patterns indicated that obesity may influence temporal gait.
Soangra et al. [5] examined the hypothesis that typical foot contact dynamics during
walking are associated with children diagnosed with Idiopathic Toe walking (cITW) to a
higher risk of falling. The authors found that cITW revealed inefficient walking patterns,
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including greater push-off impulses, knee flexion angles, and vertical heel velocity that
potentially increase the risk of falls. Lee and Byun [6] performed a pilot study to investigate
the effects of aging on postural stability after stepping on a stair. The results indicated that
older adults showed greater time to stabilization in the anterior and posterior direction than
those for younger adults. These findings suggest that aging may increase the difficulty of
dynamic postural control during walking. Kim et al. [7] explored bilateral deficits patterns
in late postmenopausal women in their upper extremities. During bilateral and unilateral
maximal grip force production tasks, late postmenopausal women revealed greater bilateral
deficits (i.e., lower forces during bilateral contraction than the sum of unilateral forces)
than those for younger women. The authors posited that age-related muscle weakness and
estrogen deficiency may influence bilateral deficits patterns.

3. Neuromechanical Motor Rehabilitation Techniques

Kim et al. [8] determined whether resistance training protocols for upper and lower
limbs improve arterial stiffness in healthy young adults, respectively. Their preliminary
data found that the resistance training on upper extremities significantly decreased the
augmentation index, indicating improved peripheral artery stiffness, and the resistance
training on lower extremities showed no significant changes in arterial stiffness. Potentially,
providing resistance training for upper extremities may effectively modulate local periph-
eral artery stiffness even in healthy young adults. To improve muscle functions in adult
females with a sedentary lifestyle, Lee et al. [9] used core stabilization exercise programs.
For 105 adult females, the exercise intervention improved muscular structural variables of
the erector spinae, as indicated by the tensiomyography technique, and further increased
functional variables of the muscles during the isokinetic muscular functional test. These
findings suggest that the core stabilization exercise effectively decreases stiffness in the
erector spinae, as well as isokinetic muscular functions of the trunk. A study performed
by Kim and colleagues [10] explored the effects of dance-based aerobic exercise on the
affective responses for younger adults with different fitness levels (i.e., sports major and
non-major college students). Interestingly, heart rate, responses to the felt arousal scale
and the feeling scale were estimated using tailor-made application on a smartwatch. They
found that greater affective improvements were observed in the high fit group, suggesting
that the level of physical fitness is a crucial factor for the relationship between exercise
and affect.

4. Comprehensive Perspectives in Neuromechanical Fields

Cauraugh and Kang [11] conducted a comprehensive narrative review on the topic
of bimanual movements and chronic stroke rehabilitation. In a mini-review article, the
authors raised the importance of bimanual movement functions in chronic stroke patients
because of potential unbalanced cortical activations between hemispheres (i.e., impaired
affected hemisphere versus unaffected hemispheres). Specifically, chronic stroke patients
showed deficits in kinetic and kinematic control of their upper extremities. Thus, a recovery
of the bimanual motor functions can be one of crucial motor rehabilitation goals post
stroke. Based on this assumption, many prior studies have focused on activity-based
movement treatments, as well as bimanual movement interventions (e.g., bimanual force
control practices and bimanual movement actions combined with neuromuscular electrical
stimulation) and provided the evidence that patients with stroke revealed improvements in
both the bimanual execution and functional recovery of their paretic arm. Taken together,
these findings provide a possibility that bimanual movement training protocols in addition
to either non-invasive brain stimulation techniques or pharmacological therapies that
potentially increase the symmetry of cortical activations between hemispheres.

5. Future Suggestions

The current Special Issue has gathered various scientific approaches to emphasizing
neuromechanical tools in cross-sectional research, intervention design, and review studies.
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Despite these new findings, an effort to connect altered neurophysiological patterns in the
higher center (e.g., brain level) with movement execution is still necessary to further identify
new motor control mechanisms in human. Furthermore, biobehavioral science researchers
and motor rehabilitation specialists should use various neuromechanical principles to
estimate, recover, and understand motor control capabilities in various populations.
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Variability and Complexity of Knee Neuromuscular Control
during an Isometric Task in Uninjured Physically Active Adults:
A Secondary Analysis Exploring Right/Left and
Dominant/Nondominant Asymmetry
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School of Sport, Rehabilitation, and Exercise Sciences, University of Essex, Wivenhoe Park,
Colchester CO4 3SQ, UK; jp20193@essex.ac.uk
* Correspondence: n.clark@essex.ac.uk

Abstract: Work is needed to better understand the control of knee movement and knee health. Specif-
ically, work is needed to further understand knee muscle force control variability and complexity and
how it is organized on both sides of the body. The purpose of this study was to explore side-to-side
comparisons of magnitude- and complexity-based measures of knee muscle force control to support
future interpretations of complexity-based analyses and clinical reasoning in knee injury control.
Participants (male/female n = 11/5) performed constant-force isometric efforts at 50% maximal effort.
Force variability was quantified during the constant-force efforts using a coefficient of variation (CV%)
and force complexity using approximate entropy (ApEn) and detrended fluctuation analysis (DFA) α.
Outcomes were right/left and dominant/nondominant group-level and individual-level compar-
isons. A limb-symmetry index was calculated for each variable and clinically significant absolute
asymmetry was defined (>15%). The only significant side-to-side difference was for right/left DFA
α (p = 0.00; d = 1.12). Maximum absolute asymmetries were (right/left, dominant/nondominant):
CV 18.2%, 18.0%; ApEn 34.5%, 32.3%; DFA α 4.9%, 5.0%. Different side-to-side comparisons yield
different findings. Consideration for how side-to-side comparisons are performed (right/left, dom-
inant/nondominant) is required. Because a significant difference existed for complexity but not
variability, this indicates that both complexity-based and magnitude-based measures should be used
when studying knee muscle force control.

Keywords: knee; neuromuscular control; force control; variability; complexity; asymmetry

1. Introduction

The knee accounts for 46.8% of musculoskeletal injuries [1] with ligament and menis-
cus injuries being frequent [2]. The consequences of knee injury include physical disabil-
ity [3], substantial healthcare costs [4], and post-trauma osteoarthritis [5]. Therefore, the
exploration of factors affecting the control of knee movement and health is necessary for
informing knee injury control interventions that support individuals’ lifelong physical activity.

Injury control involves the prevention, acute care, and rehabilitation phases of health-
care [6]. When considering aspects of knee movement and health, clinicians make side-to-
side comparisons of knee characteristics (e.g., right/left, dominant/nondominant) [7,8].
The reasoning for a right/left or dominant/nondominant side-to-side comparison should
be considered carefully because one can yield different findings to the other [9] and be-
cause limb dominance changes according to the nature of the task (e.g., muscle strength vs.
skill) [10]. Regardless of whether a right/left or dominant/nondominant side-to-side com-
parison is performed, the premise of a side-to-side comparison is that one side represents
a reference standard for clinical judgments relative to the opposite side [7,11]. Therefore,
before a valid clinical judgment can be made in injury control as a result of comparing
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one side to the opposite side, exploratory research is needed to first understand biological
phenomena and provide reference data from uninjured individuals [12]. The side-to-side
comparison of a variable is termed a “symmetry analysis” [13]; symmetry exists when a
variable is equal in magnitude for both limbs and asymmetry exists when a variable is
unequal in magnitude for both limbs [14]. In knee injury control, symmetry analyses are
performed frequently using variables representing aspects of knee neuromuscular control.

In joint injury control, neuromuscular control refers to the activation of the dynamic
restraints (skeletal muscles) in preparation for and response to joint loading and motion
to maintain functional joint stability [15]. One aspect of neuromuscular control that has
received little attention with regard to symmetry analysis is muscle force control. Physio-
logical signals, such as muscle force, represent interactions between multiple physiological
components and asynchronous feedback loops operating over a range of temporal and
spatial scales and are characterized by constant fluctuations in system output [16]. The
quantification of fluctuations in muscle force signals is, therefore, necessary to better analyze
knee neuromuscular control characteristics. The behavior of physiological signals can be an-
alyzed using measures of variability or complexity [17,18]. Metrics of variability are linear
and magnitude-based (e.g., standard deviation [SD], coefficient of variation [CV]; Figure 1,
y-axis) [19,20]. Metrics of complexity are nonlinear and time-based (e.g., approximate
entropy, detrended fluctuation analysis; Figure 1, x-axis) [21,22]. Specifically, complexity
metrics characterize moment-to-moment relationships between successive data points,
thereby examining how a signal’s structure changes over time (Figure 1, x-axis) [17,20].
Magnitude-based measures cannot quantify temporal irregularities and, therefore, miss
“hidden information” regarding signal fluctuations [17]. Subsequently, several authors have
used complexity analyses (nonlinear time-series analyses) for studying different aspects of
human movement in order to gain more information and understanding of the control of
posture [23], balance [24], and walking gait [25].

Figure 1. Illustration of how variability-based (magnitude-domain, y-axis) and complexity-based
(time-domain, x-axis) variables relate to the graphical plot of an isometric knee extension sig-
nal. Nm = Newton-meters; s = seconds; SD = standard deviation; CV = coefficient of variation;
ApEn = approximate entropy; DFA α = detrended fluctuation analysis α. See Methods for explana-
tion of ApEn and DFA α.

Complex fluctuations in physiological processes represent the range across which
biological systems function and their ability to respond to unpredictable environments [16].
Complex fluctuations in neuromuscular control reflect the ability to adapt motor output
rapidly and accurately in response to task demands [26]. In knee neuromuscular control,
some researchers have used magnitude-based metrics [27], others have used complexity-
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based metrics [20], but few have used both magnitude- and complexity-based metrics [28].
No published work reports examining knee neuromuscular control using both magnitude-
and complexity-based measures within both right/left and dominant/nondominant side-
to-side analyses in uninjured individuals. Therefore, there is a gap in the literature for
exploratory analyses into knee muscle force control variability and complexity and how it
is organized specifically on both sides of the body.

The supplementary (secondary) analysis of primary data fulfills a valuable role in
scientific inquiry and is encouraged to facilitate research economy, answer interdisciplinary
research questions, and mitigate research waste [29,30]. Secondary analysis can be under-
taken at any stage of a research project and is further encouraged where primary data
from relatively “small-scale experiments” is used to build a foundation for planning fu-
ture larger-scale original studies and plot a direction for new basic and applied research
questions [31]. Accordingly, this study was a secondary analysis of data collected for a
prior project [32,33]. The first purpose was to test the hypothesis that there would be
no statistically-significant side-to-side differences (right/left, dominant/nondominant)
for magnitude- and complexity-based variables extracted from isometric knee extension
sub-maximal force output during a constant-force task. The second purpose was to test
the hypothesis that the mean side-to-side (right/left, dominant/nondominant) absolute-
asymmetry for the magnitude- and complexity-based variables using the limb symmetry
index (LSI) would be ≤15%; this hypothesis was based on previous research on knee
extension neuromuscular control with uninjured individuals [34]. The present exploratory
analyses are practically significant because they provide new preliminary reference data
that helps to better understand the control of knee movement for both sides of the body in
uninjured individuals; these findings will, in turn, inform and support the design and di-
rection of future larger-scale primary studies of motor control and knee health in uninjured
and injured individuals.

2. Materials and Methods

2.1. Study Design, Ethical Approval, Informed Consent, Participants

This study was a secondary analysis of data collected for a larger research project [32,33].
Ethics approval was obtained for the original work. Informed consent was provided by all
participants. For the original project, inclusion criteria were physically-active males/females
aged 18–40 years, and exclusion criteria were current lower limb pain and any lower limb
injury in the previous three months. Sixteen participants were available from the original
datasets (11 male, 5 female; mean ± SD: age 24.0 ± 5.3 years; height 1.74 ± 0.08 m; body mass
68.3 ± 11.1 kg).

2.2. Original Experimental Procedures

Participants attended the laboratory on three occasions with ≥48 h between sessions.
Participants were instructed to avoid any fatiguing exercise/sports for 24 h beforehand.
During the first session, participants were familiarized with the instrumentation and proce-
dures, their dynamometer settings were recorded, and limb dominance was established
(preferred leg to kick a football). For the next two sessions, isometric knee extension efforts
were performed and data were collected for all variables. Limb order was randomized,
with one limb assessed in session 2 and the opposite limb assessed in session 3.

2.3. Dynamometry

Isometric knee extension efforts were sampled with a CSMi isokinetic dynamome-
ter (HUMAC Norm, Stoughton, MA, USA), initialized and calibrated according to the
manufacturers’ instructions. Participants sat with their hips and knees flexed 85◦ and 90◦,
respectively, and the lateral epicondyle of the knee aligned with the axis of rotation of the
dynamometer lever-arm. The trunk and pelvis were secured using the device’s straps. The
lever arm’s attachment was adjusted so the lower edge of the shin pad was just above the
malleoli. The sampling frequency was 1000 Hz.

7
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2.4. Isometric Knee Extension Efforts

Participants performed a series of 3-s maximal voluntary efforts (MVE) separated
by 60 s of rest and which continued until the peak moment in three consecutive efforts
were within 5% of each other. Participants then performed a 50% MVE constant-force
task, with this target based on the peak knee extension moment identified during the
MVEs. A chart containing the instantaneous knee extension moment was projected onto a
screen placed ~1 m in front of the participant. A scale consisting of a 1 mm thick line was
superimposed on the chart and acted as a target so that participants were able to match
their instantaneous moment to the target during each trial. Participants were instructed
to match their instantaneous moment with the target superimposed on the display for as
much of each trial as possible. Five trials were performed, each lasting six seconds and
separated by four seconds of rest.

2.5. Data Acquisition and Reduction

Devices were connected by BNC cables (Digitimer, Welwyn Garden City, UK) to a
Biopac MP150 and a CED Micro 1401-3 (Cambridge Electronic Design, Cambridge, UK)
interfaced with a personal computer. Data were collected in Spike2 software (Version 7,
Cambridge Electronic Design, Cambridge, UK). Raw data were processed using customized
code in MATLAB R2017a (Mathworks, Natick, MA, USA).

For all variability and complexity analyses, the steadiest five seconds of each 50% MVE
trial was identified as the five-second epoch with the lowest SD [20]. Variability and
complexity were, therefore, analyzed using 5000 data points. The CV was used as a
magnitude-based variable, representing force variability normalized to the mean force [20].
Multiple complexity metrics are recommended for probing subtly different aspects of
physiological signals [21]. Approximate entropy (ApEn) [22] was used to determine the
regularity/randomness of the force signal and temporal fractal scaling was estimated using
detrended fluctuation analysis (DFA) α [35]. Sample entropy [36] was also considered;
however, as shown by Pethick et al. [20], this measure does not differ from muscle force
ApEn when 5000 data points are used in their calculation. The full details of the calculation
of ApEn and DFA α can be found in Pethick et al. [20].

In short, ApEn quantifies the negative natural logarithm of the conditional probability
that a template of length m is repeated during a time series. If the data are highly regular,
then templates similar for m points (within the tolerance r) are likely to be similar for
m + 1 points. In this situation, the conditional probability will be close to 1, and the negative
logarithm, and therefore the entropy, will be close to zero. This reflects low complexity
and high predictability. ApEn was calculated with the template length, m, set at two and
the tolerance, r, set at 10% of the SD of knee extension moment output [20,37]; 10% was
chosen over other percentages following the recommendations of Forrest et al. [37], who
sought to identify a “gold standard” for signal acquisition and processing parameters in
the context of the ApEn analyses of isometric muscle force control records. In the DFA
algorithm, the time-series of interest is integrated, then divided into boxes of equal length,
n, and a least-squares line (representing the trend in each box) is fitted. The integrated time
series is detrended by subtracting the local trend in each box, and the root mean square of
this integrated, detrended series, F(n), is calculated. This calculation is then repeated over
all timescales or box sizes. The slope of the line relating log F(n) to log n determines the
DFA α scaling exponent [21]. Subsequently, DFA was calculated using 57 boxes, ranging
from 1250 to 4 data points. The log-log plot of fluctuation size versus box size was plotted
for each participant to identify any significant crossover (as shown by an r < 0.95) and the
presence of two trends [38]. No cases of significant crossover were observed. Typically,
DFA α ranges from ~0.5 to ~1.5 and acts as an indicator of the “roughness” of the time
series; the larger the value of α, the more regular the time series [21].

8



Appl. Sci. 2022, 12, 4762

2.6. Statistical Analyses

The mean CV, ApEn, and DFA α from the five 50% MVE constant-force trials were
used for analyses. Summary statistics were calculated, including the absolute side-to-
side differences (right–left, dominant–nondominant). The minus sign was removed from
negative differences.

For statistical analyses (group-level), the normality of data was assessed with his-
togram inspection and Shapiro–Wilk tests. Alpha was set a priori at 0.05. Bonferroni-
corrected paired t-tests were used for right/left and dominant/nondominant side-to-side
comparisons across all variables. Ninety-five percent confidence intervals (CI) were es-
timated for all variables and within-group Cohen’s d was calculated for all side-to-side
comparisons; effect sizes of 0.20, 0.50, and 0.80 were considered small, medium, and large,
respectively [12].

For clinical analyses (individual-level), two LSIs were calculated: right/left LSI
(R/L-LSI) [13] and dominant/nondominant LSI (D/ND-LSI). The R/L-LSI (%) was cal-
culated: (right ÷ left) × 100 [13]. A R/L-LSI of 100% represented side-to-side symme-
try, <100% lower right-side/higher left-side values, >100% lower left-side/higher right-
side values. The D/ND-LSI (%) was calculated: (dominant ÷ nondominant) × 100. A
D/ND-LSI of 100% represented side-to-side symmetry, <100% lower dominant-side/higher
nondominant-side values, >100% lower nondominant-side/higher dominant-side values.
Therefore, for the R/L-LSI and D/ND-LSI, each indicated both the magnitude and direction
of asymmetry [13]. Because the size of an absolute asymmetry is frequently the principal
matter of clinical interest [13], the absolute asymmetry for both the R/L-LSI and D/ND-LSI
was calculated: 100%—participant’s LSI [13]. Minus signs were removed from negative
differences [13].

3. Results

Summary statistics are presented for the CV in Table 1, ApEn in Table 2, and DFA α in
Table 3. All data were normally distributed.

Table 1. Summary statistics and effect sizes for the coefficient of variation (n = 16).

CV (%) CV (%)

R L R-L D ND D-ND
Absolute Absolute

Diff. Diff.

Min 2.01 2.28 0.02 2.22 2.01 0.02
Max 3.51 6.20 3.64 3.51 6.20 3.64

95% CI 2.53, 2.96 2.67, 3.82 0.20, 1.22 2.54, 2.93 2.68, 3.83 0.20, 1.22
Mean 2.75 3.24 0.71 2.74 3.25 0.71

SD 0.40 1.07 0.96 0.37 1.08 0.96
ES 0.45 0.47

CV = coefficient of variation; R = right; L= left; R-L Absolute Diff. = right − left (+/− sign removed); D = dominant;
ND = nondominant; D-ND Absolute Diff. = dominant − nondominant (+/− sign removed); Min = minimum;
Max = maximum; 95% CI = 95% confidence interval (lower bound, upper bound); SD = standard deviation;
ES = effect size.

Table 2. Summary statistics and effect sizes for approximate entropy (n = 16).

ApEn ApEn

R L R-L D ND D-ND
Absolute Absolute

Diff. Diff.

Min 0.25 0.14 0.01 0.25 0.14 0.01
Max 0.65 0.54 0.29 0.65 0.62 0.29

95% CI 0.37, 0.50 0.31, 0.42 0.06, 0.14 0.34, 0.46 0.33, 0.46 0.06, 0.14
Mean 0.43 0.36 0.10 0.40 0.39 0.10

SD 0.12 0.10 0.07 0.11 0.13 0.07
ES 0.73 0.08

ApEn = approximate entropy; R = right; L= left; R-L Absolute Diff. = right − left (+/− sign removed);
D = dominant; ND = nondominant; D-ND Absolute Diff. = dominant − nondominant (+/− sign removed);
Min = minimum; Max = maximum; 95% CI = 95% confidence interval (lower bound, upper bound); SD = standard
deviation; ES = effect size.
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Table 3. Summary statistics and effect sizes for detrended fluctuation analysis α (n = 16).

DFA α DFA α

R L R-L D ND D-ND
Absolute Absolute

Diff. Diff.

Min 1.17 1.26 0.00 1.26 1.17 0.00
Max 1.52 1.62 0.21 1.56 1.62 0.21

95% CI 1.33, 1.47 1.40, 1.50 0.04, 0.99 1.36, 1.45 1.38, 1.49 0.41, 0.99
Mean 1.38 a 1.45 0.07 1.40 1.43 0.07

SD 0.10 0.09 0.06 0.09 0.11 0.06
ES 1.12 0.34

DFA α = detrended fluctuation analysis α; R = right; L= left; R-L Absolute Diff. = right − left (+/− sign removed);
D = dominant; ND = nondominant; D-ND Absolute Diff. = dominant − nondominant (+/− sign removed); Min
= minimum; Max = maximum; 95% CI = 95% confidence interval (lower bound, upper bound); SD = standard
deviation; ES = effect size; a = significant side-to-side difference, p = 0.00.

Example findings from the 50% MVE constant-force task for two different participants
are illustrated in Figures 2 and 3. The only significant side-to-side differences were for the
right/left DFA α (p = 0.00; Table 3). For effect sizes, a little under large effect was evident
for right/left ApEn (Table 2). A very large effect was evident for right/left DFA α (Table 3).

Figure 2. Raw output from a trial for a participant with similar complexity and variability values on
the right (a) and left (b) sides. Nm = Newton-meters; s = seconds; ApEn = approximate entropy; DFA
α = detrended fluctuation analysis α; CV = coefficient of variation. ApEn right/left limb-symmetry-
index = 102.9%; ApEn right/left absolute-asymmetry = 2.9%. DFA α right/left limb-symmetry-index
= 94.4%; DFA α right/left absolute-asymmetry = 5.6%. CV right/left limb-symmetry-index = 103.5%;
CV right/left absolute-asymmetry = 3.5%.

Figure 3. Raw output from a trial for a participant with different complexity and variability val-
ues on the right (a) and left (b) sides. Nm = Newton-meters; s = seconds; ApEn = approximate
entropy; DFA α = detrended fluctuation analysis α; CV = coefficient of variation. ApEn right/left
limb-symmetry-index = 131.6%; ApEn right/left absolute-asymmetry = 31.6%. DFA α right/left
limb-symmetry-index = 86.8%; DFA α right/left absolute-asymmetry = 13.2%. CV right/left limb-
symmetry-index = 63.1%; CV right/left absolute-asymmetry = 36.9%.

Summary statistics for R/L-LSIs, D/ND-LSIs, and absolute asymmetries are presented
in Tables 4–6. The mean absolute-asymmetry values for both side-to-side comparison
methods were >15% for CV and ApEn (Tables 4 and 5). The inspection of the maximum
absolute-asymmetry values for both side-to-side comparison methods demonstrates some
participants had very large absolute-asymmetries for the CV and ApEn (Tables 4 and 5).
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Table 4. Summary statistics for the coefficient of variation limb symmetry indices and absolute
asymmetries (n = 16).

CV CV

R/L R/L D/ND D/ND
Limb Absolute Limb Absolute

Symm. Asymm. Symm. Asymm.
Index (%) Index (%)

(%) (%)

Min 41.2 0.7 41.2 0.7
Max 131.2 58.8 120.7 58.8

95% CI 78.3, 102.3 9.7, 26.7 78.2, 101.7 9.7, 26.4
Mean 90.3 18.2 90.0 18.0

SD 22.6 16.0 22.0 15.7
CV = coefficient of variation; R/L = right/left; D/ND = dominant/nondominant; Limb Symmetry Index, see
text for equation and explanation; Absolute Asymmetry, see text for equation and explanation; Min = minimum;
Max = maximum; 95% CI = 95% confidence interval (lower bound, upper bound); SD = standard deviation.

Table 5. Summary statistics for approximate entropy symmetry indices and absolute asymmetries
(n = 16).

ApEn ApEn

R/L R/L D/ND D/ND
Limb Absolute Limb Absolute

Symm. Asymm. Symm. Asymm.
Index (%) Index (%)

(%) (%)

Min 58.3 2.4 58.3 2.4
Max 309.6 209.6 309.6 209.6

95% CI 99.6, 156.1 8.5, 60.4 83.2, 144.2 6.4, 58.2
Mean 127.9 34.5 113.7 32.3

SD 53.0 48.6 57.2 48.6
ApEn = approximate entropy; R/L = right/left; D/ND = dominant/nondominant; Limb Symmetry Index, see
text for equation and explanation; Absolute Asymmetry, see text for equation and explanation; Min = minimum;
Max = maximum; 95% CI = 95% confidence interval (lower bound, upper bound); SD = standard deviation.

Table 6. Summary statistics for detrended fluctuation analysis α symmetry indices and absolute-
asymmetries (n = 16).

DFA α DFA α

R/L R/L D/ND D/ND
Limb Absolute Limb Absolute

Symm. Asymm. Symm. Asymm.
Index (%) Index (%)

(%) (%)

Min 86.8 0.3 86.8 0.3
Max 101.7 13.2 108.1 13.2

95% CI 93.2, 97.7 3.0, 6.9 94.9, 101.4 3.0, 7.0
Mean 95.5 4.9 98.2 5.0

SD 4.2 3.7 6.1 3.7
DFA α = detrended fluctuation analysis α; R/L = right/left; D/ND = dominant/nondominant; Limb Sym-
metry Index, see text for equation and explanation; Absolute Asymmetry, see text for equation and expla-
nation; Min = minimum; Max = maximum; 95% CI = 95% confidence interval (lower bound, upper bound);
SD = standard deviation.

4. Discussion

The first purpose of this study was to test the hypothesis that there would be no
statistically-significant side-to-side differences (right/left, dominant/nondominant) for
magnitude- and complexity-based variables during an isometric knee extension 50% MVE
constant-force task. The only significant difference in either comparison was for right/left
DFA α (Table 3). The second purpose of this study was to test the hypothesis that the mean
side-to-side (right/left, dominant/nondominant) absolute-asymmetry for the magnitude-
and complexity-based variables, assessed using the LSI, would be ≤15% for both side-to-
side comparisons. The mean absolute-asymmetry was >15% for both comparisons for CV
and ApEn (Tables 4 and 5), but not for either comparison for DFA α (Table 6).

In knee health and injury control, side-to-side comparisons inform clinical reasoning
and support clinical decision-making [7,13]. At the group level, symmetry analyses exam-
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ine whether statistically significant side-to-side differences exist for measures of central
tendency [13]. The only significant side-to-side group-level differences were for right/left
DFA α (Table 3). Interestingly, the significant finding was for a right/left comparison and
not for any dominant/nondominant comparison; this is consistent with the findings of
Hollman et al. [28], who report no significant dominant/nondominant differences for a
fractal exponent during knee extension or flexion constant-force tasks. Similar to this study,
Hollman et al. [28] employed a mixed male/female sample. Different from this study, Holl-
man et al. [28] employed a mixed adult/adolescent sample and did not specify explicitly
how the dominant limb was defined. Accordingly, because growth and development affect
knee neuromuscular control [39] and limb dominance changes according to the nature of
the task (e.g., load-bearing vs. skill) [10], the findings of Hollman et al. [28] are likely not
comparable to the present study. Given that the present study identified a significant find-
ing for a right/left comparison but not for a dominant/nondominant comparison, careful
consideration should underpin the clinical reasoning for which a comparison method is
employed because different statistical findings are evident for one method versus another;
this is supported by the finding that side-to-side effect-sizes were substantially different
between comparison methods for both ApEn and DFA α (Tables 2 and 3).

Previous research has analyzed side-to-side differences in variability, with equivocal
results. Adam, Luca, and Erim [40] observed a significantly greater magnitude of vari-
ability in the nondominant first dorsal interosseous, whilst Bernardi et al. [41] observed
no difference between dominant and nondominant limbs. The present study indicates
potential side-to-side differences in the complexity of muscle output, with the left limb
exhibiting lower complexity, as indicated by greater DFA α (Table 3). Moreover, there were
no significant differences for either side-to-side comparison method for CV (Table 1). This
supports the notion that complexity-based metrics may be more sensitive to subtle side-
to-side differences than variability-based metrics [42]. It is, however, still recommended
to use both magnitude- and complexity-based metrics for a thorough evaluation of signal
fluctuations [17].

That there was a significant difference for the right/left DFA α comparison but not
the right/left ApEn comparison supports the notion that these metrics assess subtly differ-
ent aspects of complexity [21]. Because ApEn measures the regularity/randomness of a
time series across one time scale [22], and DFA α measures fractal scaling across multiple
time scales [21], agreement between the two metrics is not guaranteed. The insensitivity
of one metric does not imply that other metrics will not yield meaningful information
about a physiological system’s functionality [43]. That side-to-side effect-size findings
for right/left ApEn and DFA α are not similar (Tables 2 and 3) supports the notion that
each variable provides unique information about knee extensor neuromuscular control
complexity. Researchers should, therefore, use both ApEn and DFA α to assess knee neuro-
muscular control complexity, regardless of whether right/left or dominant/nondominant
side-to-side comparisons are made.

Complex fluctuations in physiological signals represent the range across which bio-
logical systems operate and their ability to respond and adapt to stressors [16]. For both
comparison methods, there was no significant side-to-side difference for ApEn (Table 2),
suggesting that adaptability in knee extensor neuromuscular control is similar between
sides. However, the medium-to-large effect size for the right/left ApEn comparison
(Table 2) may indicate that side-to-side adaptability does actually differ. The significant
side-to-side difference and very large effect size for the right/left DFA α (Table 3) supports
the perspective that side-to-side adaptability in knee extensor neuromuscular control is
different in uninjured individuals. Potential differences in the complexity of knee extensor
neuromuscular control are reflective of differences in coordination and could have impli-
cations for the risk of injury [18]. Indeed, low complexity has been speculated to reflect a
narrowing of system responsiveness and lower adaptability, which could increase the risk
of failing a motor task and have a detrimental effect on functional movements [33].
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Based on the coherence between the cumulative motor unit spike train (measured
using high-density EMG) and muscle force output [44], variations in common synaptic
input to the motor unit are the main determinant of the magnitude of force fluctuations [45].
Increased common synaptic input has also been speculated to be associated with lower
complexity [33]. In support of the potential side-to-side differences in complexity, differ-
ences in motor unit synchronization (a necessary consequence of common synaptic input)
have been observed between the muscles of the dominant/nondominant hand [40,46].
Such differences in motor unit discharge properties have, however, only been observed in
the muscles of the hand, which may be subject to greater preferential use than the knee
extensors during daily activities [47].

At the individual level, symmetry analyses examine whether clinically-significant
side-to-side differences exist for an individual’s mean or maximum values [13]. An absolute-
asymmetry threshold of 15% was chosen because mean LSIs of approximately 85% are
reported for isometric knee extension MVEs in uninjured individuals [34]. The mean
absolute asymmetries for right/left and dominant/nondominant comparisons of CV and
ApEn were >15% (Tables 4 and 5), whereas the mean absolute asymmetries for both com-
parisons for DFA α were ≤5% (Table 6). The magnitude of the mean absolute asymmetry
was consistent regardless of whether a right/left or dominant/nondominant comparison
was performed. Because the mean absolute asymmetry ranged from 4.9 to 34.5% across
all variables and side-to-side comparison methods (Tables 4–6), further work is needed
to determine whether the isometric knee extension strength mean LSIs of approximately
85% [34] and corresponding absolute asymmetries of 15% apply to variability and complex-
ity measures.

The present study had some limitations. First, this study was a secondary analysis
of a previously published work and was confined to a total sample size created from two
separate primary studies [32,33]. Therefore, it was not possible to perform an a priori power
analysis and our findings may include type 2 errors. Future primary research should ensure
a priori power analyses are performed to facilitate adequate statistical power. Second, we
did not undertake a post hoc power analysis. A post hoc power analysis uses the p-value
returned from significance tests; given that nonsignificant p-values always correspond to
low beta values and power, post hoc power analyses fail to add value to interpretations of
research findings and are discouraged [48]. Again, future primary research should ensure
that a priori power analyses are performed to reduce the risk of committing type 2 errors.
Third, we were confined by the methods used in the original work, which only used one
sub-maximal level of effort (50% MVE). Variability and complexity can vary with the level
of isometric efforts [17]. Future primary studies should assess a variety of sub-maximal
levels to reveal potential differences in knee neuromuscular control complexity. Fourth,
limb dominance was defined by the preferred kicking limb rather than the strongest limb.
Although it is possible that participants may have mistakenly and incorrectly self-reported
one side as their dominant side, the subjectively reported preferred kicking limb is the
method commonly employed in the literature for determining lower limb dominance [10].
Future research should compare different methods of defining and objectively determining
limb dominance and how it affects the variability and complexity of side-to-side absolute
asymmetries.

5. Conclusions

This is the first study to explore right/left and dominant/nondominant side-to-side
comparisons of magnitude- and complexity-based metrics of knee neuromuscular control
in uninjured individuals. A significant side-to-side difference and very large effect size
existed for the right/left DFA α comparison, suggesting that side-to-side adaptability
of knee extensor neuromuscular control in uninjured individuals is different. Side-to-
side differences in the adaptability of knee extensor neuromuscular control may have
clinical implications for the risk of future knee injury. Participants demonstrated a wide
range of side-to-side absolute-asymmetries in knee neuromuscular control variability
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and complexity according to the comparison method used and the variable employed.
Researchers should carefully consider which method is used for side-to-side comparisons
and the threshold or range employed to define a clinically significant absolute asymmetry
for each variable. Approximate entropy and DFA α assess subtly different aspects of
complexity and both should be used alongside other traditional magnitude-based variables
when studying knee neuromuscular control. The present analyses are practically significant
because they provide new preliminary reference data that help to better understand the
control of knee movement for both sides of the body and support the design of future larger-
scale primary studies of motor control and knee health in uninjured and injured individuals.
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Abstract: To examine individual or combined effects of static stretch and explosive contraction on
quadriceps spinal-reflex excitability (the peak Hoffmann’s reflex normalized by the peak motor-
response) and the latency times of the Hoffmann’s reflex and motor-response. Fourteen healthy
young males randomly experienced four conditions (stretch, contraction, stretch + contraction, and
control—no intervention). For the stretch condition, three sets of a 30 s hold using the modified
Thomas test on each leg were performed. For the contraction condition, three trials of maximal
countermovement vertical jump were performed. Quadriceps spinal-reflex excitability and the latent
period of each value on the right leg were compared at pre- and post-condition. All measurement
values across conditions were not changed at any time point (condition × time) in spinal-reflex
excitability (F6,143 = 1.10, p = 0.36), Hoffmann’s reflex latency (F6,143 = 0.45, p = 0.84), motor-response
latency (F6,143 = 0.37, p = 0.90), and vertical jump heights (F2,65 = 1.82, p = 0.17). A statistical trend
was observed in the contraction condition that spinal-reflex excitability was increased by 42% (effect
size: 0.63). Neither static stretch nor explosive contraction changed the quadriceps spinal-reflex
excitability, latency of Hoffmann’s reflex, and motor-response. Since our stretch protocol did not
affect jumping performance and our contraction protocol induced the post-activation potentiation
effect, either protocol could be used as pre-exercise activity.

Keywords: H:M ratio; Thomas test; vertical jump

1. Introduction

Performance enhancement after warm-up activity could be explained by thermal
and non-thermal effects. While the term “warm-up” is derived from the thermal effects
due to any given activity (e.g., increased core body and local muscle temperatures), “pre-
conditioning” [1], the working of muscles by performing sports movements (e.g., explosive
movements), is considered to contribute the non-thermal effects of warming-up [2]. As-
suming the thermal effects are similar, the level of performance among different types of
warm-up would be affected by the ability to utilize elastic energy [3]. Elastic energy is
associated with muscle spindle activity [4], myotatic reflex [5], and elasticity of contractile
components [6]. Measures of elastic energy are difficult because they are derived from
various structures (e.g., actin, myosin, sarcolemma, tendon, etc.) that are instantiated
through different neural pathways (e.g., α and γ motoneuron). Spinal-reflex excitability,
Hoffmann (H)-reflex [7] normalized by the motor (M)-response (H:M ratio), is an auto-
nomic homonymous response to a given peripheral (especially Ia afferent) stimulus [8].
Exogenous electrical stimuli should directly evoke afferents; the H-reflex bypasses the
signals of muscle spindles and γ-motoneurons [9]. It has been suggested that the mag-
nitude of the stretch-reflex is related to the amount of stored elastic energy [10,11]. The
amplitude of this value is indicative of synaptic transmission [2], spinally mediated neural
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inhibition [12], and an estimate of α-motoneuron activity [13]. Additionally, the assessment
of the H-reflex and M-response latency time are also considered to be parameters affecting
synaptic transmission along with performance change [14]. Therefore, the non-thermal
effects of warming-up in terms of enhancing elastic potential energy could be assessed by
spinal-reflex excitability and the latency times of the H-reflex and the M-response.

Previous studies concerning the acute change in the soleus H-reflex reported a reduc-
tion after static stretch [15,16] and an increase after muscle contractions [17,18]. Although
the existing data inform us how the H-reflex responds to stretch or contraction, several
limitations still need to be addressed. First, spinal-reflex excitability in the quadriceps has
not been examined even though it is the primary muscle for functional movements [19,20].
Second, subjects in previous reports examined isometric contractions [17,18], which are
not commonly performed during warming-up or training. Third, the combined effect
of stretch and contraction is unknown. For example, reduced spinal-reflex excitability
after performing static stretch might be offset by performing muscle contractions such as
maximal vertical jumps. This indicates that static stretch does not produce performance
hinderance if vertical jumps are followed. Knowing the direction and magnitude of change
in spinally mediated muscle activation of quadriceps responding to static stretch and/or
explosive contraction would help coaches and athletes to plan and execute pre-exercise
activities. While the general hesitance of static stretch to hamper muscle power in the field
of exercise science still exists, comparing jump heights before and after static stretch would
also provide a comprehensive understanding of the relationships among static stretch,
quadriceps spinal-reflex excitability, and athletic performance.

A comparison of the individual and combined effects of static stretch (e.g., hip and
knee extensors) and explosive contraction (e.g., maximal vertical jump) could address the
limitations above, and thus provide information on the relationship between spinal-reflex
excitability and athletic performance as well as the interaction effect between muscle stretch
and contraction. Therefore, the purpose of this study was to examine the immediate effects
of static stretch and/or two-legged maximal vertical jump on quadriceps spinal-reflex
excitability, and the latency time of the H-reflex and M-response, compared with no activity
which served as the control. Based on previous reports on the soleus H-reflex [15–18], it
can be hypothesized that quadriceps spinal-reflex excitability would be decreased after
stretching and increased after contracting (jumping). Since change in quadriceps spinal-
reflex excitability after stretch or contraction is unknown, it is difficult to predict the result
of the combined condition (stretch and contraction). If the magnitudes of change after
stretch or contraction were similar, the effects of two stimuli would be cancelled out,
resulting in no change. While change in the latency time can be indicative of temporal
change in neural activation, a previous study [21] reported that static stretch or vibration
did not change the H-reflex and M-response latency time in the soleus. According to that,
we hypothesized no change in the H-reflex and M-response latency time across the four
conditions.

2. Materials and Methods

2.1. Subjecs

We recruited recreationally active male individuals (aged between 19 and 25; exercise
> 3 times a week at moderate intensity; a total exercise duration between 150 min and
250 min for the last six months) who had a measurable quadriceps (vastus medialis: VM)
H-reflex and M-response. Subjects had no history of lower-back or -body surgery and were
free from lower-back or -body injuries in the past six months. Subjects with athletic career
(experience of registration in the varsity team roaster or participation in an official sporting
event) or cardiovascular or neurological pathology were also excluded. Fifty-four subjects
were initially screened, and 40 of them were excluded due to immeasurable H-reflex
(n = 38) and unstable M-response (n = 2). Therefore, fourteen subjects (age: 23 ± 1 years;
height: 175 ± 7 cm; mass: 69 ± 8 kg; exercise duration: 220 ± 79.4 min/week) were finally
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analyzed. Prior to participation, all subjects gave informed consent, approved by the
university’s Institutional Review Board, which also approved the study.

2.2. Testing Procedures

All subjects visited the laboratory four times on separate days at the same time of the
day, 48 h apart. Subjects were asked to maintain their habitual diets during the experimental
period and to refrain from any physical activity for 24 h prior to data collection. For the first
session, subjects were screened for measurable H-reflex after providing informed consent.
Ambient temperature and relative humidity within the laboratory were set as 25 ◦C and
50% during the data collection period. Upon arrival to the laboratory, subjects laid down
on the treatment table and rested for 15 min to achieve spinal-reflex and cardiovascular
stability prior to the screening. During this rest period, the VM on the dominant limb
(i.e., the leg used to kick a ball) were shaved, debrided (with sandpaper), and cleaned
with alcohol prep wipes before the placement of self-adhesive surface electromyography
(EMG) electrodes (Ag-AgCI; EL 503-10; Biopac System Inc., Goleta, CA, USA). Two EMG
electrodes (2 cm apart) were attached to the bulk of the VM. The ground electrode was
attached to the medial malleolus of the ipsilateral limb.

During the H-reflex and M-response measurements, subjects were asked to place their
hands along their sides with their palms kept supinated and to maintain this position
as they looked at a spot on the ceiling while listening to white noise through earphones
to avoid any possible sound-induced variability in measurements [22]. The stimulating
module (Biopac STM 100C), isolation adaptor (Biopac Stimsoc), and a bar stimulation
electrode (EL 503, Biopac Systems Inc., Goleta, CA, USA) provided the electrical stimulus
over the femoral nerve (just lateral and/or down to the femoral artery). The peak H-reflex
and peak M-response were found and recorded through surface EMG (sampling rate:
2000 Hz). Electrical stimulation was gradually increased at 0.1–2 V increments, with a 15 s
rest between stimulations [23]. The average intensities (ranges) to elicit the peak H-reflex
and the peak M-response were 6.0 (4.0 to 9.0) and 9.3 (7.1 to 10.0) V, respectively. Once
peak amplitude was found, the same intensity was applied four times for the pre-condition
measurements.

After the pre-condition measurements, the researcher who took measurements left,
and the other researcher who was blinded to pre-condition measurements guided the
intervention conditions in the laboratory. Subjects randomly experienced one of four
conditions on each visit (stretch, contraction, stretch and contraction, and control: Figure
1). The order of the conditions for each subject was determined by the opaque envelope
method. For the stretch condition, the modified Thomas test [24] was used. Subjects
were asked to seat at the end of a treatment table and roll back onto the table while
bending and pulling one of the knees to their chest. Once subjects were in the position, the
researcher gradually provided manual stretch force (Figure 2). Subjects were asked to stop
the researcher when they felt stretch sensation [25] or the point of discomfort [26], then this
end position was held for 30 s, which was timed by the researcher. Three repetitions on
each leg were alternatively performed (a total duration of 90 s with a rest interval of 30 s).
For the contraction condition, subjects performed two-legged countermovement maximal
vertical jumps on Vertec (Sports Imports, Hilliard, OH, USA). Subjects’ standing arm reach
height was measured with a Vertec. Subjects stood (same feet positions for vertical jumps)
and maintained their lower-extremity full extension and trunk upright and raised (full
scapular upward rotation with abduction) their dominant arm (i.e., the arm throwing a
ball) directly overhead as high as possible. Subjects were then asked to vertically jump
off of both legs as high as they possibly could and touch the plastic vane of the Vertec
(this instruction was given during the standing arm height measurement). A self-selected
pre-stretch of the lower-body and trunk and double-arm swinging at take-off were allowed.
Three trials were performed, with a 30 s rest interval between jumps. For the stretch and
contraction condition, the order of stretch and contraction interventions, described above,
was performed. In the case of the conditions with contraction (contraction, and stretch and
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contraction), subjects performed a total of nine countermovement vertical jumps (condition:
×3; post-condition at 0 min; ×3; post-condition at 20 min: ×3; Figure 1). For the control
condition, subjects neither performed stretching nor jumping but maintained a supine
position on the treatment table. In this study, interventions (stretch and/or jump) were
performed without specific warm-up activity to eliminate the potential confounding effects
of change in tissue temperature or energy expenditure.

Figure 1. Testing procedures. Countermovement jumps were performed in the conditions with contraction (contraction,
and stretch and contraction) during the conditions (×3), and post-condition at 0 (×3) and 20 min (×3).

Figure 2. A subject performing stretch using the modified Thomas test. The researcher gradually
provided an additional tensional force until the patient felt a self-selected moderate discomfort, then
held the position for 30 s. The left hip flexors and right knee extensors are being stretched.

After the conditions, the researcher who guided the interventions left, and the other
researcher who obtained measurements came into the laboratory. The post-condition
measurements at 0 and 20 min were subsequently taken in the same manner as the pre-
condition.
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2.3. Data Reduction

The H:M ratio (the peak H-reflex normalized by the peak M-response) was calculated
to obtain spinal-reflex excitability [27]. The latency times for the peak H-reflex and the
peak M-response were also analyzed. Latent period was defined as the time between
the stimulation onset and the peak H-reflex or the peak M-response [28]. Two-legged
countermovement maximal vertical jump heights were calculated by subtracting the height
of standing arm reach from the jump height. Jump height values were read in inches on
Vertec then converted into centimeters.

2.4. Statistical Analysis

Our sample size was determined using an expected change in the H:M ratio of 0.12 and
a standard deviation of 0.15, which yielded an effect size (ES) of 0.8 [29]. This estimation
with an α of 0.05 and a β of 0.2 resulted in 13 individuals necessary in each condition.

To test condition effect over time, a mixed model analysis of variance (random variable:
subjects; fixed variables: condition and time) was performed in the quadriceps spinal-reflex
excitability and the latency of the H-reflex and M-response (4 × 3) and countermovement
maximal vertical jump (2 × 3). Tukey–Kramer pairwise comparisons were performed for
post-hoc tests (p ≤ 0.05). To determine practical significance, between-time ES were also
calculated [30]. To obtain measurement consistency on within- and between-session, two-
way mixed model analysis of variance was performed using the pre-condition measurement
values. Between-subject mean square and error mean square were then inserted into the
formula to gain intraclass correlation coefficient (ICC) [31]. All data were analyzed using a
statistical package SAS 9.4.

3. Results

3.1. Spinal-Reflex Excitability

We did not observe condition effect over time in quadriceps spinal-reflex excitability
(condition × time: F6,143 = 1.10, p = 0.36; time effect: F2,143 = 0.05, p = 0.95; Table 1).
Regardless of time (condition effect: F3,143 = 2.39, p = 0.07), statistical trends showed there
was greater spinal-reflex excitability in the contraction condition than the stretch (p = 0.03,
ES = 0.35, 19%) or stretch and contraction (p = 0.05, ES = 0.36, 18%) conditions (Figure 3).
An additional statistical trend was observed (Figure 4) in the contraction condition such
that spinal-reflex excitability increased (pre- vs. post-condition at 0 min: p = 0.03, ES = 0.63,
42%) and the increased value was sustained for 20 min (pre- vs. post-condition at 20 min:
p = 0.11, ES = 0.46, 23%).

Table 1. Change in spinal-reflex excitability.

Stretch Contraction Stretch and Contraction Control

Pre-condition 0.24
(0.18 to 0.30)

0.22
(0.17 to 0.27)

0.24
(0.17 to 0.31)

0.26
(0.19 to 0.33)

Post-condition at
0 min

0.20
(0.14 to 0.26)

0.31
(0.22 to 0.40)

0.21
(0.13 to 0.29)

0.26
(0.20 to 0.32)

Post-condition at
20 min

0.22
(0.18 to 0.26)

0.28
(0.19 to 0.37)

0.22
(0.16 to 0.28)

0.26
(0.20 to 0.32)

The values are mean (lower and upper bounds of 95% confidence intervals).
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Figure 3. Change in quadriceps spinal-reflex excitability (time-collapsed: condition effect:
F3,143 = 2.39, p = 0.07). * Different from the stretch condition (p = 0.03, ES = 0.35, 19%) and stretch and
contraction condition (p = 0.05, ES = 0.36, 18%).

Figure 4. Quadriceps spinal-reflex excitability expressed as percentage change from the pre-condition
measurement. Error bars are upper and lower values of 95% confidence intervals. After the contrac-
tion condition, quadriceps spinal-reflex excitability was increased at post-condition at 0 min (42%,
ES = 0.63), and the increased value was maintained for 20 min (30%, ES = 0.46).

3.2. Latency of the H-Reflex and M-Response

The peak H-reflex latency (condition × time: F6,143 = 0.45, p = 0.84; condition effect:
F3,143 = 3.40, p = 0.02; time effect: F2,143 = 1.74, p = 0.18; Table 2) and the peak M-response
latency (condition × time: F6,143 = 0.37, p = 0.90; condition effect: F3,143 = 1.30, p = 0.28;
time effect: F2,143 = 1.20, p = 0.30; Table 2) were analyzed.
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Table 2. Change in the latency time.

Peak H-Reflex (ms) Peak M-Response (ms)

Stretch Contraction Stretch and
Contraction

Control Stretch Contraction Stretch and
Contraction

Control

Pre-condition 17.2
(16.1 to 18.3)

17.6
(16.6 to 18.6)

17.4
(16.2 to 18.6)

16.3
(5.2 to 17.4)

6.3
(6.0 to 6.6)

6.3
(6.0 to 6.6)

6.1
(5.8 to 6.4)

6.1
(5.5 to 6.7)

Post-condition
at 0 min

16.8
(15.4 to 18.2)

16.7
(15.6 to 17.8)

16.9
(15.6 to 18.2)

16.0
(14.9 to 17.1)

6.2
(5.9 to 6.5)

6.1
(5.8 to 6.4)

6.1
(5.8 to 6.4)

6.1
(5.5 to 6.7)

Post-condition
at 20 min

16.0
(14.6 to 17.4)

17.0
(15.9 to 18.1)

17.2
(16.0 to 18.4)

16.1
(15.1 to 17.1)

6.4
(5.9 to 6.9)

6.2
(5.8 to 6.6)

6.4
(6.0 to 6.8)

6.1
(5.6 to 6.6)

The values are mean (lower and upper bounds of 95% confidence intervals).

3.3. Two-Legged Maximal Countermovement Vertical Jump

Two-legged countermovement maximal vertical jump heights did not differ between
conditions at any time point (condition × time: F2,65 = 1.82, p = 0.17; time effect: F2,65 = 0.21,
p = 0.81; Table 3). Regardless of time (condition effect: F1,65 = 10.09, p = 0.002), subjects
in the stretch and contraction condition (49.8 cm) jumped higher than in the contraction
condition (48.6 cm, ES = 0.12).

Table 3. Change in two-legged countermovement maximal vertical jump height.

Unit: cm Contraction Stretch and Contraction

Condition 48.4 (43.2 to 53.6) 50.1 (45.3 to 54.9)
Post-condition at 0 min 48.6 (43.4 to 53.8) 50.0 (45.1 to 54.9)

Post-condition at 20 min 49.0 (43.7 to 54.3) 49.1 (44.1 to 54.1)
The values are mean (lower and upper bounds of 95% confidence intervals). Note that the conditions with stretch
and control did not perform maximal vertical jumps.

3.4. Measurement Consistency

Measurement consistency for each dependent variable at pre-condition was moderate
to high (ICC values in spinal-reflex excitability: 0.85 to 0.99; H-reflex latency: 0.63 to 0.99;
M-response latency: 0.77 to 0.99; and maximal countermovement vertical jump height: 0.93
to 0.97). All values including mean, standard deviation, and standard error of measurement
(SEM) are presented in Table 4.

Table 4. Mean (SD), ICC, and SEM of spinal-reflex excitability, H-reflex and M-response latency time,
and two-legged countermovement maximal vertical jump height at the pre-condition values.

Condition Measurements Mean (SD) ICC SEM

Stretch
Spinal-reflex excitability 0.24 (0.14) 0.99 0.01

Peak H-reflex latency 17.18 (2.03) 0.99 0.20
Peak M-response latency 6.29 (0.61) 0.99 0.06

Contraction

Spinal-reflex excitability 0.22 (0.10) 0.97 0.02
Peak H-reflex latency 17.57 (1.91) 0.99 0.19

Peak M-response latency 6.29 (0.61) 0.99 0.06
Maximal vertical jump height 48.4 (10.0) 0.96 1.81

Stretch and
contraction

Spinal-reflex excitability 0.24 (0.12) 0.99 0.01
Peak H-reflex latency 17.36 (2.21) 0.99 0.21

Peak M-response latency 6.07 (0.62) 0.99 0.06
Maximal vertical jump height 50.1 (9.1) 0.97 1.83

Control
Spinal-reflex excitability 0.26 (0.14) 0.99 0.02

Peak H-reflex latency 16.27 (2.10) 0.99 0.20
Peak M-response latency 6.07 (0.62) 0.99 0.06
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Table 4. Cont.

Condition Measurements Mean (SD) ICC SEM

Intersession

Spinal-reflex excitability 0.24 (0.12) 0.85 0.05
Peak H-reflex latency 17.09 (2.07) 0.63 1.24

Peak M-response latency 6.18 (0.61) 0.77 0.29
Maximal vertical jump height 47.2 (10.5) 0.93 2.73

Unit: ms for latency of the H-reflex and M-response and cm for maximal vertical jump height. Note that the
stretch and control condition did not perform vertical jump. SD: standard deviation; ICC: intraclass correlation
coefficient; SEM: standard error of measurement.

4. Discussion

The primary objective of our study was to observe immediate changes in quadriceps
(VM) spinal-reflex excitability in response to static stretch and/or explosive contraction.
The spinal-reflex excitability remained unchanged across conditions (stretch, contraction,
stretch and contraction, control) by time (pre- to post-condition). However, our hypotheses
that the quadriceps spinal-reflex excitability would be reduced by stretch or increased
by contraction were partially supported by trends in the condition effect (time-collapsed,
p = 0.07: Figure 3). Based on the results of the condition effect, static stretch seemed to
attenuate the spinal-reflex excitability when combined with explosive contraction or not.
Statistical trends (Figure 4) in each condition over time also support the hypothesized
direction of change. However, small to moderate ESs (0.35 to 0.63) indicate that these spinal-
reflex excitability changes in responding to static stretch and/or explosive contraction are
small. As expected, the latency time in H-reflex and M-response did not change among
conditions over time. According to many other studies [21,32], this observation suggests
that muscle stretch or contraction does not alter the latency time.

4.1. Static Stretch and Jumping Performance

Although a large body of research [33–35] has shown decreases in athletic performance
such as vertical jump, static stretch is still considered as a part of warm-up routines
due to gains of tissue compliance [36], potential injury reduction [37], and performance
enhancement [38]. Therefore, the practical importance of static stretch on countermovement
vertical jump heights was tested as the secondary aim. Our stretch protocol volume (3 sets
× 30 s hold, alternated on each leg) did not change jumping performance, which is in line
with the study in which the same stretch volume was administered [39,40]. Overall jump
heights (statistical condition effect) between the condition of contraction (48.6 cm) and
stretch and contraction (49.8 cm) were different, but it is not a meaningful observation since
the amount of difference was within the SEM (2.73 cm) and a small ES (0.12). Previously, a
60 s [41] or 90 s [42] hold static stretch on lower extremity led to a reduction in maximal
vertical jump. Taken together, the use of intermittent static stretch may have a minimal or
no detrimental effect on subsequent explosive performance, although the total duration of
static stretch (90 s) exceeded the previously suggested threshold duration (> 60 s) [43,44].
Since nether the spinal-reflex excitability nor vertical jump heights show statistical changes,
we do not know how the spinal-reflex excitability influenced vertical jump height. With
scientific evidence on muscle spindle activation and α-motoneuron facilitation [45], our
observation could be interpreted in a couple of ways: (1) Regardless of the magnitude,
changed spinal-reflex excitability has a minimal effect on jumping performance; or (2)
altered spinal-reflex excitability in this study was small, which was insufficient to affect
explosive contraction. Examining spinal-reflex excitability along with other explanatory
factors that include biomechanical and physiological variables during altered jump height
after static stretch would provide better understanding of the causal relationship and
mechanisms that affect jump height after static stretch.

24



Appl. Sci. 2021, 11, 2830

4.2. Quadriceps Spinal-Reflex Excitability after Static Stretch and/or Explosive Contraction

Our study was the first attempt to observe changes in quadriceps spinal-reflex ex-
citability in responding to static stretch and/or explosive contraction. The H-reflex is a
monosynaptic response that is modulated by the magnitude of Ia sensory input and the sen-
sitivity of muscle spindle activity [46]. The endings of muscle spindles respond to change
in muscle length (e.g., speed and size) such as a quick muscle stretch or artificial electrical
stimulation [47]. Stimulation of Golgi tendon organ after a certain period of static stretch
(e.g., >6 s) overrides the impulses from the muscle spindles [48]. A decreased H-reflex after
static stretch (e.g., via autogenic inhibition), therefore, could be interpreted as an inhibition
of muscle spindle activity. This could be further indicative of a reduction in muscle activa-
tion and force development due to the innervation of α-γ coactivation system to muscle
spindles [46]. Our hypotheses were based on previous studies that reported changes in the
soleus H-reflex after static stretch [15,16] and isometric contraction [17,18]. We, however,
did not observe such change (e.g., a statistical interaction on condition by time) in terms of
quadriceps spinal-reflex excitability. We are unsure if changes in quadriceps spinal-reflex
excitability are dose-dependent, and the volume of our stretch or contraction protocol did
not reach the threshold point when excitability begins to alter significantly from baseline.
Future studies should attempt to find this threshold, in terms of the volume and intensity,
on quadriceps spinal-reflex excitability.

4.3. Statistical Trends and the Combined Effect

We observed there was a 14% reduction (ES = 0.27) after static stretch and a 42%
increase (ES = 0.63) after explosive contraction in the spinal-reflex excitability. Although
moderate, the calculated ES after vertical jumps (contraction condition) supports the
general idea that muscle contractions (preconditioning) acutely produce the post-activation
potentiation (PAP) effect, especially on spinal-level excitability [49,50]. Considering the
importance of VM activation during functional movements [51,52], the facilitative effect
after explosive contraction also has the practical implication that a countermovement
vertical jump is an appropriate pre-exercise activity. We speculate that the increased spinal-
reflex excitability in our study was attributed to acute adjustment in neural adaptation
due to the Ia presynaptic inhibition [53] and/or motor unit recruitment [54]. The increased
spinal-reflex excitability seen in our study gradually decreased toward baseline after a
20 min measurement interval between the post-condition at 0 and 20 min (Figure 4); this
prolonged increase has been reported in previous studies [55,56]. Along with no change
in vertical jump heights, our observation of spinal-reflex excitability suggests that factors,
other than neural activation (e.g., contractile response, temperature change), must play
a role in performance enhancement as a PAP stimulus [54]. The Ia spinal-reflex more
likely responds to low-intensity contractions [57], which also partly explains why our
results did not show statistical differences. An antagonistic effect was expected in the
combined condition (stretch and contraction). However, the percent change in spinal-reflex
excitability (a 17% reduction) in this condition was similar to that in the isolated stretch
condition, suggesting that the tensional stimulus dampens the contraction stimulus.

4.4. Limitations and Assumptions

Training level is one of the contributing factors to the effects of static stretch on athletic
performance [58]. Therefore, our subjects were not athletes but recreationally active such
that their training background (e.g., experience and frequency of static stretch) must be
acknowledged. Additionally, our results for the combined condition were based on three
trials of vertical jumps. Typically, a larger volume of dynamic movements as pre-exercise
activity are performed; hence, care should be taken not to over-generalize our results.
Regarding the spinal-reflex excitability, it should be assumed that each subject’s response
and adaptation to the stimulus of static stretch were similar across sessions. While a
pre-exercise activity including static stretch is performed at every practice (or on a regular
basis), we do not know the level of response adaptation due to repetitive stimulation by
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static stretch on jumping performance. Lastly, we calculated the H:M ratio (recorded via
the electrodes attached to the VM) to examine the quadriceps spinal-reflex excitability as
many previous studies did [22,29,59,60]. The H-reflex and M-response were elicited by
electrical stimulations to the femoral nerve, which innervates the entire quadriceps muscles.
Therefore, we assume that the VM activation was not different to other quadriceps muscles.

4.5. Practical Implications

We observed that a 90 s hold lower quarter static stretch, either alone or in conjunction
with vertical jumps, did not alter maximal jumping ability of recreationally active subjects.
The observed level of jumping performance after either condition above (static stretch
or static stretch followed by vertical jumps) was similar to that after the condition using
sport-specific movement (vertical jumps). This also suggests that the isolated or combined
effects of our protocols of the static stretch and explosive contraction could be incorporated
into a warm-up activity.

5. Conclusions

Neither static stretch (in a modified Thomas test using a 30 s hold ×3 on each leg)
nor explosive contraction (using two-legged maximal countermovement vertical jumps
×3) changed the quadriceps spinal-reflex excitability, and the latency time of the H-reflex
and M-response. Since our stretch protocol did not affect jumping performance and
our contraction protocol induced the PAP effect (increased the quadriceps spinal-reflex
excitability by 42% with an ES of 0.63), either protocol could be used as a pre-exercise
activity.
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Abstract: Discerning whether individuals with obesity transfer walking adaptation from treadmill
to over-ground walking is critical to advancing our understanding of walking adaptation and its
usefulness in rehabilitating obese populations. We examined whether the aftereffects following
split-belt treadmill adaptation transferred to over-ground walking in adults with normal-weight
body mass index (BMI) and obese BMI. Nineteen young adults with obesity and 19 age-matched
adults with normal weight walked on flat ground at their preferred speed before and after walking
on a treadmill with tied belts (preferred speed) and with the split-belt at their preferred speed and
at a speed 50% slower than their preferred speed. The adaptation and aftereffects in step length
and double-limb support time symmetry were calculated. We found that the amount of temporal
adaptation was similar for adults with obesity and with normal weight (p > 0.05). However, adults
with obesity showed greater asymmetry for double-limb support time following split-belt treadmill
walking compared to adults with normal weight (p < 0.05). Furthermore, the transfer of asymmetry
for double-limb support time from the treadmill to over-ground walking was less in adults with
obesity than in adults with normal weight (p < 0.05). The transfer of adapted gait following split-belt
treadmill walking provides insight into how atypical walking patterns in individuals with obesity
could be remediated using long-term gait training.

Keywords: obesity; gait; adaptation; rehabilitation

1. Introduction

Obesity is a public health epidemic, elevating the risk of numerous comorbid condi-
tions, including heart disease, stroke, type 2 diabetes, and certain cancers that may cause
premature death [1]. The prevalence of obesity in the United States is 42.4% among adults
over 20 years old and has increased 12% over the past 20 years [2]. To combat obesity,
increasing energy expenditure via increasing physical activity has been strongly recom-
mended; physical activity promotes weight loss and can help maintain cardiovascular and
metabolic health [3]. Unfortunately, individuals with obesity fall short of physical activity
recommendations [4]. Although walking is a recommended and cost-effective intervention
used to increase overall physical activity, walking may be harmful to individuals with
obesity [5]. Common characteristics of individuals with obesity include altered spatiotem-
poral gait parameters (slower speed and shorter and wider steps) and joint kinematics (less
flexed lower extremity joints) compared to adults with normal weight [6–8], which likely
serve as ways to compensate for a lack of postural stability [9].

Obesity is associated with the abnormal distribution of body fat in the abdominal area
and greater thigh and trunk girth [5,10,11], which could hinder the ability to adapt walking
patterns to changes caused by environmental constraints, such as surfaces with obstacles
or slopes [12]. A failure to quickly and effectively adapt to change while walking can lead
to injuries and poses a safety risk [13]. For example, compared to normal-weight adults,
adults with obesity demonstrate poor strategies during obstacle avoidance, with higher toe
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clearance to cross low versus high obstacles [14]. Additionally, adults with obesity have
difficulty matching steps to an audio metronome beat while walking; they step later than
the metronome beat regardless of the BPM (beats per minute) [12]. Adults with obesity
also walk slower after a slow metronome pace and faster after a fast metronome pace,
thus demonstrating aftereffects. Taken together, the evidence shows that these challenges
with adaptation may make it difficult to safely complete walking and activities of daily
living, such as walking to the grocery store and crossing the street in accordance with traffic
signals. This raises a question; how do individuals with obesity change the ways in which
they walk when posed with a disruption in their typical patterns of walking?

A split-belt treadmill training paradigm has been used to examine walking adaptation.
In a split-belt treadmill paradigm, two separate belts moving beneath each leg can be
independently controlled [15,16]. This paradigm allows for repeated practice of walking in
which each leg moves at a different speed. Previous research on split-belt treadmill walking
adaptation in healthy adults has demonstrated that step length and double-limb support
time are asymmetric during an initial adaptation period when the belt speed is changed
so that one belt moves faster than the other [16]. Consequently, the limb on the slow belt
takes a longer step than the limb walking on the fast belt. Over time, walkers gradually
adapt to re-establish step symmetry during split-belt walking. After only 10–15 min of split-
belt treadmill walking, walkers exhibit aftereffects [16,17]. These findings have led to the
suggestion that the adaptive strategies observed during split-belt treadmill walking may
have the potential to be used as a rehabilitative technique for individuals post-stroke [16,18],
with Parkinson’s disease [19], and who have had amputations [20]. However, whether the
same would be true for adults with obesity is unknown. Using split-belt treadmill training
as a rehabilitative tool might spur faster adaptation to future perturbations experienced in
everyday life and facilitate increased physical activity; short-term changes in walking could
be capitalized upon with repeated practice to produce long-term changes in walking [21].

Critical to advancing our understanding of gait adaptation and its usefulness in
rehabilitating obese populations is discerning whether the adaptive effects observed on a
treadmill transfer to over-ground walking. Previous studies demonstrated the transfer of
split-belt treadmill walking adaptation to over-ground walking [21]. The results revealed
that the adapted walking pattern following split-belt treadmill walking partially transfers
to over-ground in healthy young adults, suggesting that the treadmill walking adaptation
influenced some aspects of over-ground walking. Examining whether adults with obesity
transfer walking from the treadmill to over-ground walking could provide support for the
usefulness of treadmill walking as a rehabilitative tool.

Therefore, the current study investigated the effects of obesity on adaptation and
transfer from the treadmill to over-ground walking. We hypothesized that normal and
obese BMI groups would successfully adapt both spatial and temporal parameters fol-
lowing split-belt perturbations and would transfer adapted walking patterns from the
split-belt treadmill to over-ground walking. We also hypothesized that the extent of the
adaptation and transfer would be less in adults with obesity than in adults with normal
weight [12–14].

2. Materials and Methods

2.1. Participants

Thirty-eight young adults (19 normal weight BMI and 19 obese BMI) participated
in this study (Table 1). The study eligibility criteria included being between 18–35 years
old, having no weight loss surgery, having no significant cardiovascular, vestibular, or
other neurologic disorders, having no hip, knee, or foot pain on most days during the past
90 days, and having the ability to walk independently on a treadmill for over 40 min. All
the participants gave informed written consent before participating. The Boston University
Institutional Review Board approved the protocols (4922E).
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Table 1. Demographics and anthropometric information. Means are listed with standard deviations
in parentheses.

BMI Groups

1 NW (N = 19; 3 F = 10) 2 OB (N = 19; 3 F = 12)

Age (years) 23.21 (5.46) 28.27 (4.03)
Height (m) 1.71 (0.09) 1.69 (0.08)
Weight (kg) 66.83 (12.46) 119.74 (29.08)

BMI (kg/m2) 22.37 (2.49) 42.62 (8.01)
Waist Circumference (cm) 78.93 (9.01) 123.56 (18.42)

Gait Velocity (m/s) 1.24 (0.12) 1.05 (0.12)
1 NW: normal weight; 2 OB: obesity; 3 F: female.

2.2. Experimental Protocol

Spatiotemporal walking data were collected at the Motor Development Lab and the
Human Adaptation Lab in Sargent College, Boston University, Boston, MA, from July
2019 through to November 2019. Walking adaptation was characterized using a 6.10 m
long × 0.89 m wide pressure-sensitive gait carpet (Protokinetics, LLC; Peekskill, NY, USA;
120 Hz sampling frequency) and a split-belt treadmill with two independent belts and
full-length force plates (Bertec Corporation, Columbus, OH; 1000 Hz sampling frequency).
As these data were collected as part of a larger study evaluating navicular drop, the
participants walked barefoot with stick-on foot pads throughout the experiment. The
experimental paradigm is shown in Figure 1. The walking task involved six conditions. In
the first condition, participants walked on the carpet at their own pace for two minutes.
Participants began the trials standing 2 m before the edge of the carpet and ended the
trials 2 m after walking off the carpet. Trials began and ended the walking with verbal
prompts from the experimenter (i.e., “Go” and “Stop”). After that, they turned around and
walked again. The participants’ comfortable over-ground walking speeds were calculated
by the total step length divided by the total step time (m/s) in the first over-ground
condition. This was used to set the preferred walking speed in the following treadmill
conditions. The participants then moved to the treadmill and performed four treadmill
walking conditions (Figure 1). As the treadmill speed was constant within each of the four
treadmill walking conditions, the transition phases between tied-belt and split-belt were
discarded for the analysis. All the participants reported that their dominant leg was the
right leg. During treadmill walking conditions, participants were positioned in the middle
of the treadmill with their dominant leg on the right-side belt (the slow belt was always on
the dominant leg). Participants were instructed to refrain from looking down at the belts.
The treadmill had rails on the front, left, and right sides to grab in case they lost balance, but
participants were instructed not to grab the rails unless they felt unbalanced. Before testing,
all participants walked on a treadmill at their comfortable walking speed until they felt
comfortable with treadmill walking and ready for testing. Participants initially performed
a tied-belt walking condition for five minutes. During the tied-belt condition, the treadmill
belt speeds were set at each participant’s preferred over-ground walking speed. Following
this, the participants underwent a split-belt condition for 10 min. During the split-belt
condition, the belt under the left leg moved at the participant’s preferred speed while
the belt under the right leg moved at a speed 50% slower than their preferred speed. As
has been demonstrated previously [15,17,22], this split-belt perturbation typically causes
spatial and temporal gait asymmetries (i.e., visible interlimb difference); however, with
10 min of practice with ‘split-belts’, gait symmetry is typically restored and the asymmetric
stepping goes away. Following this split-belt condition, the participants walked on tied-
belts for 5 min to wash out the perturbation. At the beginning of the washout condition,
the participants typically exhibit the opposite asymmetry in their gait (i.e., they walk with
an inter-limb difference in the opposite direction). Thus, we assessed the storage and
retention of the novel walking pattern in the washout condition. By the end of the washout
condition, the participants returned to symmetrical walking on the tied-belts. Participants
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then performed a second split-belt perturbation condition for five minutes to examine
how quickly they re-adapted during split-belt walking. Following this, the participants
completed an over-ground walking condition again at their own pace for two minutes
(Figure 1).

Figure 1. Time course for the experimental paradigm showing the over-ground baseline (BLO),
treadmill baseline (BLT), split-belt treadmill adaptation (EAT & LAT), tied-belt treadmill washout
(EWT & LWT), split-belt treadmill re-adaptation (ERAT & LRAT), and over-ground washout condi-
tions (EWO & LWO). For split-belt treadmill walking, the upper bar shows fast (left, black) belt speed
and the lower bar shows slow (right, gray) belt speed.

2.3. Data Analysis

We examined where the participants placed their feet (spatial coordination) and when
participants placed their feet as they walked (temporal coordination) during all of the
testing conditions. Center of pressure (COP) data were determined using the pressure-
sensitive gait carpet for over-ground walking and the force plates for treadmill walking.
COP consisted of a time series of the x and y coordinates. Gait events, such as heel
strike and toe-off, were independently determined for each leg from the pressure data
for over-ground walking and the force data for treadmill walking. The step length (m)
was calculated by the absolute difference in the anteroposterior center of pressure (COP)
position between the right and left foot at the heel strike. Double-limb support time (s) was
measured by the period between the heel strike and the contralateral toe-off for each step.
Step length symmetry was calculated as the ratio of the slow (right; dominant leg) step
length to the fast (left; non-dominant leg) step length. Double-limb support symmetry was
calculated as the ratio of the initial double-limb support time of the slow (right) leg to that
of the fast (left) leg over the gait cycle. Positive symmetry values indicate a longer left step
length and initial double-limb support time, while negative values indicate a shorter right
step length and initial double-limb support time. A value of 0 indicates perfect symmetry,
and with a greater symmetry value, the gait is more asymmetric. To determine the transfer
of aftereffects observed on the treadmill to over-ground walking, we calculated a transfer
index [21]:

Transfer Index =
EWO − BLO

EWT − BLT
,

where EWO is the mean of the first ten strides in the over-ground washout condition, BLO
is the mean of the first 10 strides in the over-ground baseline condition, EWT is the mean
of the first 10 strides in the tied-belt treadmill washout, and BLT is the mean of the first
10 strides in the tied-belt treadmill baseline condition.

2.4. Statistical Analysis

Two-way repeated measures analysis of variance (ANOVA) was used to identify
statistically significant interactions in the gait symmetry (i.e., step length symmetry and
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double-limb support time symmetry) between groups (i.e., adults with obesity vs. adults
with normal weight) across testing conditions. To test the degree of adaptation during the
split-belt treadmill walking, we compared gait symmetry between groups and between
adaptation conditions (tied-belt treadmill baseline (BLT) vs. early split-belt treadmill
adaptation (EAT)). To test storage (what participants learned) during the adaptation
period, we compared gait symmetry between groups and between the washout condition
(tied-belt treadmill baseline (BLT) vs. the early tied-belt treadmill washout (EWT)). To test
the memory of the adapted walking pattern when re-exposed to the same perturbation,
we compared gait symmetry between groups and between the re-adaptation condition
(early split-belt treadmill adaptation (EAT) vs. the early split-belt treadmill re-adaptation
(ERAT)). When the ANOVA yielded significant results, post hoc analyses were performed
using a Bonferroni correction. Lastly, to test the transfer of aftereffect (i.e., how split-belt
training influenced participants’ abilities to store a new walking pattern) from the treadmill
to over-ground walking, we used a t-test to compare the transfer index between the groups.
The values for each outcome variable were averaged over the first 10 strides in EAT, EWT,
ERAT, and EWO, as well as the last 10 steps in BLO, BLT, LAT, LWT, LRAT, and LWO.
The effect sizes for the ANOVA were reported via partial eta squared (ηp2) after p-values,
giving 0.01 (small), 0.09 (medium), and 0.25 (large) effects. Effect sizes for the t-test were
reported via Cohen’s d considering 0.2 (small), 0.5 (medium), and 0.8 (large) effects [23]. For
all tests, the statistical significance was set at 0.05 (two-tailed). All the statistical analyses
were performed using SPSS (Version 26.0, SPSS Inc., Chicago, IL, USA).

3. Results

Figure 2 shows changes in double-limb support time symmetry (Figure 2a) and
step length symmetry (Figure 2c) over the course of over-ground and split-belt treadmill
walking. There was no statistically significant interaction between the groups and the
adaptation conditions on double-limb support time symmetry (F(1, 72) = 0.01, p = 0.94,
ηp2 < 0.01; Figure 2b) and step length symmetry (F(1, 72) = 0.17, p = 0.68, ηp2 < 0.01;
Figure 2d). The main effect of the groups showed no significant difference in double-limb
support time symmetry (F(1, 72) = 0.66, p = 0.42, ηp2 < 0.01) and step length symmetry
(F(1, 72) = 0.30, p = 0.59, ηp2 < 0.01). The main effect of the adaptation condition showed that
there were significant differences in double-limb support time symmetry (F(1, 72) = 197.59,
p < 0.01, ηp2 = 0.70) and step length symmetry (F(1, 72) = 961.74, p < 0.01, ηp2 = 0.92)
between the tied-belt treadmill baseline (BLT) and early split-belt treadmill adaptation
(EAT), indicating that both groups were perturbed when the belts were first split (i.e.,
walking asymmetrically with inter-limb difference).

There was a statistically significant interaction between the groups and washout
conditions on double-limb support time symmetry (F(1, 72) = 5.68, p = 0.02, ηp2 = 0.10;
Figure 2b). The symmetry value for the double-limb support time was significantly greater
in adults with obesity than in adults with normal weight during the early tied-belt washout
period (when the split-belt perturbation is removed). The symmetry value for the double-
limb support time was similar between adults with obesity and adults with normal weight
during tied-belt baseline. There was no significant interaction between the groups and
washout conditions regarding step length symmetry (F(1, 72) = 2.91, p = 0.09, ηp2 = 0.03;
Figure 2d). The main effect of the group showed no significant difference in step length
symmetry between adults with obesity and adults with normal weight (F(1, 72) = 2.39,
p = 0.13, ηp2 = 0.02). The main effect of the washout condition showed that there was a
significant difference in step length symmetry between the tied-belt treadmill baseline (BLT)
and the early tied-belt treadmill washout (EWT) (F(1, 72) = 241.95, p < 0.01, ηp2 = 0.74),
indicating that both groups showed aftereffects (i.e., walking asymmetrically with inter-
limb difference in the opposite direction).
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Figure 2. Experimental paradigm showing the periods of testing conditions in a light gray vertical
line: over-ground baseline (BLO), treadmill baseline (BLT), early treadmill adaptation (EAT), late
treadmill adaptation (LAT), early treadmill washout (EWT), late treadmill washout (LWT), early
treadmill re-adaptation (ERAT), late treadmill re-adaptation (LRAT), early over-ground washout
(EWO), late over-ground washout (LWO). Double-limb support time (DST) symmetry (a) and step
length (SL) symmetry (c) values for sequential strides over the ground and on the treadmill between
adults with normal weight (dark grey) and obesity (dark brown) across all testing conditions. A value
of 0, represented as a light gray horizontal axis, indicates perfect symmetry. Means and standard
errors for DST symmetry (b) and SL symmetry (d) are shown between the body mass index (BMI)
groups (NW: normal weight; OB: obesity) across testing conditions. ** p < 0.01; * p < 0.05.

There was no statistically significant interaction between the groups and re-adaptation
conditions on double-limb support time symmetry (F(1, 72) = 0.62, p = 0.43, ηp2 < 0.01;
Figure 2b) and step length symmetry (F(1, 72) = 1.01, p = 0.32, ηp2 = 0.01; Figure 2d). The
main effect of the group showed no significant difference in double-limb support time sym-
metry (F(1, 72) = 0.18, p = 0.19, ηp2 = 0.02) and step length symmetry (F(1, 72) = 0.06, p = 0.81,
ηp2 < 0.01). The main effect of the adaptation condition showed that there were significant
differences in double-limb support time symmetry (F(1, 72) = 37.10, p < 0.01, ηp2 = 0.31)
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and step length symmetry (F(1, 72) = 250.91, p < 0.01, ηp2 = 0.75) between the early split-
belt treadmill adaptation (EAT) and the early split-belt treadmill re-adaptation (ERAT),
indicating that both groups experienced smaller errors early in the re-adaptation period
rather than early in the initial adaptation period (i.e., participants were less perturbed by
the split-belts).

Figure 3 shows that there was a significant difference in the transfer of double-limb
support time symmetry (from the treadmill to over-ground walking) between groups. The
transfer index for double-limb support time symmetry was less in adults with obesity than
in adults with normal weight (t(36) = 3.49, p < 0.01, d = 0.75; Figure 3b). However, the
transfer index for step length symmetry was not statistically different in adults with obesity
compared to adults with normal weight (t(36) = 0.58, p = 0.15, d = 0.17; Figure 3a).

Figure 3. Transfer Index for adults with normal weight (dark grey) and obesity (dark brown) for
double-limb support time (DST) symmetry (a) and step length (SL) symmetry (b). The transfer index
indicates the amount of adaptation transfer from the treadmill to over-ground walking in each BMI
group. For both adapted parameters, the transfer index is greater in adults with normal weight than
in adults with obesity. Error bars indicate the standard deviation. Asterisk indicates a significant
difference between groups. * p < 0.05.

4. Discussion

In the current study, we demonstrated that the temporal gait adaptation following
split-belt treadmill walking was greater in adults with obesity versus adults with normal
weight. We also found that a temporal gait adaptation following split-belt treadmill
walking transfers to over-ground walking in both adults with obesity and adults with
normal weight. The adaptation transfer of double-limb support time was smaller in adults
with obesity when compared with the adults with normal weight. This provides additional
support for the previous suggestion that gait characteristics such as lower step frequency
and longer double-limb support phase exist in those with obesity.

Throughout the adaptation, we observed that both groups successfully adapted their
walking patterns to split-belt perturbations (adaptation), showed aftereffects (washout),
and saved the memory of adapted walking patterns (re-adaptation), which is supported
by previous research focusing on healthy young adults [16,17,22]. This is the first study,
however, to demonstrate that adults with obesity adapted their walking and transferred
from the treadmill to a real-world task: in this case, over-ground walking. In the current
study, step length and double support asymmetries following split-belt treadmill adapta-
tion transferred to over-ground walking. Therefore, this study supports the possibility of
using a treadmill to, for instance, lengthen or quicken stepping movements or manage new
constraints in individuals with obesity.
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Contrary to our hypothesis, however, we did not observe any differences in step length
symmetry between normal-weight adults and adults with obesity throughout the testing
conditions. One interpretation is that the amounts of adaptation, aftereffects, savings,
and transfers for step length symmetry may depend on the imposed walking speed as a
mediator of the effect of obesity on gait symmetry. In the current study, to maximize the
effect of obesity on gait adaptation, treadmill belt speeds were set at each participant’s
preferred over-ground walking speed. Specifically, each participant’s treadmill baseline
walking speed was matched with their self-selected comfortable walking speed over the
ground, which is more like everyday life where speed is sometimes imposed. However, we
acknowledge that using a preferred speed for each participant may have limited the amount
of variability in response to the split-belt perturbation. Given that each participant walked
at a comfortable speed and adapted to the split-belt perturbation with a 2:1 speed ratio
between the fast and slow belt, this explains how participants with obesity adapted and
washed out at similar rates to participants with normal weight despite a slower walking
speed. Future research may elucidate whether a fixed split-belt speed ratio may affect the
rate of adaptation (split-belt) and de-adaptation (tied-belt) across BMI groups.

Interestingly, the initial double-limb support times of both the slow (right) leg and
the fast (left) leg over the gait cycle were larger in adults with obesity versus adults with
normal weight over all of the testing conditions. This finding suggests that temporal gait
is affected by obesity, which is consistent with previous findings [5,6,12]. Researchers
suggest that prioritizing postural stability is likely primary for adults who have less ability
to recover from a loss of balance [24]. Considering that individuals with obesity have
impaired postural control and stability [25], increasing double-limb support time, along
with increasing step width and decreasing walking speed, could be a primary strategy
to maximize postural stability, and to avoid asymmetric gait and falling after split-belt
treadmill walking. Furthermore, it is reasonable to suppose that step length could be
balanced by contributions from increased double-limb support time. When exposed to
split-belt perturbation, the treadmill powers the legs, so more control is required for
regulating the period of double-limb support (i.e., when both limbs are on the ground).
This may have led to longer double-limb support times in adults with obesity compared
with adults with normal weight.

Researchers have studied how human actions adapted to a specific environment are
transferred to other environments and demonstrated that similarity of the movements can
influence the transfer of action [26,27]. The transfer of adapted patterns is greatest when
walking in a familiar environment [28–30]. The amount of transfer could be similar for
adults with obesity and with normal weight if both groups have experience with treadmill
walking. We suspect that the transfer of the adapted gait pattern observed in adults with
obesity could be similar to that observed in normal weight adults, considering the fact
that treadmills have been widely used for exercise. However, the altered temporal gait
parameters (i.e., increased double-limb support times) observed in the obese population
might reduce the ability to switch temporal patterns with the change in gait environment
from the treadmill to over-ground walking (i.e., less transfer of aftereffects for the temporal
gait parameter).

Previous studies on rehabilitative gait training have demonstrated that, although a
little different, there are similarities observed between treadmill and over-ground walking
in young adults [31–33]. An ideal rehabilitation intervention could include both treadmill
and over-ground walking to maximize improvements in walking through task-specific
training. In the current study, participants reduced step asymmetry in both treadmill and
over-ground walking and transferred aftereffects for step symmetry from the treadmill
to over-ground walking. Therefore, it could be beneficial for future studies to examine
the use of split-belt treadmill walking paired with over-ground walking in interventions
with those with obesity. One drawback of this approach, of course, would be the cost
incurred by using a rehabilitation paradigm that necessitates the use of split-belt treadmill
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technology. However, future findings may reveal whether there are rehabilitative benefits
that outweigh the cost of the equipment.

We acknowledge that the present study has limitations. Firstly, we intentionally
recruited participants without comorbidities, such as osteoarthritis, plantar fasciitis, or
cardiovascular disease. Thus, the generalizability of our study is limited by the fact that
our participants may not be representative of those with obesity and additional conditions.
However, this reduced confounding variables that could have influenced the interpretation
of our results. Secondly, the number of male participants with obesity that we tested was
smaller than the number of females, which may reduce the ability to generalize the results
to males. Third, we did not have the participants rate their perceived exertion during
the walking task. Future studies should examine how perceived exertion affects walking
adaptation in adults with obesity. Despite these limitations, our results provide important
information about the effect of obesity on walking adaptation and transfer from treadmill
to over-ground walking.

5. Conclusions

Our findings suggest that adults with obesity showed greater asymmetry for double-
limb support time than adults with normal weight. The transfer of asymmetry for double-
limb support time from the treadmill to over-ground walking was less in adults with obesity
than in adults with normal weight. Understanding how individuals with obesity adapt their
walking to a new environment and how adapted patterns transfer from treadmill to over-
ground walking can be used to design interventions aimed at increasing physical activity.
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Abstract: Children that are diagnosed with Idiopathic Toe walking (cITW) are characterized by
persistent toe-to-toe contacts. The objective of this study was to explore whether typical foot contact
dynamics during walking predisposes cITW to a higher risk of falling. Twenty cITW and age-
matched controls performed typical and toe walking trials. The gait parameters related to foot contact
dynamics, vertical force impulses during stance, slip, and trip risk were compared for both groups.
We found that cITW manifest less stable gait and produced significantly higher force impulses during
push-off. Additionally, we found that cITW had a higher slip-initiation risk that was associated with
higher foot contact horizontal and vertical velocities in addition to lower transitional acceleration of
center of mass. We found that cITW exhibited a higher trip risk with toe clearance being significantly
lower when compared to healthy counterparts. This study allowed for a quantitative description
of foot contact dynamics and delineated typical from toe walking among cITW. Overall, the results
indicate that cITW are less stable during typical walking and are prone to a higher risk of slip and
trip-like falls.

Keywords: Idiopathic Toe Walking; fall risk; foot contact dynamics; foot initial contact; push-off

1. Introduction

Toe walking is defined as walking on the forefeet as compared to a typical heel-toe
gait pattern. Toe touch can be observed in early ambulation, but it is considered to be
atypical after three years [1,2]. The prevalence of Idiopathic Toe Walking (ITW) among
children has been reported between 2–12 % of the child population [3]. Earlier research
has reported an increased fall risk due to frequent tripping and pain in the leg or foot
among children diagnosed with Idiopathic Toe Walking (cITW) [1,4]. Some researchers
also reported limited ankle dorsiflexion, functional and passive range-of-motion (ROM),
which predisposes them to higher fall risk and ankle injuries [5]. The cause of toe walking
in ITW may not be clear. However, some researchers emphasize hyperactive reflexes and
they have based current therapeutic strategies on this theory in the clinics [6–8].

Clinicians and movement science researchers have sought to understand how toe
walking behavior influences fall risk by monitoring the subtle differences in the ground
reaction forces (GRF). GRF metrics may reflect internal loading differences among cITW as
compared to healthy controls. Toe walking with GRF analysis can potentially reveal factors
that influence injury risk, including the foot loading intensity (both high magnitude and
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short duration of loading) as well as development and remodeling in children (influenced
by duration of loading and length of rest during toe walking) [9]. Previously, researchers
have derived parameters using GRFs, such as peak forces, impulses, temporal events
during the stance phase of gait to assess gait pathology [10]. Because toe walking is
performed daily and frequently in this population, it is imperative to understand foot
loading dynamics, slip and trip risk to intervene in cITW. A quantitative description of foot
contact dynamics [11–14] and gait assessment may be helpful in (i) revealing severity of
ITW, (ii) establishing norms among cITW, and (iii) devise intervention strategies.

It is well established that, during toe walking, increased plantarflexion can compro-
mise gait stability and it is often associated with decreased walking speed and stride
length [15,16]. To maintain an upright posture, one has to stabilize the center of mass
(COM) over the base of support. Stabilizing the COM over a small base of support when
advancing their body forward during walking is challenging for cITW who are described
to produce a bouncy gait with higher energy expenditures. Along with inefficient gait, the
toe walkers have sensory processing and integration issues [17,18]. Sensory integration is
defined as the registration and modulation of input sensory signals (somatosensory, vision,
and vestibular) to execute the movement. However, several studies have failed to demon-
strate an enhanced sensory contribution to the muscle activity in toe walking children,
and an alternative theory, which emphasizes altered central control as an adaptation to
demands of muscle and joint mechanics, has been suggested [19–21]. It is not well known
whether the toe walking observed among cITW is distinct as compared to the toe walking
observed in healthy controls. It is also not known if angle of attack during foot initial
contact (FIC) differs among cITW and will predispose them to falls. Given the dearth of
evidence and inconsistent findings on toe walking among this particular population of ITW,
this study’s primary objective is to explore kinetic and gait differences during typical and
toe walking and investigate how these influences fall risk. This study aims to examine how
toe walking influences foot landing dynamics among cITW as compared to their healthy
counter-parts and whether it predisposes them to trip risk and slip risk.

2. Materials and Methods

Ten cITW (five females, five males; age = 7.5 ± 2.3 years, weight = 60.8 ± 16.4 lbs,
height = 49.6 ± 5.8 inches) and 10 healthy (five females, five males; age = 8.7 ± 3.4 years,
weight = 69 ± 33.1 lbs, height = 51.2 ± 9.7 inches) children participated in this research.
At recruitment, the diagnosed cITW participants were referred by a pediatric orthopedic
surgeon and Orange county area physical therapist. All of the participants signed a
written informed consent and the protocol was approved by the Children’s Hospital of
Orange County (CHOC) Institutional Review Board (IRB# 170870). CodaMotion 3-D
Analysis System (Charnwood Dynamics Ltd., Leicestershire, UK) with four CODA optical
sensors were used for data collection. The system captured the vertical, horizontal, and
rotational movements by tracking the attached marker positions. The system consisted of
infra-red light-emitting diode (LED) markers and drive boxes as marker devices, which
were attached to bony anatomical landmarks at the skin. A cluster of four markers were
placed at each segment (thigh, shank, upper arm, and pelvis). A total of 22 markers were
placed bilaterally on the 5th metatarsal head, the base of the 5th metatarsal, with clusters
placed on the shank, thigh, and pelvis. Clusters were used to mark virtual markers at the
anterior superior iliac spine (ASIS), femoral head, lateral and medial femoral epicondyle,
lateral tibial epicondyle, and medial and lateral malleoli. Codamotion ODIN software suite
analyzed the data from sensor modules. The visibility of the markers was monitored in real-
time during each walking trial. Functional joint centers, segment angles, and joint moments
were computed using ODIN. The GRF data were collected using two forceplates model
Bertec BP400600 (Bertec, Columbus, Ohio 43219). The GRF was filtered and normalized
prior to evaluating the impact dynamics. For each trial evaluation, individual stance phases
were parsed out, and outcome kinetic parameters were computed, as detailed below. The
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whole-body kinematics and GRFs were collected at 100 Hz and 1000 Hz, respectively, and
then low-pass filtered at 6 Hz cut-off frequency (4th order, zero-lag Butterworth).

Procedures: the participants were asked to perform walking on a 10 m long walk-
way at their preferred pace. The walkway and surrounding area were well lit. The two
forceplates were embedded at the center of the walkway. The participants were asked to
walk in their natural or ‘typical’ way in which they usually walk at home and outside. The
typical gait in cITW may be affected by the new testing environment, and children may
consciously present best heel strikes during walking in clinicians’ presence. One movement
scientist with expertise in pediatrics physical therapy (PT) and two other PT’s continuously
interacted with the child participant and with parents to acclimatize participants to the
new environment, such that the child could present typical walk during data collection.
Two PT’s stood on each side of the walkway with visual target and performance boards.
The boards provided stars for every trial completion. The typical gait is different for cITW
and healthy children. cITW usually perform toe-to-toe gait similar to toe walking, whereas
healthy children perform a heel-to-toe gait. The second task was to perform toe walking,
cITW performed this with higher plantarflexion angles than their typical walk. Each partic-
ipant walked at least 10 trials of each walking type barefoot. The trial was repeated if the
participants did not step at the center of the forceplate, or failed to perform the instructed
kind of walk. The investigators visually checked for foot strike on forceplate and marked
those trials as good. During data analysis, only three trials were randomly chosen from the
trials that were marked as good for each walking type (typical and toe walking). The mean
age and gender were balanced in both groups (ITW versus healthy controls).

Parameters from Vertical Ground Reaction Forces (GRF): vertical GRF was obtained
when the participants walked over a forceplate that was embedded in the 10-m long
walkway center. The vertical GRF was divided into a sequence of events (i) Foot initial
Contact (FIC), (ii) Peak Loading Response (PLR), (iii) mid-stance (MS), (iv) peak push off
(PPO), and (v) foot off (FO).

Loading rate is defined as the slope of vertical GRF from FIC to PLR. COM ascending
rate is defined as the slope of vertical GRF from PLR to MS. COM descending rate is
defined as the slope of vertical GRF from MS to PPO. Push off rate is defined as the slope of
vertical GRF from PPO to FO. The times taken to reach these events are shown in Figure 1.
Similarly, force impulses were computed as area under the GRF-time curve and defined
as loading impulse, COM ascending impulse, COM descending impulse, and push-off
impulse. The impulses were calculated, as shown by Equation (1) below. Where Vertical
RF(t) is GRF at time t.

Force Impulse =
∫ t2

t1
Vertical GRF(t).dt (1)

Joint angles were evaluated at the hip, knee, and ankle. Each segment was represented
with three strategically placed markers to compute embedded vector basis (EVB) [22]. EVB
was constructed using the Gram–Schmidt Orthogonalization method and embedded axes
were aligned to be anatomically meaningful, as per ISB recommendations [22]. In the
neutral position, joint angles are zero and they are quantified as segments reposition [23].
The foot segment angle was computed as the angle made by the line adjoining heel and toe
markers with the horizontal axis (as shown in Figure 2).
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Figure 1. Stance vertical ground reaction force with events (i) foot initial contact (FIC), (ii) Peak
Loading Response (PLR), (iii) mid-stance (MS), (iv) peak push off (PPO), and (v) foot off (FO). Slopes
from FIC to PLR was defined as loading rate; PLR to MS as COM ascending rate; MS to PPO as COM
descending rate; PPO to FO as Push off rate.

Figure 2. Foot segment angles during foot initial contact for (i) healthy typical walking, (ii) toe
walking, and (iii) Idiopathic Toe Walking (ITW) typical walking. Dorsiflexion angles are taken as
positive and plantarflexion as negative.

Gait Assessments: foot contact was defined when the vertical force exceeded more
than 7 N after the foot contacted the ground. In pilot trials, we placed heel and toe
markers on lateral sides of the foot, such that foot initial contact determination (forceplate
versus motion capture camera system) was consistently at about 7 N of vertical force. This
could be due to signal noise from forceplate, which could not consistently detect force
less than 7 N. The foot contact velocity was computed while utilizing the foot position
marker at toe or heel, whichever impacts the ground surface during foot landing. The foot
contact velocity was evaluated for horizontal and vertical directions through foot lowest
marker displacement of 1/100 s before and after the foot contact phase of gait cycle using
instantaneous foot velocity formula [24,25], as shown in Equation (2).

Foot velocity =
(Foot Marker Position(i + 1)− Foot Marker Position(i − 1)

2Δt
(2)

Minimum Toe Clearance (MTC): it is the minimum vertical distance between the toe
marker of the swing foot and the walking surface during swing. MTC is associated with
trip-related falls during over ground walking [26–29].

Stride Time: it is the time taken from foot initial contact (FIC) to the next FIC of the
same foot [30]. Stride Length: the distance that is covered during a stride time is stride
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length [30]. Transitional acceleration of COM is defined as the acceleration of COM during
the foot initial contact [31], and it is represented in Equation (3) (Figure 3a).

Transitional COM Acceleration =
(COM Velocity(i + 1)− COM Velocity(i − 1))

2Δt
(3)

 
 

(a) (b) 

Figure 3. (a) Transitional acceleration of center of mass (COM) during walking (b) typical walking in
cITW participant.

Mixed Factor MANOVA model analysis was conducted while using JMP Software
(JMP 15 Pro, SAS Institute Inc., Cary, NC, USA), where the groups and walking type were
fixed with subjects as random effects. The significance was set at p = 0.05. Post Hoc analysis
was done using Tukey’s HSD. We investigated multiple continuous dependent variables,
and MANOVA bundles them together into a weighted linear combination. MANOVA will
also compare if the combination differs by the different groups (typical, ITW) and levels
of the independent variables (toe walking, typical walking). The model was tested for
multicollinearity, normality, and homogeneity of variance. MANOVA was selected, since it
has a greater statistical power than regular ANOVA. It can also limit the joint error rate as
joint probability of rejecting a true null hypothesis increases with each additional test.

3. Results

3.1. Kinetic Data Analysis

There was no significant difference between groups (ITW versus healthy controls)
across variables (i) loading rate, (ii) COM ascending rate, and (iii) COM descending rate.
However, significant interaction effects were found between groups for push-off rate
(p < 0.01) (Figure 3b). ITW were found to have significantly higher push-off rates during
typical walking and significantly lower push off rate during toe walking when compared
to healthy counterparts (Figure 4).

Similar results were found for force impulses during vertical GRF. No significant
differences were observed for loading impulse, COM ascending impulse, and COM de-
scending impulse, but interaction effects were found between groups and walking type
for push-off impulse (p < 0.01). However, rates and force impulses for loading, COM
ascending, COM descending, and push off were significantly different for the two walking
types (typical versus toe walking) when combining all participants from both groups. The
ankle, knee, and hip angles during stance events in cITW and controls have been reported
for toe walking and typical gait (Table 1).
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Figure 4. Push-off rate among ITW and Controls during typical and toe walking.

Table 1. Foot segment angle at FIC and FO and joint angles at loading, midstance, and push-off
among ITW and controls. Here significant differences are represented by * (p < 0.05).

Control ITW

Angles [Degrees] Toe Walking
Typical

Walking
Toe Walking

Typical
Walking

Foot angle at FIC −26.0 ± 17.1 1.6 ± 23.8 −29.1 ± 17.5 −16.3 ± 24.1
Foot angle at Foot Off (FO) −43.2 ± 36.0 −41.1 ± 37.8 −47.2 ± 35.0 −34.0 ± 35.2

Ankle angle at Loading −19.2 ± 16.9 −9.1 ± 13.4 −24.5 ± 16.6 −15.6 ± 12.7
Ankle angle at Midstance −16.4 ± 8.7 3.7 ± 6.2 −22.8 ± 8.0 −6.2 ± 10.9
Ankle angle at Push−off −25.8 ± 12.0 4.6 ± 8.8 −27.7 ± 9.1 −4.0 ± 11.5
Knee angle at Loading 25.2 ± 12.8 32.0 ± 14.2 25.5 ± 9.7 31.9 ± 16.4

Knee angle at Midstance 28.8 ± 23.0 30.2 ± 23.9 30.1 ± 23.3 38.5 ± 28.0
Knee angle at Push−off * 6.6 ± 13.0 4.1 ± 7.8 6.8 ± 8.9 11.1 ± 9.8

Hip angle at Loading 23.0 ± 36.6 24.7 ± 20.3 26.4 ± 22.9 25.2 ± 26.2

Hip angle at Midstance 19.3 ± 41.5 24.9 ± 16.0 28.9 ± 34.9 33.1 ± 20.3
Hip angle at Push−off 14.1 ± 39.4 14.1 ± 22.7 19.2 ± 39.9 28.2 ± 23.8

The time to reach mid-stance from foot initial contact was found to be significantly
longer for toe walking when compared to typical walking for both groups (p = 0.0001).
We found the time taken from push-off to foot off was significantly longer among ITW
during their typical walking than toe walking (p = 0.002). We found that the ITW group
produced significantly higher joint angles at the knee during push-off phase of typical
walking (p = 0.03) as compared to healthy counterparts (Figure 5). Foot segment angles
were significantly different for controls during foot initial contact (p = 0.04) (Figure 6). It
was found that the foot dorsiflexed during FIC when typical walking and plantarflexed
during FIC during toe walking. The joint angles at ankle during midstance were found to
be significantly lower among ITW group as compared to the controls (p = 0.006).

We also found that during toe walking, joint angles at loading, mid-stance, and
push-off were found to be significantly lower than typical walking among both groups
(p = 0.0005).

3.2. Gait Assessments

The interaction effects were found to be significant (p < 0.001) for stride length between
walking type (toe walking versus typical), and groups (ITW versus controls). Tukey’s HSD
revealed that controls produced longer strides during typical walking. Contrastingly cITW
made longer strides during toe walking. Similarly, we found that the stride times were
shorter during toe walking among both groups.

44



Appl. Sci. 2021, 11, 2862

Figure 5. Knee angles during push-off among controls versus cITW. Where * represents significant
difference with p < 0.05.

Figure 6. Foot segment angle at foot initial contact, dorsiflexion (positive), and plantarflexion
(negative).

We found significant interaction effects (p = 0.01) for single stance time (SST). We
found that cITW had longer SST during toe walking when compared to typical walking
(Figure 7). Toe walking resulted in increased step width as compared to typical gait for
both groups (p = 0.0004).

Figure 7. Interaction effects were seen in single stance time for group versus walking type.
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Toe clearance significantly decreased among ITW during typical gait when compared
to toe walking (p = 0.005) (Figure 8).

Figure 8. Interaction effects were seen in minimum toe clearance among groups and walking type.

Vertical foot contact velocity was significantly higher during toe walking among both
of the groups (p = 0.0004) as compared to typical gait. Vertical foot contact velocity was the
lowest among controls during typical gait. Horizontal foot contact velocity was found to
be significantly higher during toe walking than typical walking among controls (p = 0.0006)
(Figure 9).

Figure 9. Horizontal and vertical foot contact velocity during typical and toe walking. Where *
represents significant difference with p < 0.05.
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Transitional Acceleration of COM was found lower among ITW during typical walk-
ing, but it was lower among the controls during toe walking. Table 2 reports all of these
gait parameters for both the cITW and control group. In addition, mean joint angles during
stance are reported for push off, swing, and FIC events shown in Table 3.

Table 2. Gait parameters associated with ITW and control. Here significant differences are represented by * (p < 0.05).

Control ITW

Toe Walking Typical Walking Toe Walking Typical Walking

Stride Length * [mm] 921.4 ± 197.5 1066.0 ± 237.1 980.5 ± 169.3 911.2 ± 145.1
Stride Time [s] 0.8 ± 0.1 0.9 ± 0.1 0.8 ± 0.07 0.9 ± 0.1

Single Stance Duration [s] 0.3 ± 0.03 0.3 ± 0.01 0.3 ± 0.01 0.3 ± 0.03
Minimum Toe Clearance [mm] 2.7 ± 10.5 2.7 ± 11.1 8.9 ± 17.1 0.3 ± 13.1

Step Width [mm] 147.0 ± 38.9 133.6 ± 28.6 167.3 ± 41.3 145.2 ± 47.4
Horizontal Foot Contact Velocity [mm/s] −154.3 ± 316.4 16.7 ± 176.7 −47.7 ± 220.0 −97.4 ± 231.4
Vertical Foot Contact Velocity * [mm/s] 27.3 ± 172.1 −291.2 ± 360.9 −29.3 ± 108.1 −123.1 ± 211.0

Transitional Acceleration of COM * [mm/s2] −288.0 ± 4771.5 782.94 ± 2631.8 1284.0 ± 3636.5 99.964 ± 2366.8

Table 3. Mean ± SD of Joint angles during push-off, swing and FIC for ankle, knee and hip for ITW and control with
different walking types.

Toe Walking Typical Walking

Push-Off Swing FIC Push-Off Swing FIC

Control
[Degrees]

Ankle −26.8 ± 12.4 −34.2 ± 8.0 −27.6 ± 10.3 1.8 ± 5.9 −15.4 ± 6.4 0.2 ± 5.5

Knee 5.1 ± 9.8 25.6 ± 6.4 4.4 ± 8.7 1.5 ± 7.2 33.5 ± 6.6 1.7 ± 7.4

Hip 38.0 ± 14.5 3.0 ± 12.9 36.3 ± 13.6 37.6 ± 12.8 2.2 ± 10.7 37.6 ± 11.3

ITW
[Degrees]

Ankle −34.6 ± 10.8 −39.7 ± 10.3 −33.5 ± 9.8 −9.9 ± 7.1 −19.1 ± 9.8 −8.7 ± 6.8

Knee 1.4 ± 8.4 22.1 ± 5.7 1.8 ± 7.5 0.8 ± 5.0 32.2 ± 6.0 1.8 ± 5.1

Hip 41.3 ± 15.2 4.5 ± 11.0 42.7 ± 13.8 38.7 ± 11.8 8.7 ± 12.2 40.0 ± 11.7

4. Discussion

Our major findings reveal that cITW are more prone to falls due to (i) lower toe clear-
ance (increased trip risk), (ii) high horizontal heel velocity along with reduced transitional
acceleration of COM (slip initiation risk), and (iii) reduced stability when stiffening during
stance. We also found cITW typical walking to be inherently inefficient due to several
reasons, such as (i) significantly higher push-off impulses, (ii) more knee flexion angles
during stance, (iii) high vertical heel velocity, and (iv) already plantarflexed ankle fail to
produce force generation capacity during push-off. These results have several broader
impacts, for example, (i) foot segment angles and peak-push of impulses could possibly re-
veal critical insights into severity of ITW, (ii) since no previous study has established norms
for foot contact dynamics among cITW population this study will serve as background
work, (iii) new interventions, such as providing haptic feedback during toe walking [32]
and identifying toe walking utilizing artificial intelligence [33], will help to develop novel
interventions.

Toe walking may be associated with several other disorders and diagnoses, such as
cerebral palsy (CP), muscular dystrophy, autism, myopathy, mental retardation, childhood
schizophrenia, and muscular dystrophy [1,34,35]. Some researchers claim that ITW children
do not have neurological signs [34], but only clinical signs of limited active dorsiflexion
during gait. Others claim that ITW may be due to unknown deficits in the central nervous
system or a neuropathic process as in muscle properties [36]. ITW children have been
reported to have delayed the corticospinal tract [35]. Idiopathic toe walking is commonly
diagnosed in pediatric orthopedic clinics as benign and it is often not informed to parents
as a significant concern. If the complication gets aggravated with injuries, treatments,
such as botox, casting, or ankle-foot orthotics (AFO), or even orthopedic surgery, is often
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recommended. Scientific knowledge lacks an objective assessment of ITW foot contact
dynamics and how these influence slip and trip risk during walking as compared to age-
matched healthy counterparts. In this study, we investigated ITW gait using kinetics and
gait kinematics when walking in two different styles: (i) their usual or typical walking style
and (ii) toe walking. Some advantages of using GRF in toe walking analysis include ease of
use, non-invasive, portable forceplates, and they can be easily installed in clinical walking
environments. The assessment of gait characteristics and risk of falls among cITW is
challenging, since children can alter their gait while under observation in clinical laboratory.
This makes gait analysis among ITW difficult with gait and fall risk underdiagnosed and
underappreciated. To our knowledge, this is the first study investigating typical and
toe walking differences among ITW and the age matched control population. The major
findings are adaptations of cITW during push-off by producing significantly higher push-
off rates and force impulses. They are also found to exhibit significantly higher joint angles
at the knee level during the push-off. This adaptation at the knee joint through increased
flexion angles during typical walking could be an extra burden on cITW and induce muscle
fatigue and increase the risk of injuries.

Earlier researchers have used a kinematic analysis of ankle range of motion to differ-
entiate ITW from CP [16,37–39]. We found that both ITW and control groups demonstrated
significantly lower joint angles at loading, mid-stance, and push-off during toe walking
(Table 1), suggesting rigidity at the lower extremity. The stiffening behavior and freezing
the degree of freedom at the lower extremity joints could jeopardize gait stability and
increase the chances of severe falls and injuries [40,41]. It was also found that foot segment
angles at FIC were in the position of dorsiflexion for control typical walking, whereas it
was at plantarflexion angle for cITW similar to toe walking (Figure 6). The magnitude of
plantarflexion angles during FIC could serve as a score of ITW severity.

We also found that stride length was significantly longer during typical walking
among both groups and shorter during toe walking. The reduced stride length indicates
that toe walking is more restrictive with a limited degree of freedom to both groups and
it will redistribute plantar foot pressures [42] to maintain COM over a smaller base of
support. The single-limb stance time of gait is important, since, during this time, the foot
is on the ground supporting the gravitational load of the whole body and propelling the
COM forward, i.e., acting against the inertial and frictional load. A wide variety of force
receptors are activated during stance, including cutaneous receptor, high threshold force
receptor, and spindle from ankle joint muscles [43–45], to provide force feedback through
afferent pathways [46]. The increased stance durations among cITW could adapt to acquire
more proprioceptive and force feedback information to maintain stability compromising
minimum plantar contact area with the ground. This compensation for stability is partially
accommodated with increased step width, as found in our study. Although cITW seem to be
exhibit coordinated walking, but their plantar weight-bearing is at the forefront of the foot,
with plantarflexion ranging from 2.7 to 28.3 degrees during typical walking (Table 1). Ankle
plantarflexion strength is primarily a function of moment arm from ankle joint to the ground
reaction force line, acting at the center of pressure of the foot. During typical walking among
the ITW group, the requirement for ankle plantarflexion is greatest in push-off. However,
due to the already plantarflexed ankle, the force-generating capacity of ankle muscles
reduces due to the limited range available for ankle plantarflexion. The neuromuscular
demand on plantar flexors is greater for cITW [47–50]. These neuromuscular demands
increase with an increase in moment arm during typical waling in cITW [51].

We also found that cITW had significantly lower toe clearance values during typical
walking. A lower toe clearance has been associated with trip-related stumbles [52], and it
imposes the highest risk of unintentional contact with obstacles or the ground [53]. This
finding is important, since no previous study has reported trip risk among cITW. Along
with trip risk, we evaluated slip initiation risk through foot contact velocity and transitional
acceleration of COM. The horizontal foot contact velocity is reduced in healthy adults
through the activation of the hamstring [25], but this stabilizing reduction in velocity was
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not observed in the ITW population (Table 2 and Figure 9). Thus, high horizontal heel
contact velocity increases the slip initiation risk similarly to older adults. In addition, cITW
are found to take a significantly longer time to reach mid-stance after foot initial contact
during typical walking. This may have attributed to the significantly lower transitional
acceleration of COM in ITW population. Transitional acceleration of COM has been
reported to influence slip initiation (by modulating friction demand) [54,55]. The fall risk
increases with the reduced acceleration of COM during walking. A repetitive high vertical
foot contact velocity could increase the risk of injury due to the high ground impact.

We found that foot segment angles were significantly lower for ITW than controls
(1.6◦ dorsiflexion as compared to 16.3◦ plantarflexion). This was attributed to higher
horizontal foot contact velocity among cITW. Researchers have previously established a
relationship with horizontal foot contact velocity and hamstring activation rate, ultimately
leading to slip-induced fall accidents [25]. It is known that older adults have higher foot
contact velocity when compared to younger adults due to slower hamstring activation rate,
thereby modulating friction demand at the foot-floor interface and ultimately leading to
increased likelihood of slip induced falls [25,31]. One potential limitation of this study is to
acclimatize child participants to produce typical gait. However, the experiments included
trained PT’s, who continuously encouraged participants to maintain their typical gait by
encouraging them to look forward at the target while walking and incentivizing through
drawing stars once completing a walking trial.

5. Conclusions

Overall, this research has broader impacts in understanding fall risk and developing
future novel personalized interventions for cITW using wearable sensors [32] and artificial
intelligence [33]. This study will help to interpret gait characterization of ITW gait patterns,
which would allow us to delineate using deviations that originate from ITW’s typical walk-
ing versus induced toe-walking, both requiring different nervous control for compensatory
adaptations. These adaptations are difficult to visualize by the naked eye, since subtle
mechanical output during a movement in the multijointed human biomechanical system
affects the whole lower extremity due to mechanical coupling. As per our knowledge, this
is the first study looking into slip and trip risk variables that have considerable implica-
tions for clinicians and movement scientists in classifying the severity of toe walking and
designing novel intervention tools for ITW.
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Abstract: This study aimed to examine how older adults (OA) control their postural stability after
stepping on a stair in comparison to young adults (YA). Ten OA and 10 YA participated in this study.
Participants ascended a single stair (15 cm high by 30 cm wide) which was secured atop one of the
force plates. Ground reaction forces (GRFs) and center of pressure (COP) motion data were obtained
from the force plate under the stair. After standing on the stair with both feet, GRFs and COP data
for a 3 s duration were analyzed to assess postural variables, including time to stabilization (TTS),
COP velocity (COPVEL), and COP sway area (COPSWAY). A significant difference in TTS in the
anterior–posterior direction between OA and YA (p = 0.032) was observed, indicating that OA had
difficulty stabilizing their body posture after the stair ascent compared to YA. For COP postural
variables, no significant differences in COPVEL (p = 0.455) and COPSWAY (p = 0.176) were observed
between OA and YA. Study findings indicate that older adults have less capacity to regain postural
stability compared to young adults following a challenging dynamic movement.

Keywords: postural stability; older adults; stepping on a stair; time to stabilization

1. Introduction

Postural instability in older adults (OA) leads to impaired balance control when
performing activities of daily living, potentially causing an increased risk and incidence of
falls and a reduction of independence and quality of life [1]. Given that the biomechanical
mechanisms of postural instability in OA have been well documented [2], the balance
deficits of OA have been shown to manifest not only during static movements [3], but also
during dynamic transitive movement in daily activities [4].

A stair ascent task is a functionally relevant motor task that significantly challenges the
locomotor and postural control system. Biomechanically, stair ascent requires significant
momentum, which is necessary for conjoint upward and forward body propulsion [5]. In-
deed, stabilizing one’s body posture following stair ascent is needed to offset the propulsive
momentum generated by the whole body. Accordingly, individuals with strength deficits
may be more impaired at controlling stability after a stair ascent task, exhibiting alterations
in their strength compensation strategy. Indeed, it has been reported that individuals with
muscular and neurologic deficits (e.g., osteoarthritis and stroke) are at a greater risk of
having a stepping-related fall due to biomechanical and environmental constraints [6,7].

When comparing OA and YA (young adults), OA are at higher risk of loss of bal-
ance and falls during stair ascent in comparison to YA, in part due to muscular deficits.
Specifically, muscle weakness in the elderly causes abnormal gait patterns and changes
their gait biomechanics, particularly affecting gait velocity, and with less strength in their
lower extremities leading to their greater incidence of falls [8,9]. Despite greater pre-
dicted possibilities that OA show balance problems and falls, studies have thus far focused
less on motor control in dynamic activities, such as stepping up stairs, and even less on
comparatively examining OA and YA.
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Additionally, stair ascent is a complex task that is cognitively demanding compared
to other simple tasks (e.g., sit-to-stand) [10], and age differences in cognitive abilities have
been clearly shown [11]. A study proposed that significantly more attentional resources
are required during stair ascent in OA than YA, while greater attentional resources are not
required during simple tasks, such as standing [12]. It is also highlighted that cognitive de-
cline is a common problem observed in the elderly [13]. Thus, stair ascent task assessments
provide important insights into biomechanical abilities that cannot be captured through
simple tasks for OA, while being sensitive to different cognitive abilities by age.

The purpose of the current study was to examine how stabilizing capabilities after
stepping up stairs in OA faired in comparison to YA, hypothesizing that OA would take
longer to stabilize their body posture and would have less ability to regain static plateau
after the stepping performance. To find the exact time point at which one’s postural sway is
in plateau, we utilized the ‘time to stabilization (TTS)’ metric, which provides underlying
information calculated based on overall information in a time series. It is useful and
applicable when assessing dynamic balance capability.

2. Materials and Methods

2.1. Participants

Ten OA (Age: 71 ± 4.2 yr, height: 170.6 ± 5.4 cm, body mass: 73.2 ± 9.4 kg) and
10 YA (age: 27 ± 6 yr, height: 172.1 ± 7.4 cm, body mass: 72.5 ± 13.8 kg) participated
in this study. All participants were asked to perform a cognition test (the mini-mental
state examination, or MMSE) for screening purposes, and those who obtained a score
of 23 or under were excluded from participating in the study. Participants had not had
any musculoskeletal problems within the past six months and had not had any recent
surgery. Informed consent was reviewed with each participant, and once all questions were
answered and the documentation of consent was obtained, the experimental session began.

2.2. Experimental Protocol

Sixteen passive reflective markers were attached to the lower body in accordance
with the instructions that accompanied the Helen Hays marker set, and kinematic data
were collected using a 10-camera motion capture system (100 Hz, Qualisys, Gothenburg,
Sweden). For the stair ascent trial, participants ascended a single stair (18 cm high by
40 cm wide), which was secured atop one of the force plates, barefoot. In response to a
verbal signal of “ready”, participants were asked to wait a moment and then begin the
movement by stepping onto the stair with their dominant leg and maintain their stability
(for at least 5 s) in a static position once both feet were atop the stair. Further, during the
stepping task, participants were asked to fold their arms across their chest. The events
of the stepping performance, including (1) the initial foot being raised from the ground,
(2) the initial foot making contact with the stair, (3) the second foot being raised from the
ground, and (4) the second foot making contact with the stair, were identified based on the
ground reaction force data and the feet kinematic data. Ground reaction forces (GRFs) and
moments were recorded using two force plates, one mounted on the laboratory floor and
the other on the stair (300 Hz, Kistler, Winterthur, Swiss) (Figure 1). We measured GRFs
and center of pressure (COP) motion along the anterior–posterior (AP) and mediolateral
(ML) axes of motion for data analysis, and filtered GRF and COP data using a second-order
Butterworth low-pass filter with a cutoff frequency of 5 Hz. GRFs and COP data were
captured for a duration of 3 s after both feet were standing on the stair to assess the subjects’
postural stabilization.
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Figure 1. Experimental protocol of the stepping on a stair task with two force plates, one mounted
on the laboratory floor (the first plate) and the other on the stair (the second plate).

2.3. Data Reduction and Processing

We obtained GRF and center of pressure (COP) motion data along the anterior–
posterior (AP) and medial–lateral (ML) axes of motion for data analysis, and filtered
the GRF and COP data using a second-order Butterworth low-pass filter with a cutoff
frequency of 5 Hz. GRFs and COP data were measured for a duration of 3 s after both feet
were standing on the stair (event four: when the second foot came into contact with the
stair) to assess the subjects’ postural stabilization.

Time to stabilization (TTS) scores for the AP and ML directions were separately
calculated according to the ground reaction forces (x vector, AP; y vector, ML). As a
sequential estimation, TTS incorporates an algorithm to calculate a cumulative average of
the data points in a series by successively adding one point at a time [14]. This cumulative
average value is sequentially compared with the overall series mean. When the value of
the sequential average passes through a level that is within 0.25 SDs of the overall series
mean, the individual series is considered to be at a plateau stage. The series consists of all
data points within the first 3 s of both feet making contact with the stair (Figure 2).

Figure 2. Time to stabilization in OA and YA calculated using ground reaction forces measure-ments.
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For the traditional postural assessment, we also calculated COP velocity (COPVEL)
and sway of 95% confidence ellipse (COPSWAY), which were calculated around the filtered
COP motion along both the AP and ML axes (Figure 3). The details regarding the procedure
to calculate COPVEL and the COPSWAY are described in previous literature [15,16].

Figure 3. The center of pressure (COP) trajectories during posture stabilization after a stepping
movement in OA and YA.

2.4. Statistical Analysis

Descriptive statistics for age, body mass, height, and MMSE were calculated for both
groups. Independent t-tests were used to compare all dependent variables between OA
and YA. Statistical analyses were performed using SPSS, and all levels of significance were
set at α = 0.05.

3. Results

A significant difference in TTS AP between OA and YA (p = 0.032) and a marginal
but not statistical difference in TTS ML (p = 0.141) were observed, indicating that OA
needed a longer time to stabilize their body posture after stair ascent compared to YA. For
COP postural variables, no significant difference in COPVEL (p = 0.455) and COPSWAY
(p = 0.176) were observed between OA and YA (Table 1).

Table 1. Mean, standard deviation, and p-value from t-tests for all dependent variables, including
TTS AP, TTS ML, COPVEL, and COPSWAY. p < 0.05 for difference between OA and YA.

Variables Older Adults (OA) Young Adults (YA) p-Value

Time to Stabilization (AP) 1.62 ± 0.15 1.26 ± 0.12 p = 0.032 *
Time to Stabilization (ML) 1.85 ± 0.21 1.82 ± 0.23 p = 0.141

COPVEL (cm/s) 0.84 ± 0.23 0.81 ± 0.25 p = 0.455
COPSWAY (CE95%, cm2) 31.4 ± 12.1 0.81 ± 0.25 p = 0.176

* Significant difference between OA and YA at p < 0.05.

4. Discussion

There have been only a few studies using time to stabilization (TTS) to assess postu-
ral capacity in older adults (OA) or disease populations. A previous study utilized TTS
to assess how stroke patients control their postural stability in response to unpredicted
perturbation [17]. They reported that stroke patients who had intensive weighted training
showed decreased TTS scores, indicating their improved capacity to stabilize their postural
sway in the face of unpredicted perturbations. Bieryla and Madigan [18] further demon-
strated that an improvement in one’s postural stability as measured by TTS was observed
more in older adults who had exercise training than those without training.

To our knowledge, this preliminary investigation is the first to assess the stabilization
capacity of OA following a stepping movement, as measured by TTS. There have been a
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few studies that have compared spatiotemporal measures and the stabilizing strategies
of OA and YA during stair ascent. One study reported that there were no significant
group differences in stepping performance [19], while another study reported that OA
show smaller separations between the center of mass and the center of pressure, which
is indicative of different stepping strategies between groups [20]. However, no study
examined the stabilization capacity after the stepping movement had been completed. By
using TTS in this study, we tried to account for the deficits of stabilizing capacity in OA
during a challenging dynamic movement. As hypothesized, OA exhibited a significantly
longer time to stabilize their postural sway following stair ascent in comparison to YA. This
finding indicated that OA may have less capacity to regain postural stability compared to
YA following a challenging task, such as stepping on a stair. Given that a longer time for
stabilization is highly correlated with a greater risk of falls [21], our TTS finding supports
the observation that OA are at a greater risk of falls compared to YA. The finding of the
current study could potentially provide a reliable and objective index for the evaluation of
dynamic postural stability in OA.

However, we did not observe any significant differences between OA and YA in bal-
ance performance during posture stabilization after stepping on a stair when we assessed
this using COP measures (e.g., COPVEL and COPSWAY). Conventionally, balance prob-
lems in OA have been identified by evaluating the COP motion [22]. For example, greater
velocity or sway area during static movement has been considered to be one of the repre-
sentative characteristics of postural control deficits in OA [23]. Biomechanically, however,
dynamic movement, such as stair ascent, require a sufficient level of body momentum and
co-contraction between COP and the body’s center of mass to maintain postural stability
when compensating for propulsive body momentum [24]. Unlike static standing, such
dynamic movements are likely performed with greater variation because the majority
of factors (e.g., force generation, cognition, and the environment itself) are consistently
working as determining contributors to overall dynamic performance [25]. Therefore, it is
difficult to account for postural capacity by using traditional COP measures, such as sway
area or velocity, when biomechanically investigating dynamic balance.

There were limitations to the current pilot study. In a previous biomechanical study
measuring TTS in athlete populations, it was reported that ankle joint stability, braces, and
fatigue were closely related to TTS, indicating that ankle joint functions play a crucial role in
dynamic balance and time to stabilization when experiencing an external perturbation [26].
Although previous studies investigated the balance recovery function using the TTS mea-
sure, which is consistent with our investigation, results from the current study should be
interpreted with careful consideration. Particularly, unlike a previous study [27], subjects
in our investigation were screened out when they had any musculoskeletal problems and
fatigue. Therefore, we speculate that there might be other factors that affect TTS scores
(e.g., muscle strength), which clearly differentiated the balance recovery functions between
OA and YA.

5. Conclusions

The findings in this study will have the potential to give us a better understanding
of how the elderly experience postural instability in daily life. More research is needed,
however, to confirm the current findings and expand our understanding of what consti-
tutes meaningful biomechanical change according to TTS scores in OA. The capability
to stabilize one’s posture after completing a dynamic movement is primarily based on
how a person negotiates various physical constraints that result from neuroanatomical,
biomechanical, and environmental origins. Thus, to better understand the neuromuscular
system underlying postural control recovery strategies in OA, diverse factors, such as
muscle power and psychiatric aspects (e.g., fear of falling), on postural control should be
comprehensively considered in future studies.
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Abstract: The purpose of this study was to investigate bilateral deficit patterns during maximal hand-
grip force production in late postmenopausal women. Twenty late postmenopausal and 20 young
premenopausal women performed maximal isometric grip force production tasks with dominant
and nondominant hands and both hands, respectively. For late postmenopausal women, pulse
wave analysis was used for identifying a potential relationship between maximal hand-grip strength
and risk factors of cardiovascular disease. The findings showed that late postmenopausal women
produced significantly decreased maximal hand-grip strength in dominant and nondominant and
bilateral hand conditions compared to those of premenopausal women. Bilateral deficit patterns
appeared in late postmenopausal women. For late postmenopausal women, decreased dominant
and bilateral hand-grip forces were significantly related to greater bilateral deficit patterns. Further,
less maximal hand-grip strength in unilateral and bilateral hand conditions correlated with greater
central pulse pressure. These findings suggested that age-related impairments in muscle strength
and estrogen deficiency may interfere with conducting successful activities of bilateral movements.
Further, assessing maximal dominant hand-grip strength may predict bilateral deficit patterns and
risk of cardiovascular disease in late postmenopausal women.

Keywords: bilateral deficit; postmenopausal; hand-grip strength; dominant hand; pulse wave analysis

1. Introduction

Menopause typically occurs in women’s 40s [1], and one third of women’s lifespan is
spent post-menopause [2]. Progressive reduction of estrogen in postmenopausal women
may facilitate more age-related deficits in the central and peripheral nervous system [3–6].
For example, muscle weakness normally appears in elderly people because of age-induced
neurophysiological alterations [7–9]. Furthermore, asymmetrical interlimb muscle strength
interferes with executing bilateral movements that account for 54% of daily activities in
the aging population [10,11]. Importantly, postmenopausal women reveal more significant
reduction of muscle strength than premenopausal women and age-matched males [12–16].

Bilateral deficit is a phenomenon when individuals reveal lower force outputs pro-
duced simultaneously by both limbs than the sum of unilateral forces generated by each
limb. Previous studies indicate that bilateral deficit may appear in either upper or lower
extremities during various motor tasks such as maximal voluntary contraction (MVC),
reaction time [17–19], and different contraction types (e.g., isometric and dynamic con-
traction) [20]. Moreover, greater levels of bilateral deficit are associated with increased
impairment in bilateral performances (e.g., ballistic push-off and vertical squat jump-
ing) [21–23], and several aging studies report bilateral deficit patterns in elderly people
interfering with various functional movements (e.g., rising from a chair) [24,25].
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For postmenopausal and elderly women, previous studies report bilateral deficit
patterns in lower limb movements such as leg extension and leg press [24–28]. Specifically,
greater bilateral deficit in producing explosive forces increases the time of sit-to-stand
performance [25]. In postmenopausal women, increased interhemispheric inhibition and
reduced muscle strength potentially induced by deficiency of estrogen and/or progesterone
may facilitate bilateral deficit patterns [20,28,29]. However, these previous findings are
mostly limited to lower limb movements. Given that successful bilateral upper limb move-
ments are additional critical motor functions for older adults [11], determining whether
bilateral deficit patterns in upper limb movements appear in late postmenopausal women
is necessary. Thus, the purpose of this study was to examine bilateral deficit patterns in
late postmenopausal women using voluntary maximal handgrip force tasks.

2. Materials and Methods

2.1. Particiapants

Twenty healthy late postmenopausal women (mean and standard deviation of
age = 65.5 ± 3.1 years) and 20 healthy young premenopausal women (mean and standard
deviation of age = 23.4 ± 2.1 years) participated in this study. We recruited participants us-
ing flyers in the university and local community centers and confirmed that all participants
had no musculoskeletal deficits (e.g., sarcopenia) in their upper extremities, neurologi-
cal disease, cardiovascular diseases, and significant cognitive impairments. Late post-
menopausal women were defined as those with more than four years after menopause [30].
All participants were right-handed as assessed by the Edinburgh handedness inventory [31].
Specific details on demographic information are summarized in Table 1. Before starting
the testing, all participants read and signed an informed consent form and experimental
protocols approved by the University’s Institutional Review Board.

Table 1. Demographic information.

Group Late Postmenopausal Women Young Premenopausal Women

Sample Size (n) 20 20
Age (years) 66 (63–73) 23 (22–25)
Handedness 20 right 20 right

Skeletal Muscle Mass (kg) 19.9 ± 1.6 23.6 ± 2.1
Body Fat Mass (kg) 20.6 ± 5.1 15.9 ± 4.0

Body Mass Index (kg/m2) 23.9 ± 2.7 22.0 ± 2.3
Time Since Menopause (years) 14.4 ± 6.2 -

Central Pulse Pressure (mmHg) 35.6 ± 5.9 -
Augmentation index (%) 32.0 ± 7.5 -

Note. Data are mean ± standard deviation. Age data are median (interquartile range).

2.2. Experimental Setup

To investigate the bilateral deficit phenomenon in the upper extremities, we used an
isometric hand-grip force production paradigm. Before executing isometric force produc-
tion tasks, participants sat 80 cm away from a 54.6 cm LED monitor (1920 × 1080 pixels;
refresh rate = 60 Hz, Dell, Round Rock, TX, USA) and maintained comfortable positions
with 15–20◦ of shoulder flexion and 20–45◦ of elbow flexion. Using an isometric hand-grip
force measurement system (SEED TECH Co., Ltd., Bucheon, Korea), participants grasped
the handle (diameter = 30 mm) and produced their maximal isometric force outputs with
their unilateral hand and both hands, respectively. Further, we instructed the participants
to put their resting hand on the pad during the unilateral tasks and maintain their forearms
fixed on the table with same position to avoid inadvertent force output caused by elbow,
shoulder, or trunk movements.

We administered two consecutive maximal force production trials for each hand
condition: (a) unilateral dominant hand (Figure 1a), (b) unilateral nondominant hand
(Figure 1b), and (c) both hands (Figure 1c). For each trial, participants generated as much
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isometric hand-grip forces as possible for 3 s. They had 60 s of rest between trials and 180 s
of rest between hand conditions. The mean of two maximal force production trials for each
hand condition was used for further analysis.

 

Figure 1. Hand-grip force production task. (a) Unilateral dominant hand contraction, (b) Unilateral nondominant hand
contraction, and (c) Bilateral hands contraction.

Changes in handgrip strength in the aging population may be a risk factor indicating
the occurrences of various cardiovascular diseases (e.g., hypertension, coronary artery
disease, heart failure, or stroke) [32,33], and reduction of handgrip strength in elderly
women is highly related to all-cause mortality [34]. Thus, for late postmenopausal women,
we additionally performed non-invasive pulse wave analysis (PWA) using the SphygmoCor
Xcel system (AtCor Medical, Sydney, Australia) to investigate the potential relationship
between hand-grip force productions and cardiovascular disease risk factors. Before the
PWA data collection, participants fasted for at least 10–12 h. All measurements proceeded
in a light- and temperature-controlled room after resting for at least 10 min in the supine
position. Participants wore a blood pressure cuff on their right upper arm to measure PWA.
The blood pressure cuff automatically inflated to measure the brachial blood pressure
and after deflating, it re-inflated to capture PWA waveforms. We conducted PWA at
least three times, and the mean of two values which ranged within ±5 mmHg in blood
pressure, ±5 beats/min in heart rate, and ±3% in augmentation index (AIx) was used for
the further analysis.

2.3. Data Analysis

Bilateral index (%) of maximal handgrip force output (MF) was calculated by the
following equations [35]. The values of bilateral index below zero indicate that bilateral
motor performance was less than the sum of unilateral motor performance from each hand,
so more negative values of bilateral index denote greater bilateral deficit patterns.

Bilateral index (%) =

(
100 × Bilateral hands MF

(Dominant hand MF + Non − dominant hand MF)

)
− 100

Based on the brachial waveforms obtained from the blood pressure cuff, central aortic pressure
waveforms were automatically calculated by the mathematical transfer function [36–38]. Central
pulse pressure (cPP) is the difference between central systolic blood pressure (cSBP) and central
diastolic blood pressure (cDBP). In addition, AIx (%), a measure of arterial stiffness, is calculated as
the ratio of augmentation pressure (i.e., cSBP–inflection pressure) and cPP. Increased values of cPP
and AIx may be related to a higher appearance rate of cardiovascular disease [39–41].

For statistical analyses, we performed an independent t-test to compare the differences of
the bilateral index and maximal force production of unilateral hand and both hands between late
postmenopausal and young premenopausal women. In addition, one sample t-test was used for
determining whether the bilateral index for each group was significantly different from zero. For the
late postmenopausal women group, Pearson’s correlation analyses were performed to determine
potential relations of maximal hand-grip forces of unilateral hand and both hands to bilateral deficit
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index as well as cardiovascular disease risk factors. Using the Shapiro–Wilk test, we confirmed that
all dependent variables met the assumption of normality. Statistical analyses were performed using
IBM SPSS Statistics version 25 (SPSS Inc, Chicago, IL, USA) with alpha set at 0.05.

3. Results

3.1. Maximal Hand-Grip Force Production
Maximal force production in late postmenopausal women was significantly lower than that in

young premenopausal women, respectively, in the dominant hand (t38 = −3.26, p = 0.002), nondomi-
nant hand (t38 = −2.26, p = 0.03), and both hands (t38 = −3.63, p = 0.001; Figure 2A). Furthermore,
the bilateral index values were significantly different between the late postmenopausal and young
premenopausal women groups (t38 = −2.68, p = 0.011; Figure 2B). One sample t-test revealed that the
bilateral index values in late postmenopausal women were significantly less than zero (t19 = −2.24,
p = 0.037), indicating bilateral deficit patterns, whereas the bilateral index values in young pre-
menopausal women were not significantly different from zero (t19 = 1.59, p = 0.13). These findings
indicate that late postmenopausal women had reduced maximal hand-grip force in unilateral and
bilateral tests and bilateral deficit patterns as compared to those in the young premenopausal
women group.

Figure 2. Maximal force production and bilateral index during isometric hand-grip force production tasks (M ± SE).
(A) Maximal force production and (B) bilateral index. Asterisk (*) indicates significant difference (p < 0.05) between late
postmenopausal and young premenopausal women. Number sign (#) indicates significant difference (p < 0.05) from zero.

3.2. Correlation Findings for Late Postmenopausal Women

Late postmenopausal women showed significant correlations between greater bilateral
deficit patterns and more reduction of maximal hand-grip forces produced by the domi-
nant hand and both hands, respectively (Table 2). Moreover, increased values of cPP were
significantly related to less maximal hand-grip forces produced by the nondominant hand,
dominant hand, and both hands, respectively. These findings indicate that decreased maxi-
mal hand-grip forces in the dominant hand and both hands were related to more bilateral
deficit patterns and difference between cSBP and cDBP in late postmenopausal women.
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Table 2. Correlation findings in late postmenopausal women.

Bilateral Index Central Pulse Pressure

Nondominant Hand MF r = 0.388; p = 0.091 r = −0.483; p = 0.031 *
Dominant Hand MF r = 0.524; p = 0.018 * r = −0.500; p = 0.025 *
Bilateral Hand MF r = 0.705; p = 0.001 * r = −0.510; p = 0.022 *

Bilateral Index - r = −0.280; p = 0.232
Note: MF, maximal hand-grip force; asterisk (*) indicates p < 0.05.

4. Discussion

This study examined bilateral deficit patterns between late postmenopausal and
young premenopausal women by estimating the maximal hand-grip force production.
Late postmenopausal women showed significantly less hand-grip forces produced in
both unilateral (i.e., dominant and nondominant hand) and bilateral tests, and further
revealed greater bilateral deficit patterns than young premenopausal women. For late
postmenopausal women, decreased maximal hand-grip forces generated by the dominant
hand and both hands were significantly related to greater bilateral deficit patterns and
increased values in central pulse pressure.

Despite inconsistent findings on the presence of a bilateral deficit pattern in the ag-
ing population [28,42], we found that a greater bilateral deficit in the upper extremities
appeared in late postmenopausal women. These results expanded previous findings that
mainly reported the bilateral deficit phenomenon in the lower extremities [24–28]. Reduced
maximal hand-grip forces from each hand during bilateral contraction as compared to those
during unilateral contraction may be related to higher interhemispheric inhibition between
hemispheres in late menopausal women. Some previous studies asserted that bilateral
deficit may be related to suppressive effects of interhemispheric inhibitions between hemi-
spheres during bilateral movement execution [43,44]. In unimanual contraction, increased
interhemispheric inhibition from the dominant hemisphere may influence the nondomi-
nant hemisphere to suppress the mirror movements of contralateral extremities [45,46]. In
a bilateral contraction, both hemispheres may be affected by interhemispheric inhibitions,
and these suppressions potentially interfere with motor outputs from each limb [47–49].
Interestingly, previous studies reported that greater levels of interhemispheric inhibition in
premenopausal women were related to decreased estradiol level during the ovarian cycle,
whereas these changes in interhemispheric inhibition level were not observed in males
between pre- and post-tests with an interval of 14 days [50,51]. These findings raised a
possibility that greater interhemispheric inhibition levels in late postmenopausal women
induced by estrogen deficiency may be related to their bilateral deficit patterns during
maximal hand-grip force production.

Moreover, our correlation findings indicated that greater reduction of maximal hand-
grip strength in the dominant hand was significantly related to increased bilateral deficit
patterns in late postmenopausal women. Previous studies reported that maximal hand-
grip strength of the dominant hand in postmenopausal women significantly decreased
as compared to those in either premenopausal women or age-matched men because of
potential interactive effects of aging and estrogen deficiency [16,52]. Impaired muscle
strength is frequently observed in older adults because of decreased muscle mass and
quality (i.e., muscle strength per muscle mass) as referred to age-related sarcopenia [53].
Moreover, the occurrence rate of sarcopenia highly increases around 50s in women who
may experience menopause [54,55]. Several studies posited that estrogen may show an
anabolic effect on muscles by stimulating insulin-like growth factor-1 (IGF-1) receptors [56],
and decreased levels of estrogen may be related to greater oxidative stress that potentially
engenders muscle atrophy [57–59]. Moreover, postmenopausal women may have deficits in
activation of estrogen receptors highly observed in type II muscle fibers [60,61] influenced
by less estrogen and IGF-1 levels, and the deactivation of estrogen receptors presumably
impairs muscle strength [58,62]. Consequently, estrogen deficiency in late postmenopausal

65



Appl. Sci. 2021, 11, 8426

women may facilitate functional impairments in the dominant hand related to increased
bilateral deficits.

In addition, we found that higher cPP in late postmenopausal women was significantly
related to less maximal hand-grip force produced by dominant and nondominant hand
and both hands. Given the significant relationship between hand-grip force and muscle
mass [63], our correlation findings support a proposition that sarcopenic older women
showed higher levels of brachial pulse pressure than nonsarcopenic participants [64]. A
potential mechanism underlying the relation of muscle mass to altered pulse pressure
involves systemic inflammation markers. Increased circulating inflammation markers (e.g.,
c-reactive protein, interleukin–6, and tumor necrosis factor-alpha) were associated with
reduced muscle strength and mass [65], and more inflammation markers may elevate pulse
pressure by inducing endothelial dysfunction, increased arterial stiffness, and decreased
nitric oxide bioavailability [66,67]. Higher pulse pressure is often associated with an
increase of overall cardiovascular events and mortality of cardiovascular diseases [39,68].
Especially in postmenopausal women, managing risk factors of cardiovascular diseases is
important because estrogen deficiency caused by menopause rapidly increases the risk of
cardiovascular mortality [69]. Potentially, maximal hand-grip force production in either
unilateral or bilateral conditions may additionally indicate risk of cardiovascular events in
late postmenopausal women.

Although we found bilateral deficit patterns in late postmenopausal women, some
limitations that should be cautiously interpreted remain in this study. First, we did not
control the ovarian cycle and measure sex hormones in young premenopausal women.
Given that estradiol concentrations are presumably related to levels of interhemispheric
inhibition [50,51], different ovarian cycles in young premenopausal women might affect the
bilateral index during maximal bilateral hand-grip contraction. Thus, future studies need
to measure the bilateral index in young premenopausal women throughout the ovarian
cycle to assess potential effect of estradiol levels on bilateral deficit patterns. Second, the
current bilateral deficit patterns in late postmenopausal women may be influenced by
interactive effects of aging and estrogen deficiency. To determine the potential effects of
sex hormones on bilateral deficit patterns, future studies need to specify the relationship
between altered levels of sex hormones and bilateral deficits in late postmenopausal women,
and further test changes in bilateral deficits after hormone therapy interventions. Third,
the lower levels of physical activity levels in late postmenopausal women may influence
bilateral deficit patterns in their upper extremities, because older women with high levels
of physical activity revealed greater muscle strength that potentially decreased bilateral
deficit patterns [70]. Although we did not measure and specify different physical activity
levels for late postmenopausal women, the potential relationship between physical activity
and bilateral deficits in the upper extremities should be investigated in future studies.
Lastly, in this study, we did not report the potential effects of greater bilateral deficits
and less grip strength in the dominant hand on the execution of activities of daily living
in late postmenopausal women. However, previous studies that focused on lower limb
function found the relationship between greater bilateral deficits and more impaired daily
living performances (e.g., rising from a chair) [24,25]. Despite no functional assessments on
upper extremities for this study, further studies should determine whether bilateral deficit
patterns in postmenopausal women are associated with activities of daily living requiring
successful bimanual upper limb movements.

5. Conclusions

In conclusion, this study revealed bilateral deficit patterns in upper extremity for late
postmenopausal women. Furthermore, decreased maximal hand-grip force production in
the dominant hand was significantly related with greater bilateral deficit patterns for late
postmenopausal women. Increased maximal hand-grip force in the dominant and non-
dominant hands and both hands correlated with decreased central pulse pressure. These
findings suggest that age-related impairments in muscle strength and estrogen deficiency in
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late postmenopausal women may interfere with conducting successful activities of bilateral
movements. Moreover, estimating the dominant hand’s maximal force production may
provide beneficial information on progressive bilateral deficit patterns and risk factors of
cardiovascular disease in late postmenopausal women.
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Abstract: This study aimed to investigate the effect of limb-specific resistance training on arterial
stiffness in young adults. Twenty-four participants were randomly assigned to three groups: upper-
limb resistance training (n = 8 (URT)), lower-limb resistance training (n = 8 (LRT)), and control
group (n = 8 (CON)). Both URT and LRT groups performed the limb-specific resistance training at
70–80% of one-repetition maximum twice a week for 8 weeks. The aortic pulse wave velocity and
augmentation index (AIx) were measured by the SphygmoCor XCEL to assess central artery stiffness.
Peripheral artery stiffness was evaluated by brachial to radial artery pulse wave velocity (ArmPWV)
and femoral to posterior tibial artery pulse wave velocity (LegPWV) using Doppler flowmeters. URT
significantly reduced AIx (4.7 ± 3.0 vs. 0.3 ± 2.9%, pre vs. post, P = 0.01), and ArmPWV presented a
tendency to decrease following URT (10.4 ± 0.3 vs. 8.6 ± 0.8 m/s, pre vs. post, P = 0.06). LRT showed
no negative influence on central and peripheral artery stiffness. Changes in serum triglyceride and
leg lean body mass after resistance training were significantly associated with changes in AIx and
LegPWV, respectively. URT is beneficial in decreasing central artery wave reflection and may help to
improve local peripheral artery stiffness even in healthy young adults.

Keywords: resistance training; arterial stiffness; pulse wave velocity; augmentation index

1. Introduction

Cardiovascular disease (CVD) is the leading cause of death, and arterial stiffness is
an early marker of CVD risk [1]. Large elastic arteries buffer augmented pulsatile energy
and blood pressure when the heart pumps blood into the systemic vascular network [2].
Thus, an increase in large elastic artery stiffness augments central blood pressure and left
ventricular load, which in turn reduces coronary artery perfusion and may increase acute
cardiac event risk [3,4]. Even in young adults, a decrease in arterial distensibility, a measure
of arterial stiffness, increases the number of cardiovascular risk factors [5].

Both aerobic and resistance exercises are recommended to prevent chronic diseases
and to promote overall health in various populations [6–12]. Regular aerobic exercise
is a well-known intervention to reduce blood pressure and arterial stiffness [13–15]. Re-
sistance exercise is a typical physical activity and is commonly prescribed to enhance
musculoskeletal and cardiovascular function [16,17]. Compared to its superior effect on
musculoskeletal function and metabolic efficiency, the effect of resistance training on cardio-
vascular function, particularly arterial stiffness, is still controversial. Miyachi et al. reported
that long-term resistance training decreased arterial stiffness in young and middle-aged
men [18], but another previous finding demonstrated that resistance training impaired
arterial stiffness, including carotid artery compliance [19]. Regarding training intensity,
low-intensity resistance exercise decreased arterial stiffness, whereas moderate- to high-
intensity resistance exercise augmented arterial stiffness in healthy young adults [20–24].
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Furthermore, previous studies have hardly investigated thoroughly the benefit of limb-
specific resistance exercise on both central and peripheral artery stiffness with validated
vascular size-specific (central vs. peripheral) research methods. Thus, the purpose of this
study was to examine the effect of limb-specific resistance training on both central and
peripheral artery stiffness in healthy young adults.

2. Materials and Methods

2.1. Participants

Twenty-five young adults volunteered to participate in this study. They had not been
doing any regular resistance training (that is, any type of resistance exercise for more
than 2 days a week) for at least 6 months. Participants were excluded from this study
if they had a smoking history in the last 5 years; any overt clinical diseases, including
CVD, diabetes, and metabolic syndrome; or musculoskeletal problems that limit resistance
exercises. A total of 24 participants (9 men and 15 women; 18–25 years old) finished this
study, except for 1 participant who sustained a muscular injury unrelated to this study.
Each participant voluntarily signed an informed consent after a thorough explanation of
the nature, purposes, and risks of the study. The Institutional Review Board of Incheon
National University approved this study. The study was conducted in accordance with the
ethical standards of the Declaration of Helsinki.

2.2. Study Design

The study participants were randomly assigned to three groups: nonexercise control
((CON) n = 8), upper-limb resistance training ((URT) n = 8), and lower-limb resistance
training ((LRT) n = 8). The participants in the CON group were asked to maintain their
normal lifestyle for 8 weeks. The young adults in the URT and LRT groups were required to
maintain their normal lifestyle and to complete the scheduled resistance exercise sessions.
At both pre- and post-training, physiological parameters were obtained in a supine position
in a temperature-controlled and semidarkened room and taken at the same time in the
morning after at least 10 h of an overnight fast. To minimize the acute effect of resistance
exercise, post-training measures were performed 20 to 24 h after finishing the last exercise
session in the training groups. All physiological measures on female participants were
performed in the early follicular phase to exclude the confounding effects of sex hormones
on vascular function. All research procedures and supervised resistance exercise sessions
were implemented in the Exercise & Cardiovascular Physiology Laboratory at Incheon
National University.

2.3. Height, Weight, and Body Composition

The participants’ height was measured in mm using a stadiometer. Body weight, fat
mass, percent body fat, body mass index, and lean body mass (LBM) were evaluated by a
segmental bioelectrical impedance analysis device (Inbody 720, Biospace, Seoul, Korea).

2.4. Central Artery Stiffness

Augmentation index (AIx) and aortic pulse wave velocity (AorPWV), which are
validated, noninvasive measures of arterial stiffness, were evaluated by the SphygmoCor
XCEL system (AtCor Medical, Sydney, Australia) [25–28]. The participants rested in a
supine position for 15 min prior to the measurements following at least 10 h of overnight
fast. To measure AIx, brachial artery pressure waveforms were obtained by a blood pressure
cuff placed on the right upper arm. The brachial waveforms were then automatically
transformed into central artery waveforms by the mathematical transfer function embedded
in the system. The system estimated AIx as the ratio of amplified systolic blood pressure
to pulse pressure in the central artery. AorPWV, which is a reliable, noninvasive measure
of arterial stiffness in humans, was assessed by simultaneously measuring the carotid
pulse waveforms by applanation tonometry and the femoral pulse waveforms by a blood
pressure cuff placed on the right upper leg proximal to the inguinal ligament [28,29]. In
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the system, AorPWV was automatically calculated as the ratio of the distance between
the two arterial measuring sites and the time of pulse waves moving between these two
sites. The average of the three high-quality measures was used for AIx and AorPWV. The
distance between the carotid and femoral artery measuring site was defined as previously
mentioned [28]. In our laboratory, the day-to-day intertest coefficients of variation for
AorPWV and AIx measurements were 4.4% and 11.2%, respectively.

2.5. Peripheral Artery Stiffness

A transcutaneous Doppler flowmeter (model 810-A, Parks Medical Electronics, Inc.,
Aloha, OR, USA) was employed to measure arm pulse wave velocity (ArmPWV) and
leg pulse wave velocity (LegPWV). Pressure waves measured at the peripheral artery
sites were digitized with a signal processing data acquisition system (model PL2604, AD
Instruments Inc., Colorado Springs, CO, USA). Through an offline analysis, PWV was
calculated as the distance in meters divided by the pulse transit time in seconds between
the two recording sites. ArmPWV and LegPWV were determined by taking the average of
the PWVs obtained from 10 paired pressure waveforms in the brachial and radial arteries
and in the femoral and posterior tibial arteries, respectively. Due to the technical difficulty
in measuring the high-quality arterial pressure waveforms at the two recording sites at
the same time, electrocardiogram R-waves simultaneously measured with the pressure
waveforms were used as a reference mark when calculating the pulse transit time between
the two recording sites.

2.6. Blood Chemistry

To analyze the effects of resistance training on traditional CVD risk, serum triglyceride
was analyzed by the enzymatic colorimetric assay using a triglycerides assay kit (TRIGL,
Roche, Germany) and the Cobas 8000 analyzer (c702, Roche, Germany) pre- and post-
training. The blood concentrations of epinephrine and norepinephrine were assessed by
high-performance liquid chromatography (Acclaim, Bio-Rad, Hercules, CA, USA) using a
plasma catecholamines assay kit (Plasma Catecholamines by HPLC, Bio-Rad, Feldkirchen,
Germany) to investigate changes in the autonomic nervous system function and related
hormones after the scheduled resistance exercise sessions. All of the blood chemistries
were performed within a clinical laboratory. To avoid the influence of invasive blood from
drawing on other physiological measures, the blood collection was performed following
other physiological measures pre- and post-training.

2.7. Maximal Strength

The maximal strength of one-repetition maximum (1 RM) for chest and shoulder press,
seated row, and barbell curl exercise was measured during URT, and 1 RM for leg extension,
leg press, lying leg curl, and hip extension exercise was evaluated for LRT. In this study,
1 RM for each exercise was determined by an indirect estimation equation after pre- and
post-training measures to maximize safety as previously described [30]. To summarize,
the participants performed warm-up and stretching exercises for 5 min prior to the test.
The warm-up exercise was composed of resistance exercises with a load of about 10 RM.
In the test, the weight load was progressively increased to 2–5 RM load with a 3-min rest
after beginning the test with 8–10 RM load. The indirect estimation equation for 1 RM was
presented as W0 + W1. In this equation, W0 indicates the weight load considered to be
slightly heavy by the participants between 2 and 8 RM load, and W1 means the following
calculation: W0 × 0.025 × the number of repetitions.

2.8. Resistance Training Program

URT and LRT groups performed the scheduled resistance exercise sessions 2 days
a week (either Monday and Wednesday or Tuesday and Thursday) for 8 weeks using
an air resistance weight machine system (HUR Oy, Kokkola, Finland). The resistance
training program was established to perform 4 exercises per session, 5 sets per exercise, and
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10 repetitions per set with 2 min of rest between sets and exercises. The resistance training
program for URT consisted of chest and shoulder press, seated row, and barbell curl
exercises. Leg extension, lying curl, leg press, and hip extension exercises were included in
the LRT program. Exercise intensity was set between 70 and 80% of 1 RM in each resistance
exercise; the intensity between the 1st and 4th week was established at 70% of 1 RM and
was adjusted to 80% of 1 RM thereafter. All of the exercise sessions were supervised by an
exercise physiologist who provided verbal motivation and feedback.

2.9. Statistical Analyses

Statistical analyses were performed using an SPSS Statistics program (version 24, IBM
SPSS Inc., Armonk, NY, USA). A one-way analysis of variance was used to examine whether
pre-intervention group differences existed or not. In each group, the effect of intervention
on the main dependent variables was evaluated by a paired t-test. Relationships between
changes in arterial stiffness and other physiological variables were assessed using Pearson’s
correlation coefficient because all data included in this correlation analysis were normally
distributed. Statistical significance was set at P < 0.05.

3. Results

The participants’ characteristics are presented in Table 1.

Table 1. Participant characteristics pre- and post-intervention.

Variables
CON (n = 8) URT (n = 8) LRT (n = 8)

Pre Post Pre Post Pre Post

Age, years 21 ± 1 - 20 ± 1 - 20 ± 1 -
Height, cm 164.4 ± 1.2 - 172.8 ± 4.7 - 170.2 ± 2.0 -
Weight, kg 60.0 ± 3.3 59.0 ± 3.5 65.0 ± 4.9 67.6 ± 5.7 65.1 ± 3.6 63.4 ± 4.0

BMI, kg/m2 21.8 ± 1.1 21.8 ± 1.2 21.5 ± 0.6 21.9 ± 0.7 22.4 ± 0.9 22.7 ± 1.0
Body fat, % 23.1 ± 2.5 23.9 ± 2.3 18.5 ± 2.4 17.4 ± 2.5 24.3 ± 2.2 25.8 ± 2.4

Muscle mass, kg 25.0 ± 1.3 24.8 ± 1.2 30.2 ± 3.4 31.0 ± 3.4 * 27.6 ± 2.2 28.1 ± 2.1
Trunk LBM, kg 20.0 ± 1.0 19.7 ± 0.9 22.4 ± 2.0 23.2 ± 2.2 * 20.9 ± 1.4 21.3 ± 1.4 *
Arm LBM, kg 2.3 ± 0.2 2.2 ± 0.2 2.6 ± 0.3 2.8 ± 0.4 * 2.4 ± 0.2 2.4 ± 0.2 *
Leg LBM, kg 7.0 ± 0.3 7.1 ± 0.3 8.7 ± 1.1 8.8 ± 1.0 8.0 ± 0.6 8.1 ± 0.6

rHR, beat/min 59 ± 3 58 ± 2 58 ± 3 52 ± 2 * 57 ± 3 53 ± 3
SBP, mmHg 110 ± 2 111 ± 4 115 ± 4 114 ± 4 113 ± 3 109 ± 4
DBP, mmHg 64 ± 2 64 ± 2 64 ± 2 61 ± 3 63 ± 1 63 ± 3

Triglyc, mg/dL 64 ± 6 74 ± 13 66 ± 8 67 ± 7 71 ± 11 72 ± 12
Epi, pg/mL 43 ± 2 35 ± 3 41 ± 2 32 ± 3 52 ± 7 34 ± 3

Norepi, pg/mL 325 ± 33 128 ± 14 * 413 ± 36 140 ± 15 * 372 ± 25 118 ± 19 *

Data are mean ± SE. Abbreviations: CON, nontraining control group; URT, upper-limb resistance training group; LRT, lower-limb resistance
training group; BMI, body mass index; LBM, lean body mass; rHR, resting heart rate; SBP, systolic blood pressure; DBP, diastolic blood
pressure; Triglyc, triglycerides; Epi, epinephrine; Norepi, norepinephrine. There was no significant group difference at pre-intervention.
* P ≤ 0.05 vs. pre-intervention.

No significant difference was noted in age, weight, heart rate and blood pressure,
and blood lipid and catecholamine levels among the CON, URT, and LRT groups prior
to the intervention (P ≥ 0.16; Table 1). No significant difference was observed in body
composition parameters, including weight, body mass index, percent body fat, muscle
mass, and segmental (trunk, arm, and leg) LBM, among the three groups at baseline
(P ≥ 0.21; Table 1). As expected, the abovementioned body composition factors did not
change in the CON group after maintaining a nonexercise lifestyle during the intervention.
The URT group had a significant improvement in muscle mass and arm LBM (P ≤ 0.01);
however, the LRT group showed no improvement in muscle mass and leg LBM after the
established intervention (P ≥ 0.12; Table 1). An increased trunk LBM was observed in the
URT and LRT groups following the training (P ≤ 0.02; Table 1). As a result of resistance
training, the maximal strength of every exercise in both URT and LRT groups significantly
improved between 14.0 and 24.3% (P ≤ 0.006; Table 2).
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Table 2. Changes in maximal strength (1 RM) after resistance training.

Group Exercise Pre-Intervention Post-Intervention
t-Test

P Value
Δ1 RM (%)

URT

Chest press, kg 66.8 ± 3.0 81.7 ± 2.9 0.0001 22.3
Shoulder press, kg 58.5 ± 8.4 71.2 ± 11.1 0.006 21.7

Seated row, kg 20.2 ± 1.2 23.3 ± 0.5 0.004 15.3
Barbell curl, kg 24.3 ± 2.8 30.2 ± 2.7 0.0001 24.3

LRT

Leg press, kg 182.7 ± 14.0 208.3 ± 14.8 0.001 14.0
Leg extension, kg 78.4 ± 5.6 93.8 ± 4.3 0.0001 19.6
Lying leg curl, kg 15.4 ± 1.7 18.8 ± 1.7 0.0001 22.1
Hip extension, kg 13.9 ± 1.7 16.4 ± 1.7 0.0001 18.0

Data are mean ± SE. Abbreviations: RM, repetition maximum; URT, upper-limb resistance training group; LRT, lower-limb resistance
training group.

In response to the 8-week intervention, AIx was significantly reduced in the URT
group (P = 0.01; Figure 1A), but no change was noted in the LRT and CON groups. URT
and LRT did not lead to a significant change in AorPWV compared to the baseline value
(Figure 1B). ArmPWV showed a tendency to decrease following URT, but this tendency
did not reach statistical significance (P = 0.06; Figure 1C). No change was observed in the
LegPWV following LRT (Figure 1D).

 
(A) (B) 

  
(C) (D) 

Figure 1. Change in central (AIx and AorPWV, panels (A) and (B), respectively) and peripheral (ArmPWV and LegPWV,
panels (C) and (D), respectively) artery stiffness in response to the intervention. AIx, augmentation index; AorPWV, aortic
(carotid–femoral artery) pulse wave velocity; ArmPWV, arm (brachial–radial artery) pulse wave velocity, LegPWV, leg
(femoral–posterior tibial artery) pulse wave velocity; CON, nontraining control group; URT, upper-limb resistance training
group; LRT, lower-limb resistance training group.
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Plasma epinephrine concentration tended to decrease in the three groups but showed
no statistical significance (P ≥ 0.07; Table 1). The norepinephrine level was significantly
reduced in all groups (P ≤ 0.001; Table 1). In the resistance training groups, changes in
AIx and LegPWV were significantly associated with changes in serum triglyceride levels
and leg LBM, respectively (r = 0.57 and −0.61, P = 0.02 and 0.01; Figure 2). The changes in
AorPWV and trunk LBM in response to resistance training seemed related to each other
but did not reach statistical significance (r = 0.41, P = 0.06).

 
(A) 

 
(B) 

Figure 2. Relationship between the change in triglycerides and the change in augmentation index
in response to resistance training (panel (A)). Relationship between the change in leg lean body
mass and the change in leg pulse wave velocity in response to resistance training (panel (B)). AIx,
augmentation index; PWV, pulse wave velocity; LBM, lean body mass.
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4. Discussion

This study was performed to investigate the effect of limb-specific resistance training
on both central and peripheral artery stiffness in young adults. It is, to our knowledge, the
first to assess the effect of limb-specific long-term resistance training on both central and
peripheral artery stiffness in young adults without any clinical disease.

Resistance exercise is one type of exercise recommended for improving muscular
strength and cardiovascular function and for preventing musculoskeletal diseases, such
as osteopenia and osteoporosis [31]. Although resistance exercise is recommended to
enhance cardiovascular health, the effect of resistance exercise on arterial stiffness is still
controversial. In this study, 8 weeks of URT reduced AIx, but not AorPWV, in young adults.
For the same duration, LRT did not change the central artery stiffness measures. It has
been documented that change in the resting heart rate after exercise training influences
AIx, which may result from the adaptation of the autonomic nervous system to exercise
training [32,33]. In this study, the decrease in the resting heart rate and the systemic
norepinephrine concentration (Table 1) following URT may in part explain the reduction
in AIx. Furthermore, previous studies imply that an increase in muscular strength after
exercise training is associated with a decrease in central artery stiffness. Fahs et al. reported
that adults who have higher muscular strength present lower central artery stiffness;
particularly, those who have higher upper-limb muscular strength tend to have lower
central artery stiffness [34]. In response to 8 weeks of URT, 1 RM of upper-limb resistance
exercises was improved with a simultaneous increase in arm LBM in this study. The
increase in muscular strength accompanying muscle hypertrophy may in part account
for AIx reduction after URT. Change in AIx after the resistance exercise was associated
with change in serum triglyceride levels. Blood triglyceride concentration measured after
overnight fasting is used as a traditional marker of CVD risk. Considering both that
endothelial dysfunction is a strong early marker to predict future CVD risk and that
vascular endothelial dysfunction is closely related to serum triglyceride concentration, a
decrease in serum triglyceride concentration after resistance training may contribute to a
decrease in central artery stiffness via enhanced vascular endothelial function [35].

ArmPWV, a measure of peripheral artery stiffness in this study, showed a tendency
to decrease in response to URT, although this tendency was not statistically significant.
This result is different from the results of previous studies. Okamoto et al. reported
that 8 weeks of single arm-curl resistance exercise increased baPWV, which is another
measure of peripheral artery stiffness reflecting mainly lower-limb artery stiffness, in young
women [36]. Similarly, 10 weeks of URT increased baPWV in young adults [37]. However,
LRT did not influence baPWV in young adults and did not show any negative effects
on AorPWV, the gold standard measure of central artery stiffness, in older adults [37,38].
The acute effects of one bout of resistance exercise on arterial stiffness can be different
based on the exercising limbs. Li et al. reported that one bout of upper-limb resistance
exercise increased baPWV, but lower-limb resistance exercise did not increase central artery
stiffness in young men [39]. Similarly, in young adults, one bout of lower-limb resistance
exercise did not show any negative effect on central artery stiffness [40]. In previous
findings, the effects of resistance exercise on arterial stiffness were different according
to the participant’s age, gender, exercising limbs, training duration, and vascular beds
measured for arterial stiffness assessment. Additionally, it is speculated that any difference
in the effect of resistance exercise on peripheral artery stiffness between this study and the
previous findings may be due to the difference in the employed methodologies—ArmPWV
vs. baPWV.

No improvement was noted in the LegPWV following the 8-week LRT. However, for
both resistance training groups (URT and LRT), the change in leg LBM had a significant
relationship with the change in LegPWV. Resistance training can reduce peripheral artery
stiffness not only by decreasing the trained peripheral artery tone at rest [41,42] but also by
local vasodilation induced by increased circulating metabolites generated from resistance
training [43]. Thus, this result suggests that improved vascular endothelial function after
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limb-specific resistance training via both local and systemic biochemical environment
change may lead to enhanced peripheral artery stiffness even in relatively healthier young
adults. Unfortunately, the related physiological mechanism could not be demonstrated
because vascular endothelial function measures were not performed in this study.

Resting norepinephrine concentration significantly decreased and resting epinephrine
concentration showed a tendency to decrease in all three groups following the 8 weeks of
intervention. In particular, the reduction of systemic norepinephrine level in CON is likely
associated with the impact of seasonal ambient temperature variations on the autonomic
nervous system. The plasma catecholamine level in the cold ambient temperature is
higher than that in the warm outside temperature, which is likely related to the increased
cardiovascular morbidity and mortality in winter [44–49]. In this study, blood collection
pre- and post-intervention was performed in March and July in 2017. The average ambient
temperatures at Incheon, Korea during March and July in 2017 were 5.8 and 25.8 ◦C,
respectively. It is speculated that the seasonal difference of ambient temperature might
cause the significant difference in resting norepinephrine concentration between pre- and
post-intervention.

This study has limitations that should be considered when interpreting major findings.
The study was conducted with a relatively small number of healthy young adults. Thus,
the research results cannot be generalized and applied to other populations with different
biological or clinical conditions. In this study, the number of study participants by gender
was not able to secure statistical power, making it impossible to further analyze gender
differences. This study mainly analyzed functional changes, and there was a limit to the
analysis of physiological mechanisms. In the future, large-scale functional and mechanistic
research studies in which a sufficient number of men and women of various ages and
health conditions participate are needed.

5. Conclusions

URT reduces pulse wave reflection, an index of arterial stiffness, and may be beneficial
in decreasing local peripheral artery stiffness even in healthy young adults. Decreased
serum triglyceride concentration and increased regional muscle mass in response to re-
sistance training may contribute to the reduction of pulse wave reflection and peripheral
artery stiffness in young individuals. These findings have clinical implications for the
improvement of cardiovascular function and the prevention and management of cardio-
vascular disease for individuals with limitations in lower-limb movement or activity, such
as injured veterans and disabled persons.
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Abstract: This study aimed to investigate the effect of core stabilization exercises on the contractile
properties and isokinetic muscle function of adult females with a sedentary lifestyle. We enrolled
105 adult females. Tensiomyography was performed on the erector spinae, and the isokinetic mus-
cular functional test was performed on the trunk at an angular velocity of 60◦/s and 90◦/s. All
participants performed the exercise for 60 min per day, 3 times a week, for 7 weeks. A Wilcoxon
signed-rank test was performed at a significance level of 0.05. Tensiomyography (TMG) of the erector
spinae revealed no significant post-exercise change in the contraction time; however, there was a
significant post-exercise increase in the maximum radial displacement and mean velocity until 90%
of the TMG was displaced. Additionally, the isokinetic muscular functional test of the trunk revealed
a significant post-exercise increase in almost all variables. Our findings demonstrated that the core
stabilization exercise reduced stiffness in the erector spinae, increased the velocity of erector spinae
contraction, and effectively improved the isokinetic muscular function of the trunk.

Keywords: sedentary behavior; core stabilization training; neuromuscular properties; muscle function

1. Introduction

There have been rapid changes in the physical, economic, and social environment in
which modern-day people perform activities, which has contributed to a distinct decrease
in physical activities [1]. The World Health Organization (WHO) recommends at least
either 150 or 75 min of moderate- or high-intensity physical activity, respectively, or both
to prevent reductions in physical activity levels [2]. The COVID-19 pandemic has caused
many changes in our daily life, one of those is that physical activity level has decreased,
whereas sedentary lifestyles have increased [3]. The resulting lack of physical activity and
increasingly sedentary lifestyle can cause numerous physical problems; further, maintaining
a sedentary lifestyle for >4 h a day can threaten health [4,5].

Functional decline caused by decreased physical activity, including muscle imbalance,
muscle weakness, and loss of flexibility, can cause chronic musculoskeletal disorders [6].
Low-back pain is strongly associated with a sedentary lifestyle [7]; specifically, a more
sedentary lifestyle is an independent risk factor for musculoskeletal disorders [8]. Further,
a sedentary lifestyle is a risk factor for low-back pain since it can cause muscle fatigue,
due to continued core muscle contractions, increased intradiscal loads, and the weaken-
ing of the posterior lumbar structure [9,10]. Kett et al. [8,11] reported increased lumbar
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muscle stiffness, as measured by an indentometer, after 4.5 h of sedentary work. More-
over, musculoskeletal disorders in the lower back may be caused by increased sedentary
patterns since they increase muscle tension and sustain a shortened state in the lumbar
region [8,11]. Additionally, a decreased spinal stabilization function due to the lumbar
muscle weakening is a major cause of low-back pain [12,13]. Patients with low-back pain
due to spinal instability have muscle tissue tension and damage due to the weakening
of their lumbar extensors; accordingly, >85% of the total population experiences chronic
low-back pain [14–16]. Previous studies have reported that women are more likely to be
exposed to risk factors such as improper static posture [17], and the prevalence of low-back
pain was higher in women than in men [18]. In women, it has been reported that there is a
tendency to present worse and more persistent pain symptoms [19]. As aforementioned,
increased tension and weakness in the trunk extensor resulting from a sedentary lifestyle
can result in an increased incidence of low-back pain. Therefore, trunk-strengthening
exercises are essential for reducing the incidence of low-back pain [9,11,14].

Patil and Mahajan [20] recently reported a significant improvement in core stabil-
ity after prescribing a regular plank exercise for 6 weeks to 50 dentists who performed
sedentary work for long hours. In a study on patients with non-specific low-back pain,
Narouei et al. [21] reported that regular core stabilization exercise for 4 weeks could ef-
fectively increase muscle contractile thickness and reduce pain. Moreover, a study using
a Swiss ball for 8 weeks reported a significant increase in core muscle activity after core
stabilization exercises [22]. This broad range of benefits resulting from core stabilization
can enhance exercise ability, prevent injuries, and alleviate low-back pain, which facili-
tates proper load balancing within the kinetic chain involving the spine and pelvis [23].
Therefore, systematic exercises for ensuring core stability are paramount for preventing
a deterioration in trunk muscle function and low-back pain. However, previous studies
on sedentary lifestyles have mostly focused on the physiological effects, including car-
diovascular and metabolic effects, of lacking physical activities [24–27]. Moreover, few
studies have applied systematic trunk exercise interventions for alleviating deteriorations
in trunk muscle functions due to a sedentary lifestyle, with a concomitant assessment of
the mechanical and neuromuscular properties of trunk muscles and the isokinetic mus-
cle functions of the lumbar spine. Given the increasing amount of time spent sitting by
modern-day people, there is a need for studies on appropriate exercise interventions for
trunk stabilization that analyze the isokinetic muscle function of the lumbar spine and the
mechanical and neuromuscular properties of trunk muscles.

Based on previous studies, muscle fatigue tends to decrease the time it takes to contract
10 to 90% of the maximum contractile displacement (contraction time (Tc)) [28]. With the
strengthening of the trunk muscles through exercise, Tc is expected to increase due to the
reduction in muscle fatigue. The results of a previous study analyzing the effect of the 3D
moving platform exercise for 8 weeks did not show statistical significance, but based on
the study results showing an increase in the maximum radial displacement (Dm) of the
muscle, Dm is expected to increase through exercise [29]. In addition, based on previous
studies, core stabilization exercise increases neuromuscular control by improving the
sensory receptors and motor control of the core muscle [23]. Therefore, Vc90 is expected to
increase through core stabilization exercise. Additionally, based on a previous study where
the isokinetic muscle function of the lumbar region improved after 12 weeks of lumbar
stabilization exercise [30], the isokinetic muscle function of the trunk will be improved
through core stabilization exercise.

Therefore, the central purpose of this study is to propose basic data for facilitating
the development of an effective core stabilization exercise program for preventing mus-
culoskeletal disorders caused by a lengthy sedentary lifestyle. Specifically, we aimed to
determine the effects of a 7-week core stabilization exercise program on the mechanical
and neuromuscular properties of the erector spinae, including muscle stiffness, contraction
velocity, contractile response, maximum displacement, and the isokinetic muscle function
of the trunk in adult females with sedentary work patterns.
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2. Materials and Methods

2.1. Design and Participants

A single group crossover design was employed for this study. We included 105 female
office workers aged ≥ 20 years who did not perform regular exercise for the past 6 months,
did not meet the WHO-recommended physical activity levels, and performed at least 7 h
of sedentary work per day. We excluded participants with a history of surgery or any
musculoskeletal or neurological disorder within the past 3 months. To ensure we included
participants without problems performing physical activities, we only selected participants
who reported lacking limitations in activities of daily living due to a current health problem
or physical or mental disability. This study was approved by the Institutional Review Board
of the Incheon National University (INUIRB No. 7007971-202012-003A). The participants
provided informed consent after receiving sufficient explanations regarding the study
contents and procedures. The specific demographic information and physical activity are
shown in Table 1.

Table 1. Demographic information and physical activity of participants.

Variables Values

Participants

N 105
Age (years) 30.99 ± 10.85
Weight (kg) 57.79 ± 10.44
Height (cm) 159.99 ± 15.03

Physical Activity

Vigorous intensity (day/week) 0.29 ± 15.03
Vigorous intensity (min/day) 10.19 ± 19.65

Moderate intensity (day/week) 0.66 ± 0.90
Moderate intensity (min/day) 18.35 ± 29.80

Sedentary time (min/day) 469.71 ± 45.16
Note. Data are mean ± standard deviation.

2.2. Procedures
2.2.1. Tensiomyography

A tensiomyography (TMG-100 System electrostimulator, Slovenia), which is a device
used to analyze the contractile properties of muscles, was used to assess the mechanical and
neuromuscular properties of the erector spinae (Figure 1). Since Domaszewski et al. [31]
reported that caffeine intake may affect muscle contraction time and displacement, the
participants were asked to refrain from caffeine intake for 24 h before the measurement.
Moreover, the participants were requested to avoid exercise and fascia treatment that
could cause fatigue for 48 h before the measurement. Measurements were performed after
enough rest to ensure that the erector spinae muscle was maintained in a relaxed state.
Further, measurements were performed in a static position to minimize variability of the
TMG sensor position. To ensure accurate measurement with minimal lumbar lordosis, a
wedge cushion was placed on the ankles and the anterior superior iliac spine (ASIS) in
a prone position; moreover, a pad was placed on the ankles to maintain knee flexion at
approximately 5◦. Subsequently, we examined the proximal region of the erector spinae
muscle. The digital displacement sensor (GK40, Ljubljana, Slovenia) was vertically placed
5 cm above the posterior superior iliac spine (PSIS), with a maximum radial displacement
(Dm) of 15 mm. The distance between the electrode pads was maintained at 5 cm. A single
electrical stimulus was started at 20 mA, followed by 20-mA increments. Measurements
were gradually obtained until maximum displacement appeared. A 15 s rest period was
allowed between measurements to minimize muscle fatigue; further, all measurements
were conducted from right to left.
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Figure 1. Tensiomyography device and appropriate prone position.

2.2.2. Isokinetic Muscle–Joint Function Test

We performed isokinetic muscle–joint function tests (Humac Norm Testing and Re-
habilitation, CSMi Medical & Solution, Stoughton, MA, USA) on the trunk (Figure 2).
The participants performed sufficient warm-up exercises, such as dynamic stretching for
trunk flexion and extension, before the measurements to prevent injury. A trunk adapter
was connected to the dynamometer of the test equipment; additionally, the footpad was
adjusted by aligning the anatomical vertical axis with the equipment axis. To generate
maximum muscle strength during trunk flexion and extension, the lower extremities were
fixed using popliteal, femoral, tibial, and pelvic belts. To minimize interference from nearby
joint movements, the upper extremities were fixed using a shoulder pad at the inferior
scapular angle. The joint range of motion (ROM) was restricted by setting the ROM to the
maximum flexion and extension possible without pain, to prevent injury resulting from
excessive flexion or extension. Subsequently, a preliminary exercise was performed to
ensure familiarity with the measurement equipment. A 2-min rest period was allowed to
minimize muscle fatigue between measurements; further, measurements were performed
5 and 15 times at an angular velocity of 60◦/s and 90◦/s, respectively.

 

Figure 2. Humac Norm Testing and Rehabilitation device with trunk adapt.
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2.3. Core Stabilization Exercise Program

The exercise program comprised warm-up, main, and cool-down exercises. Warm-
up and cool-down exercises were performed for 10 min each using a foam roller to allow
self-fascia relaxation as well as static and dynamic stretching, with the intensity set at a pain-
free range. The workout mostly comprised core stabilization exercises involving 3 60-min
exercise sessions per week. The main exercise focused on muscles around the lower back
and hips that contribute to core stabilization, for improved trunk muscle strength and
endurance, coordination, proprioceptive function, and stability. Based on previous studies,
the core stabilization exercise programs comprised traditional core exercises, including
bracing, hollowing to activate the abdominal wall musculature, bird dog, plank, back
extensions, and hip bridge, as well as the trunk twist hip bridge to activate the lumbar
paraspinals [23,32] (Table 2). Thabet et al. [32] prescribed an exercise intervention to
postpartum women that comprised 3 sets of 20 repetitions, with 5 s of contraction and 10 s
of relaxation. Since we included healthy adult females, they were requested to perform 5 s
of contraction and 5 s of relaxation for more intense exercise.

Table 2. Core stabilization intervention program.

Classification Exercise Type Exercise Intensity Time

Warm-up

Self-myofascial release
(Foam roller)

Quadriceps rolling
Hamstring rolling

Gluteus rolling
Back (lower and upper) rolling

Pain-free range
20 s/1 set

Total 3 sets
10 min

Stretching
(Static and Dynamic)

Quadriceps stretching
Hamstring stretching

Gluteus stretching
Erector spinae stretching

Cat-camel stretching
Hip flexion and extension

Main Exercise
Core

stabilization
exercise

Bracing and Hollowing
Plank (side and prone)

Hip Bridge
Back Extension

Bird dog
Trunk Twist

1 rep
(5 s contraction
5 s relaxation)
20 reps/1 set
Total 3 sets

40 min

Cool-down

Self-myofascial release
(Foam roller)

Quadriceps rolling
Hamstring rolling

Gluteus rolling
Back (lower and upper) rolling

Pain-free range
20 s/1 set

Total 3 sets
10 min

Stretching
(Static and Dynamic)

Quadriceps stretching
Hamstring stretching

Gluteus stretching
Erector spinae stretching

Cat-camel stretching
Hip flexion and extension

2.4. Data Analysis
2.4.1. Analysis of Mechanical and Neuromuscular Properties of Muscle

To analyze the mechanical and neuromuscular properties, we applied a range of
0.91–0.99 for Dm, which indicates the maximum contractile displacement as the variable
with the highest measure-remeasure and intra-rater reliability indices, and a range of
0.70–0.98 for contraction time (Tc), which is the time required for contraction to reach
10–90% of the maximum contractile displacement [33,34]. Since Tc could be influenced
by the Dm magnitude, we calculated the mean velocity until 90% Dm (Vc90), using the
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equation Vc90 = Dm∗0.9
Tc+Td to assess muscle contraction velocity [35,36]. Bilateral values of all

measured variables were summed, and the mean values were calculated.

2.4.2. Analysis of Isokinetic Muscle Function of Trunk

The maximum muscle strength of the flexor and extensor muscles at all angular
velocities was analyzed. The absolute muscle strength was divided by the bodyweight of
each participant to derive relative muscle strength. Additionally, to assess the flexor and
extensor muscle balance in the trunk, we used the muscle strength ratio to analyze the
isokinetic muscle function of the trunk.

2.5. Statistical Processing

All statistical analyses were performed using SPSS 26.0 (IBM, Chicago, IL, USA). The
mean and standard deviation of each variable was calculated. The Kolmogorov-Smirnov
test showed that the data was not normally distributed. The Wilcoxon signed-rank test was
used for within-group comparisons of pre- and post-intervention measurements. Statistical
significance was set at p < 0.05.

3. Results

3.1. Analysis of Mechanical and Neuromuscular Properties of the Erector Spinae

There was a significant post-exercise change in Dm (z = −3.998; p < 0.001) and Vc90
(z = −3.889; p < 0.001), but not Tc (z = −1.143; p = 0.253) (Table 3).

Table 3. Results of tensiomyography of erector spinae of the participants.

Variables Pre Post z p

Tc (ms) 16.37 ± 3.98 16.38 ± 3.44 −1.143 0.253

Dm (mm) 2.49 ± 1.32 2.87 ± 1.14 −3.998 <0.001 ***

Vc90 (mm/ms) 0.06 ± 0.04 0.07 ± 0.03 −3.889 <0.001 ***
Note. Data are mean ± standard deviation, *** p < 0.001. Abbreviations: Tc, contraction time; Dm, Maximum
radial displacement; Vc90, Mean velocity until 90%.

3.2. Analysis of Isokinetic Muscle Function of Trunk

At an angular velocity of 60◦/s, there was a significant post-exercise change in the
maximum (z = −6.605; p < 0.001) and relative muscle strength per bodyweight of the
extensor (z = −6.681; p < 0.001), but there was not a significant post-exercise change for the
flexor (z = −0.686; p = 0.493, z = −0.887; p = 0.375) (Table 4).

Table 4. Results for isokinetic muscle function of trunk.

Variables Pre Post z p

60◦/s

Flexor
PT (Nm) 132.19 ± 35.39 135.61 ± 29.74 −0.686 0.493

PT (%BW) 227.52 ± 49.23 235.01 ± 37.99 −0.887 0.375

Extensor
PT (Nm) 101.54 ± 37.79 118.92 ± 34.66 −6.605 <0.001 ***

PT (%BW) 174.21 ± 57.58 206.11 ± 55.59 −6.681 <0.001 ***

Ratio 139.43 ± 38.16 120.72 ± 31.86 −5.424 <0.001 ***

90◦/s

Flexor
PT (Nm) 130.25 ± 34.65 133.55 ± 31.24 −1.461 0.144

PT (%BW) 224.20 ± 46.92 232.03 ± 41.68 −1.950 0.051

Extensor
PT (Nm) 88.55 ± 31.71 106.83 ± 30.75 −7.218 <0.001 ***

PT (%BW) 152.30 ± 48.66 183.65 ± 46.55 −7.232 <0.001 ***

Ratio 159.21 ± 52.48 132.07 ± 31.52 −6.285 <0.001 ***

Note. Data are mean ± standard deviation, *** p < 0.001. Abbreviations: PT, Peak torque; BW, Body weight.
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At an angular velocity of 90◦/s, there was no significant post-exercise change in the
maximum and relative muscle strength (z = −1.461; p = 0.144, z = −1.950; p = 0.051) of
the flexor muscle (Table 4). However, there was a significant post-exercise change in the
maximum and relative muscle strength per bodyweight of the extensor muscle (z = −7.218;
p < 0.001, z = −7.232; p < 0.001).

Regarding the muscle strength ratio, measurements at an angular velocity of 60◦/s
(z = −5.424; p < 0.001) and 90◦/s (z = −6.285; p < 0.001) showed significant differences
(Table 4).

4. Discussion and Limitation

This study presented basic data for facilitating the development of an effective exercise
intervention program for preventing musculoskeletal disorders caused by a lengthy sedentary
lifestyle. We determined the effects of a 7-week core stabilization exercise program on the
mechanical and neuromuscular properties of the erector spinae and the isokinetic muscle
function of the trunk in adult females who perform ≥ 7 h of sedentary work per day.

Regarding the mechanical and neuromuscular properties of the erector spinae muscle,
there was a significant post-exercise increase in the Dm and Vc90, but not Tc, values. Tc
showed higher and lower values in type I and II muscle fibers, respectively; specifically,
Tc has a strong correlation with type I muscle fibers [37,38]. Given the nature of the
erector spinae muscle, type I muscle fibers, which have strong fatigue resistance, are
more dominant than type IIa or IIx muscle fibers in maintaining lumbar stability through
continued contraction [39,40]. Furthermore, it is difficult to convert type I muscle fibers
into type IIa and type IIx muscle fibers through training [41]. Consistent with this evidence,
we observed no significant post-exercise change in the Tc of the erector spinae muscle.

Consistent with our hypothesis, there was a significant post-exercise increase in Dm.
Dm is considered a scale for muscle stiffness; specifically, it is negatively correlated with
muscle stiffness [42–44]. A lengthy sedentary lifestyle causes microdamage and spasms
in muscle connective tissue, which increases muscle stiffness by restricting muscle tissue
microcirculation [45,46]. Moreover, muscle stiffness showed a strong positive correlation
with isometric contraction [47]. Kett et al. [8] reported a significant increase in lumbar
muscle stiffness after 4–5 h of sedentary work and a significantly reduced muscle stiffness
after an 8 min roller massage. Because roller massages break down the cross-bridges
between the actin and myosin filaments that were previously formed by the prolonged
sitting period, muscle stiffness is significantly reduced. Moreover, the effect of relaxing
muscle tension and reducing muscle stiffness owing to self-fascial relaxation using a foam
roller is known to have long-term effects [48]. Muscle stiffness increases immediately after
exercise, which is relieved with repeated exercise [49]. Accordingly, erector spinae stiffness
was reduced in participants through repeated exercise and self-fascial relaxation using a
foam roller. As a result, there was a post-exercise increase in Dm.

Consistent with our hypothesis, Vc90 showed a significant post-intervention increase.
This suggests a post-exercise increase in the contraction velocity of the erector spinae
muscle. Core stabilization exercise can effectively stimulate the sensory receptors and
motor control of core muscles and increase neuromuscular control and stability [23], with a
concomitant increase in the core muscle activation [21,50]. Specifically, Mannion et al. [51]
reported that stabilization exercise for ≥3 weeks is required to activate the erector spinae
muscle in patients with non-specific chronic low-back pain. Accordingly, there was a
post-exercise increase in core muscle activation and neuromuscular control; specifically,
TMG measurement revealed an increased contraction velocity through the activation of
the erector spinae muscle. This indicated that core stabilization was achieved through
enhanced muscle function, which allowed lumbar stabilization during activities of daily
living and sports activities, while changing appropriately to maintain proper postural
control [40,52].

Regarding the isokinetic muscle function of the trunk, there was no significant post-
exercise change in maximum and relative flexor muscle strength at an angular velocity of
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60◦/s, as well as maximum and relative flexor muscle strength at an angular velocity of
90◦/s. However, there was a significant post-exercise increase in other variables, including
maximum and relative extensor muscle strength at an angular velocity of 60◦/s and 90◦/s.
Moreover, there was a significant decrease in the muscle ratio (ratio of the flexor and
extensor muscles of the trunk) at an angular velocity of 60◦/s and 90◦/s.

Our findings demonstrated that the core stabilization exercise program strengthens
core muscles, which improves the balanced development of flexor and extensor muscles,
as well as enhances the isokinetic muscle functions of the trunk, including muscle strength
and endurance. Accordingly, core stabilization exercises could effectively increase muscle
strength in the trunk and improve neuromuscular imbalance. Moreover, a 12-week core
stabilization exercise program was found to improve the strength of the lumbar flexor and
extensor muscles in primary school students with scoliosis [53]. Additionally, an 8-week
core stabilization exercise program was found to significantly increase flexor and extensor
muscle strength at an angular velocity of 60◦/s and 90◦/s in women with a sedentary
lifestyle [54]. Furthermore, Sipaviciene et al. [30] reported a 12-week lumbar stabilization
exercise program improved isokinetic muscle function of the trunk in patients with non-
specific chronic low-back pain. As aforementioned, most studies have demonstrated that
core stabilization exercise enhances core muscle strength. In addition, core stabilization
exercise increases lumbar stability by strengthening the core flexor and extensor muscles,
as well as the contractile and neuromuscular control functions [55]. Consistent with these
previous findings, we observed a significant post-exercise decrease in the muscle strength
ratio, which was effective for the balanced development of core muscles.

The core muscles represent the anatomical and functional center of the body and
play a corset-like role in stabilizing the body and spine [56]. Weakened lumbar muscles
cause deterioration of the spinal stabilization function, which can be a primary cause of
low-back pain [12,13]. Conversely, strengthening core muscles enhances core stability and
is crucially involved in performing activities of daily living or various other activities, as
well as maintaining posture and balance [57,58]. Our core stabilization exercise program
enhanced lumbar muscle function and strength, which can enhance core stability and
prevent musculoskeletal disorders caused by a lengthy sedentary lifestyle.

This study suggests that the core stabilization exercise program may have a positive
effect on muscle stiffness and contraction rates in the group with long-term sedentary
lifestyles. In addition, tensiomyography can be used to clinically evaluate muscle contrac-
tion characteristics. Limitations of this study were that there was no control group and
only healthy subjects were recruited. In future studies, it is necessary to further study
the effect of the core stabilization exercise program by composing a control group and a
low-back-pain group.

5. Conclusions

This study presented basic data for facilitating the development of an exercise program
for preventing musculoskeletal disorders caused by a sedentary lifestyle, by analyzing
the effects of core stabilization exercise on the muscle contraction properties of the erector
spinae and changes in the isokinetic muscle function in adult females with a sedentary
lifestyle. We found that the 7-week core stabilization exercise program could effectively
reduce muscle stiffness in the erector spinae muscle; moreover, it increased contraction
velocity through activation of the neuromuscular control of the erector spinae muscle, and
effectively enhanced isokinetic muscle function of the trunk.
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Abstract: The present study investigated the effect of a dance-based aerobic exercise, on the affective
experiences of participants with different fitness levels. Thirty-two college students were enrolled in
the same dance fitness course, tested using a physical fitness test (the National Fitness Project 100)
and grouped accordingly to 15 sports majors (high-fit group) and 17 non-sports majors (low-fit
group). Together, they participated in a single-session dance fitness program using 11 basic dance
steps incorporated in Zumba rhythms of merengue and reggaeton for 47 min including warm-up and
cool-down. Pre- and post-exercise affects were measured using the PANAS-X transmitted to each
participant’s smartphone. During exercise, participants’ heart rate (HR) and their responses to the
felt arousal scale (FAS) and the feeling scale (FS) by exercise section were measured using tailor-made
applications on a smartwatch. Results showed that the intensity of exercise for the same exercise
program was lower in the high-fit group than in the low-fit group, as evidenced by %HRmax. In
addition, the pattern of affective change throughout the exercise sections was different according to
the groups’ fitness levels, while the affective improvement was greater in the high-fit group. This
study confirmed that physical fitness is a major variable influencing the relationship between exercise
and affect.

Keywords: affect; physical fitness; dance-based group exercise; wearable technology; smartwatch

1. Introduction

It has been reported that regular exercise has mental health benefits such as reducing
depressive symptoms and improving mood and self-esteem [1]. In particular, aerobic
exercise is mainly conducive to stress relief and emotional stability, contributing to mental
health [2]. In addition, because aerobic exercise has such a powerful effect on depression,
some have even referred to it as an antidepressant with no side effects [3].

The psychological benefits of exercise participation vary depending on exercise in-
tensity, duration, and type [4,5]. For example, exercise intensity is a major influencing
factor of affect, in that exercise at a moderate to a vigorous intensity below the ventilatory
threshold (VT) or lactate threshold (LT) is known to induce positive affective changes [6–9].
One can usually maintain a pleasant affect until the VT, but a sudden shift occurs from
a pleasant to unpleasant affect upon exceeding the VT. During exercise at the VT level,
the affective experience of individuals gradually declines in the direction of displeasure,
which bounces back to pleasure once the exercise completes [6–10]. As such, the affective
experience during exercise varies according to the intensity of exercise.

Despite a positive affect restored after exercise, the discomfort experienced during the
prior exercise can influence exercise adherence or withdrawal in the future [11]. Therefore,
the affective point of view does not recommend immediately exposing beginners to exercise
at a high intensity because it is likely to induce negative affective responses during exercise.
Furthermore, even with the same exercise program, individuals can feel the intensity of
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exercise differently depending on their physical fitness level. For example, a moderate-
intensity exercise of 60% of HRmax for the high-fit group may be equivalent to a vigorous-
intensity exercise of more than 90% of HRmax for the low-physical group [12]. However,
little research has investigated how the affective benefit of exercise varies depending on
the fitness status of an exerciser.

In a study examining the affective changes during vigorous-intensity exercise in asso-
ciation with exercise intensity preference, the group that preferred low-intensity exercise
exhibited gradually increasing displeasure three minutes after the start of the exercise to the
end of the exercise (15 min). The affect returned to the pre-exercise level after the exercise.
On the other hand, the group that preferred high-intensity exercise maintained the initial
level of affect throughout the exercise, and the pleasure increased after the exercise [13].
These results suggest that the impact of exercise on our affective experience can vary
significantly according to one’s preference for high-intensity exercise. Considering that
high-fit individuals have a higher preference for vigorous-intensity exercise than low-fit
individuals [14], it can be predicted that there will be differences in affective changes during
exercise depending on physical fitness. Therefore, it is of importance to investigate how
physical fitness mediates affective experience associated with exercise.

Another important variable that comes into play between exercise and affect is the
dynamics experienced when exercising with others. For example, according to the social
interaction hypothesis [15] or the psychosocial hypothesis [16], the interaction between
people participating in exercise or positive attention from those exercising together is a
key factor in affective improvement we receive from exercise. Furthermore, the degree to
which exercise increases endorphins is greater when a group is together than alone [17]. A
rhythmic exercise accompanied by music may add benefit to the mood-lifting effect [18,19].
In this regard, considering the dynamic factors involved in the effect of exercise on affect,
researchers should conduct studies on the exercise–affect relationship in a real-life exercise
field rather than in a laboratory setting.

To date, the existing research tools have not been capable of accurately measuring the
constantly changing affect and exercise intensity (heart rates) at the same time, particularly
for a large group of people in the exercise field. However, with the recent development
of the Internet of things (IoT), several wearable devices have been introduced [20]. Of
these devices, the smartwatch enables us to send, respond, and collect questionnaires
and measure the heart rate required for identifying exercise intensity and automatically
store all the data in the cloud. Smartwatches generally use photoplethysmographic (PPG)
signals to measure heart rate [21]. Prior studies verified the accuracy and reliability of
heart rate measured with smartwatches in varying conditions (e.g., rest, walking, cycling,
dancing) [22]. In addition, it is possible to control multiple smartwatches simultaneously,
transmit and store data automatically via an application developed to suit the purpose.
Thus, wearable devices and mobile apps have made field research possible beyond existing
research tools.

Zumba fitness is one of the representative dance-based sports that have recently domi-
nated the group exercise market. Zumba fitness is a workout program that blends energetic
Latin music with basic dance steps in a fitness program that encourages participants to
enjoy aerobic exercise and have fun, as indicated by its official motto, “Ditch the workout.
Join the party” [23]. The exercise intensity of Zumba is known to be 66 ± 10.5% of the
average VO2max, consuming 369 ± 108 Kcal for 40 min [24], which meets the American
College of Sports Medicine (ACSM)’s recommended dose to maintain a healthy weight [25].
Research evidence suggests that Zumba effectively improves aerobic fitness [26] and weight
loss [27]. In addition, participation in Zumba fitness enhances positive affect. In a recent
study, Lee et al. [28] investigated the affective changes during Zumba fitness as a func-
tion of exercise intensity. They found that 45-min low-intensity and moderate-intensity
Zumba programs both affected improving effect during exercise, with greater positive
affect observed in moderate intensity relative to low intensity. Furthermore, Zumba fitness
improves quality of life [29] and alleviate depressive symptoms [30].
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Therefore, this study uses a smartwatch in a real-life exercise setting to investigate the
effect of a dance-based aerobic group class on the affective experiences of participants with
different fitness levels.

2. Materials and Methods

2.1. Participants

Thirty-two sports major (n = 15, 23.33 ± 1.88 years old) and non-major (n = 17,
20.59 ± 1.67 years old) college students were enrolled in the same dance fitness course
and voluntarily participated in the present study. A physical fitness test was conducted
on each participant. Based on these results, the participants were classified according to
physical fitness into high-fit and low-fit groups (Table 1). Participants were instructed to
refrain from alcohol intake 24 h before the experiment and excessive exercise 72 h before
the experiment. The authors’ Institutional Review Board (1040968-A-2020-020) approved
the research protocol for this study. The sample size required for this research design was
estimated using the G*power calculator (version 3.1.9.4; Düsseldorf University, Düsseldorf,
Germany) [31]. The sample size was estimated based on a significance level of 0.05, the
statistical power of 0.90, and the effect size found in a previous study investigating affective
changes during a group dance program (η2 = 0.497). Based on these criteria, the estimated
sample size was 18 people, meaning that nine or more participants in each high-fit and low-
fit group would yield a statistical power above 0.90. Therefore, the number of participants
in this study (n = 32) is expected to have sufficient statistical power.

Table 1. Demographic information of participants.

Item
High-Fit Group Low-Fit Group

M SD M SD

Age (yrs.) 23.33 1.88 20.59 1.67
BMI (kg/m2) 23.56 3.96 22.63 3.84
Body fat (%) 25.09 6.94 31.87 7.94

Fitness (Z-score) 0.36 0.69 −0.52 0.56

2.2. Materials
2.2.1. Physical Fitness Measures

To measure the participants’ physical fitness, the National Fitness Project 100 de-
veloped by the Korean Ministry of Culture, Sports and Tourism was used [32,33]. This
measure consists of six categories: muscular strength (grip strength), muscular endurance
(cross sit-ups), cardiorespiratory endurance (20 m shuttle run), flexibility (seated forward
bend), agility (4 × 10 m shuttle run), and power (standing long jump). The fitness outcome
values for all six categories were standardized into Z scores to minimize the influence of
age and gender variables using the mean and standard deviation of the population (men
and women in the early 20 s) provided by the Ministry of Culture, Sports and Tourism [33]
(Formula (1)).

Z scoreij =
Yij − Yi

SY
(1)

(i: participants, j: fitness category, Y: fitness score, Y: population mean, SY: population SD).
After obtaining the total fitness scores by averaging the standardized Z scores in all

fitness categories for individual participants, an independent sample t-test was performed
to verify the difference in the physical fitness measure between the groups. Results showed
that the overall fitness score of the high-fit group (Z = 0.36) was higher than that of the
low-fit group (Z = −0.52) (t = 3.96, p < 0.001) (Table 1).

2.2.2. Smartphone

An android-based smartphone (Galaxy Note 9, Samsung, Seoul, Korea) was used
where we installed a tailor-made app for remote control of the smartwatches and moni-
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toring the measurement status. For data collection on arousal and affective responses of
participants during Zumba fitness, all the smartwatches worn by the participants were
controlled simultaneously by this single central smartphone.

2.2.3. Smartwatch

TicWatch E (Mobvoi, Beijing, China) was used, an Android Wear OS 2.0-based smart-
watch capable of running our tailor-made app and equipped with a GPS, heart rate (HR)
sensor, proximity sensor, balance sensor, and accelerometer. TicWatch E has reliable accu-
racy, showing more than 95% correlation and agreement than the HR measured by Polar
(wireless HR monitor, POLAR) during walking, dancing, and cycling as well as at rest [22].
Because the smartwatch’s adhesion to the wearer’s skin can impair HR measurement accu-
racy [34]. Kinesiology tape was applied around the watch to reduce movement and loss of
light from the sensor during workouts. The watch was securely fastened to the participant’s
left wrist, approximately 2–3 cm below the ulnar styloid process. All participants wore
smartwatches, measuring heart rate, arousal, and mood during Zumba fitness exercise.

2.2.4. Application Development and Smartwatch Control

In collaboration with a software engineering expert, an application was developed to
collect HR and affective data and another one to control smartwatches. The app installed
on the smartphone for the measurement of HR and affect was to activate the HR sensor
of smartwatch to initiate HR measurement and to collect data via participants’ affective
self-reports, which was designed to be stored automatically on Google Cloud. A watch
control app was also developed on the Galaxy S9 with Android Pie (version 9.0) to ensure
that the measurement app operated effectively on the smartwatch. The watch control
app comprised four modes: watch connection, HR measurement, affect measurement,
and data management. In the “watch connection” mode, the connection status of up to
30 smartwatches was monitored. The “HR measurement” mode was used to initialize, start,
pause, or stop the smartwatch HR sensor. In the “affect measurement” mode, a vibration
alarm was sent to the participants on their smartwatches, which cued to report current
feelings and arousal states by selecting responses on the watch’s touch screen. The HR and
affective data were stored in the Google Cloud for real-time monitoring (Figure 1). All data
acquired during the experiment were freely accessible to be downloaded or deleted via the
“data management mode”.

Figure 1. Description of smartwatch control and data acquisition processes.

2.3. Affective Measures
2.3.1. Positive and Negative Affect Schedule-Expanded Form (PANAS-X)

To measure the affective changes before and after Zumba fitness, the Korean version
of the Positive Affect and Negative Affect Schedule—expanded form (PANAS-X) was
used [35]. The PANAS-X is a five-point 20-item scale comprising 10 positive and 10 negative
items (i.e., 1 = not at all, 2 = a little, 3 = moderately, 4 = quite a bit, 5 = very much).
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With an internal consistency coefficient of 0.84, the PANAS-X scale is relatively reliable,
and the positive and negative affect scales are independent. We created the online version
of the 20-item PANAS-X with Google Forms and transmitted the link to the smartphones
of study participants for a response. Their responses were stored automatically on Google
Drive. In the present study, the Cronbach’s alpha coefficients were 0.61 for the PA and
0.66 for the NA scales.

2.3.2. Two-Dimensional Circumplex Model of Affect

Russell ’s [36] two-dimensional circumplex was used to track the affective changes
throughout the entire Zumba Fitness program. As presented in Figure 2, the model consists
of four quadrants, each of which represents arousal level (activation–deactivation contin-
uum) and valence (pleasure–displeasure continuum). In the two-dimensional circumplex
model, the affective state can be identified by the point of intersection, with the x and y axes
signifying valence (pleasure, displeasure) and arousal (activation–deactivation continuum),
respectively (Figure 2). Russell [37] defined this intersecting point as a core affect reflecting
valence and activation. The valence dimension was assessed by the feeling scale (FS), while
the arousal dimension reflected the felt arousal scale (FAS).

 

Figure 2. The two-dimensional circumplex model of affect and the smartwatch display for measuring
affect and arousal.

This model consists of four quadrants: The first quadrant describes activation–pleasure
(excited, energized, and passionate), while the second quadrant reflects activation–displeasure
(anxious, nervous, and stressed). The third quadrant represents deactivation–displeasure
(bored, tired, and depressed), and the fourth quadrant represents deactivation–pleasure
(relaxed and calm) [36]. The smartwatch interface was used to implement the feeling
scale (FS) and the felt arousal scale (FAS) to simultaneously evaluate affect in multiple
participants engaging in the group exercise concurrently.

2.3.3. The Feeling Scale (FS)

A single item 11-point bipolar FS (pleasure/displeasure) devised by Hardy and
Rejeski [38] was used to assess during exercise affective responses on the valence dimension
(x-axis) of the two-dimensional circumplex model of affect. When participants received a
vibration alarm sent from the central watch control app with the message “report Feeling”
on the smartwatch screen, the app guided participants to press the start button and scroll
up or down the touch screen to choose a number from −5 to +5 corresponding to their
current feelings (Figure 2). The Cronbach’s alpha coefficient of the FS in the present study
was 0.89.

2.3.4. The Felt Arousal Scale (FAS)

The FAS devised by Svebak and Murgatroyd [39] was used to evaluate the level of
arousal on the arousal dimension (y-axis) of the two-dimensional circumplex model. This
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single-item six-point scale ranging from 1 (low arousal or deactivation) to 6 (high arousal
or activation) was used to assess arousal levels during exercise. When the “report arousal”
screen appeared on participants’ smartwatches with a vibration alarm, the participants
chose a number from 1 to 6 corresponding to their current activation status. Then, they
sent the response by pressing the OK button (Figure 2). The Cronbach’s alpha coefficient of
the FAS in the present study was 0.73.

2.4. Dance Fitness Program

The dance fitness program was developed using 11 basic dance steps incorporated
in Zumba rhythms of merengue and reggaeton, consisting of 8-min warp-up, 8-min basic
steps, 8-min merengue, 8-min reggaeton, 15-min cool-down with stretching, all totaling
47-min of exercise. Table 2 presents the details of the steps, music, and beat per minute
used in the program.

Table 2. Dance fitness program.

Rhythm Basic Steps Music bpm

Aerobics March, step touch, V-step, lunge, heel-jack,
knee up, grapevine, mambo, back-up, box, tap Top Ten 24 #1 130

Merengue March 2 Step 6 Step Beto
Shuffle

Basic 1 review music 124
Fiesta 124

Reggaeton Stomp Knee-lift Destroza Step
bounce

Basic 1 review music 94
Toma reggaeton 96

2.5. Procedures

Participants who signed the informed consent visited the National Fitness 100 Center
to have their physical fitness measured, required for completion 72 h before the experiment.
When participants arrived, the smartwatch firmly fitted on their left wrist, 2 to 3 cm
below the ulnar styloid process. Then, they were instructed to sit and rest on a yoga
mat. The experimenter then initiated the watch control app on the smartphone, checked
the connection of all watches, and tested if the alarm transmission and HR measurement
worked properly. After explaining the experimental procedure, we transmitted the 20-item
PANAS-X to each participant’s smartphone to be answered before beginning the exercise.
To begin the Zumba fitness program, participants stood with enough space between them
and faced the mirror. At the start of the session, the experimenter activated the HR sensors
of participants’ smartwatches by pressing the start button of the HR measurement mode of
the watch control app. At the end of each exercise section (warm-up, basic steps, merengue,
reggaeton), the experimenter hit the stop button of the watch control app to finish HR
measurement and transmitted an alarm in the affect measurement mode. Once all the
participants completed responding to the FS and FAS scales by touching the smartwatch
screen, the watch control app confirmed the completed responses, and the group proceeded
to the next exercise section.

As shown in Figure 3, the PANAS-X pre-and post-exercise and the HR during exercise
(warm-up, basic steps, merengue, reggaeton) were measured. The FS and FAS were
measured six times (pre-exercise after PANAS-X, 8 min, 17 min, 26 min, 35 min, and post-
exercise before PANAS-X). The time required for answering the FS and FAS in between
sections was 20 to 40 s. When the Zumba program was over with reggaeton, followed by a
cool-down, participants responded to the post-exercise FS and FAS while resting on the
yoga mat. Then, the PANAS-X link was sent to the participants’ smartphones to respond.
After completing the response and returning the watch to the experimenter, participants
returned home.
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Figure 3. The measurement of HR, affect, and arousal before, during, and after exercise.

2.6. Data Collection and Processing

The HR measured during exercise by section (warm-up: exercise start to 8 min,
basic step: 8–17 min, merengue: 17–26 min, reggaeton: 26 min to completion) were
averaged to verify whether a difference existed in the exercise intensity of the dance exercise
program between the high-fit and low-fit groups. Then, the relative exercise intensity of
the participants was calculated using the HR data and the HRmax estimation formula
(HRmax = 220-age) [25,40]. Finally, the exercise intensity was calculated by dividing the
HRmax by the during-exercise HR, multiplied by 100 [41].

2.7. Statistical Analysis

All statistical analyses were performed using the SPSS Version 25.0 for Windows.
Mauchly’s sphericity test was performed on all dependent variables and adjusted the
degree of freedom of ANOVA through Greenhouse–Geisser for variables that did not
meet the sphericity assumption. The level of statistical significance of ANOVAs was set
to 0.05, and the significance level for HR and exercise intensity was 0.0031 for post-hoc
analysis. The significance levels for the PANAS-X and the FS and FAS were 0.0125 and
0.0014, respectively. An analysis of variance (ANOVA) was performed to investigate the
interaction of HR, exercise intensity, PANAS-X, FS, and FAS as a function of group and
time. To examine differences in HR and exercise intensity, separate 2 (group: high-fit
vs. low-fit) × 4 (time: warm-up, basic steps, merengue, reggaeton) two-way repeated-
measures ANOVAs were performed. In addition, the positive and negative affect of the
PANAS-X was analyzed by a 2 (group: high-fit vs. low-fit) × 2 (time: pre- vs. post-exercise)
two-way repeated-measures ANOVA. Finally, separate 2 (group: high-fit vs. low-fit) × 6
(time: pre-exercise, 8 min, 17 min, 26 min, 35 min, post-exercise) two-way repeated-
measures ANOVAs were performed using FS and FAS as dependent variables. In case of
an interaction effect between the group and time, a post-hoc analysis was performed. The
significance level was set through Bonferroni adjustment for all post-hoc analyses.

3. Results

3.1. HR and Exercise Intensity (%HRmax)

In the analysis of HR by measurement time, significant group (F(1, 30) = 20.646,
p < 0.001, d = 1.18, CI [0.79, 2.40]) and time (F(2.2, 30) = 12.936, p < 0.001, d = 1.66,
CI[0.88, 1.77]) main effects emerged. The HR of the high-fit group during exercise was
lower than that of the low-fit group (p < 0.001) (Figure 4).

As a result of post-hoc analysis of the main effect of time, the HR during basic steps
(p = 0.002) and reggaeton exercise (p < 0.001) was higher than the HR during the warm-
up exercise, and the HR during reggaeton exercise was higher than the HR during the
merengue exercise (p < 0.001). In the analysis of exercise intensity, calculated by %HRmax,
significant main effects of group (F(1, 30) = 17.522, p < 0.001, d = 1.53, CI[1 0.05, 2.09]) and
time (F(2.197, 30) = 12.882, p < 0.001, d = 1.31, CI[0.88, 1.76]) emerged, with the high-fit
group exhibiting lower exercise intensity compared to the low-fit group (p < 0.001). The
post-hoc analysis on the main effect of time revealed that the exercise intensity of the
basic steps (p = 0.002) and reggaeton exercise (p < 0.001) was higher than that of the warm-
up exercise, and the exercise intensity of reggaeton was higher than that of merengue
(p < 0.001). However, the interaction for group × time was not significant in HR and
exercise intensity.
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Figure 4. Differences in heart rates and the exercise intensity between groups (left) and times (right).
Note: all the error bars represent standard errors. In the difference between times (left), the significant
value adjusted by Bonferroni correlation is p < 0.0031. * represents a significant difference.

3.2. PANAS-X
3.2.1. Positive Affect

A significant main effect of group emerged (F(1, 30) = 5.585, p = 0.025, d = 0.86,
CI[0.59, 1.18]), with the high-fit group exhibiting higher positive affect relative to the low-
fit group. However, the main effect on time was not significant. As a result of ANOVA
before and after exercise between groups, we found a significant interaction effect between
groups × period (F(1, 30) = 8.261, p = 0.007, d = 1.05, CI[0.72, 1.44]). The post-hoc analysis
revealed no significant group difference in pre-exercise positive affect. Meanwhile, the
post-exercise positive affect was significantly higher in the high-fit group compared to the
low-fit group (p = 0.003) (Figure 5). However, no significant difference was observed in
positive affect between pre- and post-exercise within each group.

Figure 5. Differences in positive (left) and negative (right) affective responses between groups and
times. Note: solid lines represent the high fitness group, and dash lines represent the low fitness
group. All error bars speak of standard errors. p < 0.0125. * represents a significant difference.

3.2.2. Negative Affect

The analysis of pre- and post-exercise negative affect between groups yielded no
significant main effect or interaction effect (Figure 5).

3.3. The Feeling Scale and Felt Arousal Scale
3.3.1. The Feeling Scale

In the analysis of the FS, there was a significant main effect of time on the FS scores
(F(3.3, 30) = 14.306, p < 0.001, d = 1.38, CI[0.91, 1.83]), while the main effect of group
did not reach significance. In addition, a significant group × time interaction effect
(F(3.3, 30) = 3.192, p = 0.023, d = 0.65, CI[0.43, 0.86]) emerged (Figure 6). As a result of
the post-hoc analysis, the high-fit group showed significantly higher FS scores at 26 min
and 35 min than pre-exercise (p < 0.001389). In contrast, the low-fit group exhibited higher
FS scores after exercise than pre-exercise, 17 min, 26 min, and 35 min (p < 0.001389).
However, no significant difference emerged between the groups as a function of time.
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Figure 6. Differences in the feeling scale between groups and times. Note: solid lines represent the
high fitness group, and the dashed line represents the low fitness group. All error bars speak of
standard errors. p < 0.0014. * represents a significant difference.

3.3.2. The Felt Arousal Scale

In the analysis of the FAS scores, a significant main effect of time emerged (F(3.3, 30) = 9.916,
p < 0.001, d = 1.15, CI[0.76, 1.52]), but the main effect of group was not significant. A
group × time interaction effect was also significant (F(3.1, 30) = 2.968, p = 0.034, d = 0.63,
CI[0.42, 0.83]) (Figure 7). The post hoc analysis revealed that the FAS score of the high-fit
group was higher at 26 min compared to pre-exercise, 8 min, and 17 min, and the score
was also higher at 35 min compared to pre-exercise and 17 min (p < 0.001389). However,
the low-fit group exhibited no significant difference in the FAS score depending on time,
with no group × time interaction.

Figure 7. Differences in the felt arousal scale between groups and times. Note: solid lines represent
the high fitness group, and the dashed line represents the low fitness group. All error bars speak of
standard errors, p < 0.0014. * represents a significant difference.

3.4. The Two-Dimensional Circumplex Model

According to time by group, the affective changes are depicted in a two-dimensional
circumplex model of valence and activation in Figure 8. For example, the core affect of the
low-fit group remained in the fourth quadrant (deactivation–pleasure) without significant
change from pre-exercise at 35 min. It then moved to the first quadrant (activation–pleasure)

101



Appl. Sci. 2021, 11, 11540

after exercise. On the other hand, the core affect of the high-fit group gradually improved
within the fourth quadrant (deactivation–pleasure) from pre-exercise. Finally, it advanced
to the first quadrant (activation–pleasure) after 26 min (merengue), which participants
maintained until exercise completion.

Figure 8. Two-dimensional circumplex model of affect by the level of fitness, (a) high fitness
and (b) low fitness. Note: the circumplex model is a method to observe a change of ‘core’ affect
(valence + activation). Quadrant I represents activation–pleasure; Quadrant II represents activation–
displeasure; Quadrant III represents deactivation–displeasure; Quadrant IV represents deactivation–
pleasure.

4. Discussion

This study used a smartwatch to investigate whether a dance-based aerobic group
exercise affects participants’ affective responses depending on their level of physical fitness.
In the analysis of the difference in exercise intensity of Zumba fitness according to physical
fitness, the high-fit and low-fit groups exhibited differences in HR and exercise intensity
(%HRmax) during 35 min of Zumba exercise from warm-up to just before cool-down.
Specifically, HR during exercise was 109 bpm with 57% HRmax exercise intensity for the
high-fit group and 130 bpm with 66% HRmax intensity for the low-fit group.

The ACSM [25] indicated that the relative intensity of aerobic exercise is 57–63% HRmax
for low intensity and 64–76% HRmax for moderate intensity. Therefore, the Zumba fitness
program used in this study is of moderate intensity for the low-fit individuals and low-
intensity for the high-fit participants. This study’s Zumba exercise intensity supports the
findings of Luettgen et al. [24] that the exercise intensity of Zumba for the general public
is 66 ± 10.5% of the average VO2max, which meets the ACSM criteria for maintaining
a healthy weight. Furthermore, by tracking HR during exercise in real-time using a
smartwatch, our study verified that exercise intensity differs depending on the performer’s
fitness level. Our study’s Zumba fitness program consisted of a warm-up, basic dance steps,
merengue, and reggaeton. In the comparison of exercise intensity according to the exercise
section, we found that the exercise intensity of reggaeton was the highest compared to
warm-up, basic steps, and merengue. This result is consistent with Lee et al. [28], who
reported the highest HR during reggaeton exercise among the four Zumba rhythms:
merengue, reggaeton, salsa, and cumbia. While merengue consists of up-down movements
of the pelvis, reggaeton creates up-down motions of the entire lower body through flexion
and extension, thus intensifying the exercise. In addition, since the reggaeton steps use
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two steps per 1 bpm [42], it is possible to double up the speed of the movements up to
192 bpm [43]. Therefore, to control the intensity of a Zumba fitness program within a
limited time, instructors often control the speed of choreography by adding or subtracting
the portion of reggaeton rhythm or breaking down the rhythm.

In the analysis of the change in affect (valence) and arousal (activation) by exercise
section of the Zumba fitness program, we found an interesting difference between the
high-fit and low-fit groups. There was no significant change in high-fit group’s affect
from pre-exercise, warm-up, and basic steps. However, the affect improved after the
merengue, and participants maintained that affect throughout the rest of the exercise
program. On the other hand, there were no significant changes in affect throughout the
entire exercise section in the low-fit group, but the affect improved immediately after
the cool-down. Furthermore, similar affective changes were observed in pre, mid, and
post-exercise depending on fitness in arousal. In the high-fit group, arousal increased after
merengue, and participants maintained this affect until the end. In contrast, the low-fit
group showed no difference between pre and during-exercise arousal.

As shown in the two-dimensional circumplex model, which presents the changes in
the core affect (valence + activation) (Figure 8), the core affect of the high-fit group increased
from the beginning. It proceeded to the first quadrant after merengue, and the participants
maintained the affect until the end of the exercise. The low-fit group maintained the core
affect without significant change in the fourth quadrant, including their pre-exercise state
and throughout the entire section. They then moved to the first quadrant immediately
after exercise, showing increased positive affect and arousal. These findings suggest that
despite the shared feelings of elevated mood and arousal individuals feel after exercise, the
affective experience during exercise may differ depending on participants’ fitness level. In
addition, high-fit individuals seem to experience a greater increase in affect throughout the
exercise than low-fit individuals.

For quick and repeated measurement of changes in affect and arousal in real-time
during exercise, a single item 11-point Likert scale (–5 to +5) was used. In doing so, we only
assessed the affective experience during exercise within the extent of high and low levels of
valence (displeasure to pleasure) and arousal (deactivation to activation). To supplement
this, the participants were asked to answer a 20-item PANAS-X to measure positive and
negative affect before and after exercise. The results of the PANAS-X pre- and post-exercise
and the results of affect (valence) measured by the FS pre-, during-, and post-exercise were
not consistent. Figure 5 shows that the high-fit and low-fit groups did not differ in positive
affect before exercise. However, the positive affect after exercise was higher in the high-fit
group relative to the low-fit group.

Despite no statistical difference between groups as a function of time (pre and post-
exercise), positive affect increased after exercise in the high-fit group and decreased in
the low-fit group. This tendency made the difference in positive affect between groups
significant after exercise. However, we found no significant difference in negative affect
according to the fitness level or time in this study, which suggests that participation in
a group dance program such as Zumba fitness may not lead to meaningful changes in
negative affect. These results are consistent with the study of Lee et al. [28], where negative
affect measured before and after a Zumba fitness program was not different regardless of
exercise intensity. This finding implies that improved positive affect rather than decreased
negative affect provides the affective benefit in dance-based exercise.

Interestingly, the results of this study regarding pre and post-exercise affect are some-
what contradictory to previous studies that investigated affective changes following exer-
cise. The existing studies primarily focused on exploring affective changes according to
exercise intensity. Many of them reported that moderate-intensity exercise could expect a
greater affective improvement than exercises at a too low or high intensity [44]. In a recent
study by Lee et al. [28] which investigated affective changes before, during, and after exer-
cise of Zumba fitness depending on exercise intensity, moderate-intensity (72.19% HRmax)
exercise led to a greater increase in positive affect than low-intensity (62.48% HRmax)

103



Appl. Sci. 2021, 11, 11540

exercise. Lee et al. also found that affect and arousal during exercise at moderate in-
tensity gradually increased. In contrast, low-intensity exercise only led to a temporary
increase in positive affect at the beginning of the exercise, without additional improve-
ment during and after the exercise. Therefore, the researchers suggested that the affective
benefit of exercise is greater when performed at moderate intensity than at low intensity.
Our results contradict previous studies: we found that low-intensity (i.e., 57% HRmax in
high-fit group) exercise provides more significant affective benefit than moderate-intensity
(i.e., 66% HRmax in low-fit group) exercise. However, the characteristics of the physical
fitness variable need to be considered which influence the exercise–affect relationship.

Physical fitness is about moving the body to carry out a healthy and active daily
life, which is the foundation of normal life [45]. Regular exercise enhances fitness [11].
Rezazadeh and Talebi [46] investigated how physical fitness mediates affective responses
in firefighters and reported a positive correlation between physical fitness and affect
and a negative correlation between BMI and affect. They concluded that since high-fit
individuals have better emotional regulation ability, improving the fitness of firefighters
would contribute to enhancing their work efficiency. Furthermore, individuals with higher
aerobic fitness have a higher tolerance for exercise and a preference for high-intensity
exercise [14]. The emotional regulation ability and exercise tolerance demonstrated in
high-fit individuals are related to neurological and biological changes caused by long-term
exercise participation.

In this study, although the high-fit group exercised at a lower intensity than the low-
fit group, they exhibited a greater increase in positive affect, with affect and activation
increasing faster during exercise and increasing gradually. Lin and Kuo [47] explained
the benefits of exercise on brain function through monoamine connection. They indicated
that regular moderate-intensity exercise improves adaptability and flexibility of the central
nervous system (CNS). Exercise stimulates the monoaminergic systems (dopamine, nora-
drenaline, serotonin), thereby contributing to mental health without causing central fatigue.
In addition, experiencing a repetitive increase in serotonin in the brain through regular
exercise is known to act as an antidepressant [48]. Regular exercise participation also
improves biological adaptation, which reduces physiological responses to stress [49]. Since
exercise itself is a stressor, exposure to repeated exercise improves adaptability to stress and
reduces the secretion of cortisol, a stress hormone, during exercise [50]. Having gained the
ability to adapt to stress through regular exercise, high-fit individuals exhibit low levels of
salivary cortisol secretion even in exercise-irrelevant stress situations [51,52]. As such, the
neurophysiological changes due to long-term exercise participation may explain why the
high-fit group in this study showed larger affective improvement than the low-fit group.

Physical fitness is a vital variable mediating affective experience during exercise. In
this study, the pattern of affective change throughout the exercise sections was different
according to the groups’ fitness levels. The intensity of exercise for the same exercise
program was lower in the high-fit group than in the low-fit group, while the affective
improvement was greater in the high-fit group. This study confirmed that physical fitness
is a major variable influencing the relationship between exercise and affect. However, we
could not establish how fitness mediates affect through interaction with exercise intensity.
Therefore, future studies should examine the interaction between fitness and exercise
intensity to identify exercise conditions optimized for affective benefit.

In addition, developing a personalized exercise program that induces optimal affec-
tive improvement requires investigating the individual variables that mediate affective
responses to exercise and the environmental variables that maximize the effect of exercise.
In this regard, artificial neural networks or deep learning technology will become the
ultimate goal of future exercise–affect research. This technology can aid in developing an
algorithm capable of predicting and suggesting the best suitable exercise type, intensity,
and duration based on individual (e.g., personality, physical fitness, genes, diseases) and
environmental variables (e.g., exercise type, setting, interaction with others during exercise).
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Moreover, deep learning technology could maximize the overall mental health benefit
of exercise.
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Abstract: Executing voluntary motor actions in the upper extremities after a stroke is frequently
challenging and frustrating. Although spontaneous motor recovery can occur, reorganizing the
activation of the primary motor cortex and supplementary motor area takes a considerable amount of
time involving effective rehabilitation interventions. Based on motor control theory and experience-
dependent neural plasticity, stroke protocols centered on bimanual movement coordination are
generating considerable evidence in overcoming dysfunctional movements. Looking backward
and forward in this comprehensive review, we discuss noteworthy upper extremity improvements
reported in bimanual movement coordination studies including force generation. Importantly, the
effectiveness of chronic stroke rehabilitation approaches that involve voluntary interlimb coordination
principles look promising.

Keywords: chronic stroke; bimanual movement; bimanual force control; rehabilitation

1. Introduction

Bimanual movement coordination has a long history and sound theoretical basis as
an effective treatment to relearn dysfunctional motor actions caused by a stroke. Typical
dysfunctional motor actions on the affected side of the body include weakness or partial
paralysis. Planning and executing bimanual movements with an emphasis on simulta-
neously activating both limbs as a coordinative structure frequently facilitates progress
toward motor recovery. Although the concept of bimanual movement coordination as a
treatment for chronic stroke was first proposed over 60 years ago [1,2], the intervention
has continued to develop, stimulating research and debate. This article will emphasize the
rationale and evidence supporting bimanual movement coordination interventions as well
as present persuasive arguments considering various rehabilitation treatment prescriptions.

When blood flow in the brain is disrupted by a focal neurological insult, mild to severe
motor action dysfunctions become apparent on the contralateral side of the body. Granted,
spontaneous motor action recovery can occur; however, a majority of the individuals (ap-
proximate 80–90%) who experienced a stroke must cope with hemiparesis [3]. Fortunately,
dysfunctional motor actions are no longer viewed as permanent given the convincing
neural plasticity evidence [4–8]. Even though Hebb postulated that synaptic plasticity
was possible in 1949, the tendency of synapses and neuronal circuits to change because
of activity took time to become accepted. Today, neural plasticity (i.e., brain changes that
occur in response to experience-dependent challenges) and robust evidence supporting
activity-based movements are primary components of multiple treatment protocols post-
stroke [7–13]. Planning and executing simultaneous bimanual coordination actions are
viable treatment protocols to minimize upper extremity motor dysfunctions post-stroke.

Recent studies on the contributions of the cerebral hemispheres involved in activity-
based motor actions revealed focal areas active in excitation and inhibition [14]. Balancing
activation of both hemispheres is still relevant to re-acquiring movements post-stroke.
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Moreover, in a discussion of non-invasive brain stimulation protocols, Bestmann and
colleagues [15,16] stated that the premotor cortex and supplementary motor cortex readily
interact with targeted primary motor cortex areas generating motor action improvements.
Supporting evidence favoring this argument was reported by Byblow and colleagues when
they tested stroke individuals and found increased corticomotor excitability post bimanual
symmetrical (mirror) movements [17]. Further, Liao and colleagues revealed post-stroke
bimanual coordination benefits for severely impaired individuals when stimulating the
contralesional dorsal premotor cortex, whereas facilitating the ipsilesional motor cortex
improved coordination for individuals with mildly impaired upper extremities [18]. In
summary, post-stroke bimanual movements are less dysfunctional after receiving brain
activity modulation in the primary motor cortex as well as the premotor and supplementary
cortex areas of both hemispheres [19–23]. This conclusion is consistent with Carson’s
comprehensive review article on neural control and bimanual arm interactions [24].

2. Chronic Stroke Rehabilitation

For chronic stroke rehabilitation, we are concerned with neural plasticity changes that
occur during activity-based neural reorganization that occurs across time. The treatments
are designed to re-acquire motor actions so that new and stable permanent memories
for movements are created. Although there is consensus that intact brain areas may take
over dysfunctional motor actions, specific details involving neural reorganization are still
unclear. Granted, lesion location and extent contribute to reorganization, whereas rehabil-
itation frequency and intensity certainly facilitate the process. Rehabilitation specialists
are experimenting with individually prescribed treatment protocols for focal neurological
lesions of the motor system. An emerging theme is that neural networks closely aligned
anatomically to the lesion site progressively adopt the functions of the damaged area over
time and increased synaptic activity becomes apparent [7,8,10]. Indeed, Nudo [8] argued
that recovering motor actions indicate waves of growth promotion and inhibition that
modulate the adjacent intact tissue during the brain’s self-repair processes.

2.1. Activity-Based Movements (Experience-Dependent Movements)

For maximum and lasting motor action benefits, stroke protocols should be founded
on a sound theoretical framework based on motor learning and control principles [25,26].
Importantly, activity-based movements or experienced-dependent movements are sound
stroke rehabilitation treatment protocols that have consistently expedited progress toward
stroke recovery in the upper extremities [27–29]. Persuasive evidence comes from Sheahan,
Franklin, and Wolpert [30] in a motor planning and execution experiment. Participants
performed reaching movements through a force-field that perturbed movements. They
found that motor planning and neural control enhanced movement learning by forming
motor memories.

An implication for stroke interventions is that individuals should be actively in-
volved in planning motor actions [31], and this includes both arms intentionally moving
simultaneously. Combining motor planning and performing bimanual upper extremity
movements highlights the basis for conducting activity-dependent movements to create
new neural connections. Specifically, neural plasticity changes evolve from the Hebbian
synapse rule that states that individual synaptic junctions respond to activity/use and
inactivity/disuse [32–34]. Experience-dependent long-term modification of synaptic
efficacy underlies motor memories in neural networks [30,35–37].

2.2. Bimanual Movement Interventions

Compelling evidence suggests that assimilation occurs between the left and right
arms during neural control of symmetrical bimanual motor actions [24,38]. Promis-
ing findings on chronic stroke interventions have been identified when participants
perform the same movement with both limbs. Further, producing the same forces
on both arms with homologous muscles firing simultaneously post-stroke assists in
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making progress toward motor recovery. Early bimanual coordination or bimanual
coordination studies consistently reported synchronization among effectors in concur-
rently performed movements [24,39–51]. Importantly, Bernstein’s classic argument that
both arms are centrally linked as a coordinative structure holds, and upper extremities
function in a homologous coupling of muscle groups on both sides of the body [52].

A series of chronic stroke studies focused on bimanual movements executed concur-
rently and supplemented with neuromuscular-triggered electrical stimulation revealed
consistent motor improvement findings. Manipulating treatment protocols centered on
bimanual movements as well as EMG-triggered stimulation generates progress toward
motor recovery in the upper extremities [21,38,53–58]. Positive experience-dependent and
active stimulation findings include increased motor capabilities in short-term and longi-
tudinal post-testing. Moreover, adding a proportional load to the non-paretic arm while
requiring bimanual movements produced less dysfunctional motor actions in the impaired
arm/hand. In a systematic review and meta-analysis on bimanual movement coordination
(i.e., interlimb coordination) protocols post-stroke indicated that the chronic stroke groups
improved performance while executing both synchronous and asynchronous bimanual
movements [54]. Further, Whitall and colleagues found asynchronous support when they
strapped the paretic and non-paretic arms to cars attached to a trackway and required
participants to perform rhythmic alternating (asynchronous) bimanual movements [59].

3. Bimanual Kinematic and Kinetic Functions in Chronic Stroke

Motor impairments on one side of the upper body such as muscle weakness, spasticity,
and loss of motor skills in the affected arm typically appear in patients with stroke [3].
Further, the increased asymmetrical motor functions between paretic and non-paretic arms
interfere with bimanual movement control capabilities (e.g., bimanual performances and
coordination) required for successful execution of activities of daily living [60,61]. For
example, common post-stroke motor impairments include movement initiation and control
on command as well as coordination problems during bimanual arm/hand reaching,
moving objects, hand drawing, and finger tapping tasks [62–66]. According to motor
control theory, movement kinetics are the primary components involved in activating motor
actions [67–70]. As individuals post-stroke initiate or attempt to initiate arm movements,
generating forces in the paretic arm are imperative. One way to facilitate this process or
system is to require the non-paretic arm to initiate the same movement. Symmetrical motor
performances are easier to execute than asymmetrical movements.

Kantak and colleagues suggested that estimating interlimb coordination is crucial for
stroke motor rehabilitation because less cooperative upper limb movements post-stroke
can increase motor reliance on the non-paretic arm compromising the efficiency of motor
actions requiring both arms (e.g., opening the drawer with the non-paretic arm) [66]. Thus,
investigating potential motor rehabilitation protocols for improving bimanual coordination
functions is useful for facilitating progress toward motor recovery.

A recent meta-analysis study summarized specific patterns of bimanual movement
and coordination deficits post-stroke [71]. Patients with stroke showed more interlimb
kinematic and kinetic coordination impairments than age-matched healthy controls while
executing asymmetrical movements with more difficult task goals such as asymmetric
movement with independent goals and asymmetric parallel movements with a common
goal for each hand [63,72]. These impairments were additionally observed in symmetric
movement tasks when two hands targeted a common task goal. Bimanual movement tasks
consisting of more challenging task constraints typically require more interactive behavioral
communications between two arms with increased motor-related cortical activation across
the primary motor area and supplementary motor areas [73,74]. Thus, unbalanced cortical
activation and interhemispheric inhibition levels between hemispheres post-stroke may
cause more impairments in bimanual movement and coordination with more difficult
task goals [75]. Interestingly, meta-regression results indicated that deficits in bimanual
coordination were significantly associated with increased time since stroke onset [71].
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These findings indicate that despite relatively rapid recovery progress within six months
post-stroke [76], bimanual movement control capabilities continue to be compromised in
the chronic stage of motor recovery.

In addition to bimanual kinematic dysfunctions post-stroke, impairments in bimanual
kinetic functions often appeared in patients with stroke. Kang and Cauraugh [77] con-
ducted a comprehensive literature review that demonstrated potential deficits in bimanual
force control capabilities in post-stroke individuals. While processing visual feedback
displaying isometric forces produced by both hands and a targeted submaximal force level,
stroke groups revealed less force accuracy (e.g., root mean squared error) and variability
(e.g., coefficient of variation), indicating more erroneous and inconsistent force generation
patterns during bimanual wrist extension and gripping force tasks [78–81]. Moreover, bi-
manual forces produced by participants post-stroke tended to be more regular (i.e., greater
force regularity) as indicated by higher values of approximate entropy [79,82,83], and these
patterns indicated decreased motor adaptability during force control tasks [84]. Asymmet-
rical muscular functions between the paretic and non-paretic hands as well as impaired
sensorimotor processing may be responsible for lower submaximal bimanual force control
performances from 5% to 50% of maximum voluntary contraction (MVC) [78,83].

Importantly, interlimb force coordination patterns were additionally impaired after
stroke onset. Lodha and colleagues reported lower values of cross-correlation strength
with increased time-lag as compared with age-matched controls during bimanual isometric
wrist and fingers extension tasks [83]. These findings suggested that stroke may interfere
with temporal coordination between paretic and non-paretic hands, and further non-paretic
hands presumably modulated their forces to compensate for lacking forces generated by
paretic hands during bimanual force control [81,85]. These deficits in interlimb coordination
in individuals with stroke were additionally observed in dynamical force control tasks (e.g.,
force increment and decrement phases) [86]. Moreover, altered bimanual force coordination
in patients with stroke were significantly associated with motor impairments as indicated
by various clinical assessments (e.g., the Fugl–Meyer assessment and Pegboard assem-
bly score) [81,82,86]. Proposed neurophysiological mechanisms underlying impairments
abound for bimanual movements and bimanual coordination [39,40], including altered
sensorimotor integration capabilities post-stroke such as online motor correction using
simultaneous visual information [87]. Further, increased interhemispheric inhibition from
the contralesional hemisphere typically suppresses cortical activation of the ipsilesional
hemisphere, which may send biased efferent signals to the paretic and non-paretic arms,
causing impaired interlimb coordination functions [73,88]. Indeed, changes in somatosen-
sory feedback influenced by stroke appear to be a crucial reason in weakening interlimb
coordination because prior studies showed more deficits in force coordination without a
visual feedback condition for chronic stroke patients [79,89].

Beyond the altered bimanual motor control functions within a trial, recent studies
explored changes in bimanual coordination strategies across multiple trials for post-stroke
individuals. Sainburg and colleagues proposed the importance of bimanual motor syn-
ergies reflecting different cooperative behaviors between hands across multiple trials in
stroke motor rehabilitation [43]. According to the uncontrolled manifold hypothesis [90–92],
motor variability consists of two components: good and bad variability. During multiple
trials of a bimanual force control task, the fundamental elements can include pairs of
left and right mean forces within a trial. Good variability is the variance of fundamental
elements projected on the uncontrolled manifold line that does not influence the stability
of task performance (e.g., overall force accuracy across multiple trials). However, greater
good variability indicates that the motor system produces more possible motor solutions
(i.e., motor flexibility), whereas less good variability denotes that the motor system selects
a more consistent motor solution (i.e., motor optimality). Bad variability is the variance
of fundamental elements projected on the line orthogonal to the uncontrolled manifold
line that does influence the stability of task performance. Increased bad variability impairs
the stabilization of task performance across multiple trials. Taken together, given that the
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index of bimanual motor synergies is the proportion of good variability relative to bad
variability, increased values of bimanual motor synergies across bimanual force control
trials indicate better bimanual coordination strategies across trials contributing to overall
task stabilization. In fact, Kang and Cauraugh [38] examined bimanual motor synergies
in chronic stroke patients during bimanual force control tasks. The stroke group revealed
less bimanual motor synergies than age-matched controls at 50% of MVC, and chronic
stroke patients increased bad variability levels from 5% to 50% of MVC. These findings
indicated that an impaired motor system post-stroke may compromise motor functions at
the execution level (i.e., within a trial) as well as planning level (i.e., between trials). Thus,
future stroke motor interventions should examine the effects of interactive motor actions
between the paretic and non-paretic arms.

4. Looking Forward

What is on the horizon for bimanual movement interventions and chronic stroke
rehabilitation? Rehabilitation interventions should aim for maximum recovery of function
through motor learning improvements on the hemiplegic side [22]. Applying non-invasive
brain stimulation (NIBS) in addition to motor training may be an attractive treatment
protocol for improving bimanual coordination function post-stroke. Pixa and Pollak [93]
suggested potential effects of transcranial direct current stimulation (tDCS), one of the
NIBS protocols, on bimanual motor skills in heathy individuals. Two tDCS stimulations
consist of anodal tDCS that may potentially increase cortical excitability and cathodal tDCS
that may potentially suppress cortical excitability. Specific tDCS protocols for facilitating
bimanual motor function improvements involved (a) anodal tDCS on the primary motor
cortex (M1) of the ipsilesional hemisphere and cathodal tDCS on M1 of the contralesional
hemisphere and (b) anodal tDCS on M1 of bimanual hemispheres [94–96]. Theoretically,
these tDCS protocols are expected to be effective for re-balancing brain activations between
affected and unaffected hemispheres, contributing to functional improvements in bimanual
actions (e.g., bimanual typing performance and Perdue pegboard test). In testing chronic
stroke patients, many prior studies reported transient and sustained treatment effects
of tDCS protocols on unilateral paretic arm functions [22,97,98], whereas potential tDCS
effects on bimanual motor functions are still insufficient. A limited number of studies
revealed that bihemispheric tDCS in addition to conventional physical therapy improved
interlimb coordinative skills in patients with stroke [99,100].

Beyond the interhemispheric competition model emphasizing the balanced excitatory
and inhibitory activations between hemispheres post-stroke via tDCS [20,101], a recent
approach proposed the bimodal balance-recovery model integrating both vicariation and
interhemispheric competition approaches [75]. Intriguingly, this model posited that the
vicariation model, assuming the important role of the unaffected hemisphere for functional
recovery of the paretic limbs, may be beneficial for stroke patients with lower structure
reserve (e.g., more severe and wide ranges of brain lesion), whereas the interhemispheric
competition model may be effective for stroke patients with higher structure reserve (e.g.,
more recovered brain regions). Based on this model, applying cathodal tDCS suppressing
the contralesional hemisphere may decrease treatment effects on motor recovery of patients
with severe brain damages and less recovered brain functions (e.g., acute and subacute
phases). In fact, several meta-analytic findings evidenced that tDCS protocols including
cathodal tDCS on the contralesional hemisphere revealed overall significant positive effects
on motor recovery, whereas this protocol failed to show functional improvements in the
paretic arms of the acute and subacute patients with stroke [102,103]. These findings
support a proposition that bihemispheric tDCS protocols should be individualized based
on either the severity or the recovery state of affected brain regions. For example, applying
anodal tDCS on the primary motor cortex of bimanual hemispheres may be more effective
for improving bimanual motor functions in patients with acute and subacute patients [104].

One caveat about tDCS protocols concerns the general brain assumptions necessary
to ensure individual treatment benefits. That is, tDCS stimulation effects that are dose-
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controlled according to electrode size, location placement, and stimulus intensity will
minimize the trial-and-error effect frequently seen with so many stroke-rehabilitation
protocols [105]. Establishing accepted procedures in administering tDCS should lead to
individualized dose-controlled treatments [98]. Further, standardizing tDCS protocols for
chronic stroke intervention must include when and duration of the anodal and cathodal
stimulation combinations [106]. Questions on the optimal stimulation time are still being
debated. Should chronic stroke individuals receive 20–30 min of tDCS before performing
bimanual movement training or should 20–30 min of stimulation occur simultaneously
with bimanual movements?

Moreover, developing isometric rehabilitation programs may be a viable option for
facilitating functional recovery of the paretic arm. Given that isometric contraction requires
no dynamic movements, patients with stroke can safely participate in the isometric training
regardless of their muscle weakness and spasticity in the paretic arms as prior findings
suggested [107–109]. Moreover, Kang and colleagues raised a possibility that bimanual
actions transiently increased motor functions in the paretic arms by demonstrating greater
maximal and submaximal mean forces and less force variability and regularity produced
by the paretic arm during bimanual force control tasks than those during unimanual
force control tasks [110,111]. These findings indicated that applying bimanual isometric
training protocols can be an additional effective approach to improvements in acquiring
coordinative motor skills post-stroke.

To facilitate motor recovery progress post-stroke, pharmacological therapies can be
viable alternatives [13,112]. For example, a meta-analysis study reported that the sero-
tonin reuptake inhibitor (SSRI) fluoxetine improved motor recovery in acute and subacute
patients (less than 3 months since stroke) [113]. Potentially, the SSRI fluoxetine may be ben-
eficial for motor improvements via the facilitation of neurogenesis and anti-inflammatory
neuroprotection and enhancing cerebral blood flow according to the findings from animal
models [114]. Importantly, the appropriate timing of these pharmacological treatments
would be within first three months since the stroke because this period presumably in-
creases a possibility of interactive effects between pharmacological treatments and sponta-
neous recovery maximizing motor rehabilitation. Despite controversial treatment effects
on stroke patients with increased time since the stroke (e.g., >6 months), pharmacological
interventions would be an additional option for improving bimanual motor functions in
chronic patients.

5. Summary

The current evidence on experience-dependent neural changes is becoming integrated
in rehabilitation protocols focused on individuals in the chronic stroke stage of recovery
(Figure 1). Indeed, accumulated findings on bimanual movements training indicate an
effective and efficient intervention to address post-stroke motor dysfunctions. Practicing
bimanual coordination movements improves the motor capabilities on the impaired side
of the upper extremity. Specifically, four sets of evidence form a converging operations
conclusion that bimanual coordination movement training treatments are positive: (a) a
primer for a typical treatment protocol, which includes activating the muscles involved in
the treatment before beginning the stroke protocol; (b) in conjunction with neuromuscular-
triggered electrical stimulation; (c) while executing rhythmic alternating movements; and
(d) robotic guided rehabilitation [20,53,115–117].

Concerning the neural networks and brain areas involved in changing the severity
of motor dysfunctions, science has made important advances in understanding the inter-
actions among brain areas [118–121]. However, exact details on the distributed neural
networks connecting the cortical and subcortical brain areas active during voluntary mo-
tor actions are still being explored. Consistent with Baddeley’s elegant discussion of the
concept of working memory evolving with the addition of new empirical findings, neural
plasticity and distributed networks interacting with various brain mechanisms are still
evolving [122,123].
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Figure 1. Progress toward stroke motor recovery using bimanual motor training.

Together, the current empirical bimanual movement training findings present a per-
suasive alternative to unilateral rehabilitation post-stroke. The time has come to select
bimanual coordination as a sound theoretical basis for making progress toward motor
recovery post-stroke and abandon one arm protocols. Logical and convincing arguments
on motor actions involved in planning and executing challenging bimanual movements,
perhaps with an assistive device (e.g., neuromuscular electrical stimulation or robotic
manipulandum) included in the intervention, will advance our understanding of effective
and efficient interventions. Based on the accumulated evidence [54,77,86,124,125], chronic
post-stroke individuals who are prescribed experience-dependent treatments that include
bimanual coordinated movements will display fewer impaired motor actions.

Granted, comprehensive post-stroke rehabilitation protocols with the explicit intention
of making progress toward motor recovery should closely follow the guidelines recom-
mended by the American Heart Association [32] as well as England’s Queen Square Upper
Limb Neurorehabilitation Program [126]. As Cauraugh and Summers stated in 2005, the
efficacy and effectiveness of post-stroke bimanual movement interventions will advance
rapidly when groups of individuals are matched according to lesion location, lesion size,
and impairment severity [50]. Individualized post-stroke rehabilitation prescriptions are
steps in the right direction.
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