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Abstract
Following unpredictable large-magnitude stance perturbations diverse patterns of arm and
leg movements are performed to recover balance stability. Stability of these compensatory
movements could be properly estimated through qualitative evaluation. In the present study,
we present a scale for evaluation of compensatory arm and leg movements (CALM) in
response to unpredictable displacements of the support base in the mediolateral direction.
We tested the CALM scale for intra- and inter-rater reliability, correlation with kinematics of
arm and leg movement amplitudes, and sensitivity to mode (rotation, translation and combined) and magnitude (velocity) of support base displacements, and also to perturbationbased balance training. Results showed significant intra- and inter-rater coefficients of
agreement, ranging from moderate (0.46–0.53) for inter-rater reliability in the arm and global
scores, to very high (0.87–0.99) for inter-rater leg scores and all intra-rater scores. Analysis
showed significant correlation values between scale scores and the respective movement
amplitudes both for arm and leg movements. Assessment of sensitivity revealed that the
scale discriminated the responses between perturbation modes, platform velocities, in addition to higher balance recovery stability as a result of perturbation-based balance training.
As a conclusion, the CALM scale was shown to provide adequate integrative evaluation of
compensatory arm and leg movements for balance recovery stability after challenging
stance perturbations, with potential application in fall risk prediction.
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Introduction
Unpredictable large-magnitude perturbations to stance correspond to some of the most critical
circumstances threatening upright balance stability. This situation requires feedback-based
identification of direction and magnitude of the perturbation to generate a scaled whole-body
compensatory postural response in the short period available for balance recovery. An additional point challenging recovery of balance stability in this situation is that the primary (first
trial) postural response has been shown to be compensated by generating exaggerated movements, leading to larger displacement of the center of mass (CoM) in comparison with the
ensuing perturbations [1, 2]. Unsurprisingly, unpredictable balance perturbations in daily life,
like erroneous body weight shift and tripping or stumbling, have been reported to be the most
frequent cases leading to falls in at-risk older individuals [3]. Of particular concern regarding
stance perturbations leading to falls is balance stability in the body frontal plane. Research has
shown that amplitude of mediolateral (ML) spontaneous sway, amplified by lack of vision, is
the single best predictor of future falling risk induced by mechanical perturbations in older
individuals [4]. Additional investigation has shown that older individuals with history of falls
have increased amplitude of ML sway either under full or occluded vision [5], and reduced
functional limits of stability in the ML direction [6]. Although balance instability in the frontal
plane is particularly critical to older persons, sudden unpredictable sideways displacements of
the support base have been shown to lead to high incidence of falls even in healthy young individuals [7]. On the other hand, a recent systematic review and meta-analysis has indicated a
lack of a single assessment tool able to predict with high certainty fall risk in older individuals
[8]. From these findings, it is apparent the scarcity of a reliable evaluation tool of an individual’s capacity to recover balance stability following a threatening perturbation. Such a balance
threatening context seems to require association between unpredictability and large magnitude of stance perturbations. Considering that postural responses to this kind of perturbation
are featured by diverse arm and leg compensatory movements [9, 10], it would be desirable to
count on an instrument evaluating integratively both upper and lower limb compensatory
movements for balance recovery.
Previous investigation focusing on lower limb compensatory movements to stance perturbations has identified different movements apparently related to the degree of challenge to balance stability, ranging from fixed-support response to support-change strategies through
single or multiple steps [9, 10]. A fixed-support response reflects the ability to recover balance
from a perturbation by keeping CoM within the limits of balance stability over the unchanged
support base area. To be observed, this reactive response requires instruction to “try not to
step” in stance perturbations of large-magnitude [11, 12], and it is scaled to perturbation magnitude through differential activation of the agonist muscles [13]. The fact that in this reactive
movement category body balance is recovered without any auxiliary leg displacement indicates
high stability of balance recovery. In situations in which a perturbation leads to increased balance instability, so that an individual is unable to recover body balance after a perturbation by
keeping the feet in place, one or multiple steps represent alternative compensatory strategies to
prevent a fall [14]. Compensatory stepping reactions can be adjusted to perturbation magnitude by modulating metric parameters, like step length, or by using different stepping patterns
[11]. For ML perturbations applied randomly to either side, single step responses have been
characterized by a sidestep [15] or a large cross-over step with the swing foot being moved
from one to the other body side, crossing either in front of or behind the support leg [11]. In
instances in which a single step is insufficient to restore a safe stability margin of CoM over the
support base at first foot contact, multiple steps are employed to recover balance stability [6].
The most frequent compensatory response pattern in these circumstances is featured by a
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sequence of sidesteps, with a small medial step followed by a longer lateral step with the opposite leg [15, 16]. From the aforementioned research, it appears that compensatory leg movements are generated according to the magnitude of stance perturbation by scaling a given
movement pattern (e.g., step amplitude) or by employing different movement patterns associated with the degree to which balance stability was threatened (e.g., single X multiple steps).
From this perspective, stability of balance recovery following an unpredictable perturbation
might be inferred from the pattern and amplitude of compensatory leg movements.
Unpredictable stance perturbations have been shown to lead not only to leg but also to associated arm compensatory movements, with similar timing of muscular activation onset across
the upper and lower limbs [17–20], suggesting a centrally multilimb coordinated response for
balance recovery [21–23]. Compensatory arm movements to a perturbation have been evidenced to vary in amplitude depending on balance stability. First trial stance perturbations
often evoke a primary arm reaction, which has been proposed to be the summation of a general startle reflex and a functional compensatory balance response [24]. Consistent with the
notion that the primary arm movements are functionally modulated, research has shown that
those reactions are scaled to perturbation magnitude [19], with arms’ amplitude [16] and
velocity [25] being affected by perturbation direction. Arms’ movements can be used as a
counterweight, being moved to the opposite direction of body disequilibrium in the search for
stabilization of CoM over the support base [17]. Additionally, it has been shown that arms’
movements are used to exploit interjoint reaction torques, leading to increased moment of
inertia of the body, and so increasing time available for balance recovery [12, 26]. A further
compensatory arm movement pattern to large-magnitude stance perturbations consists of
grasping reactions, which are frequently used when a support surface is available nearby [27].
Grasping reactions to balance perturbations are distinct from voluntary grasping in timing,
with shorter initiation delay and movement time in comparison to the latter [28]. In the
understanding of the functional role played by compensatory arm movements, it is relevant to
consider that they seem to be used in coordination with compensatory leg movements, with
interplay between the upper and lower limb reactions apparently having the common aim of
recovering upright balance stability [22, 29]. Based on this conceptualization, it is plausible
that stability of balance recovery from a perturbation is reflected in the spatial characteristics
of compensatory arm movements.
Even though the literature on compensatory movements has described a variety of arm and
leg movements to recover body balance following an unpredictable perturbation, less information is available on integration between compensatory arm and leg movements to respond to
large-magnitude stance perturbations. As kinematic analysis requires expensive motion capture systems for such an evaluation, a tool is required to assess whole-body responses in different applied contexts. In the present study, we propose a scale for analysis of compensatory arm
and leg movements (CALM), rating the upper and lower limb reactions to unpredictable perturbations as a function of associated balance recovery stability [9, 10]. The CALM scale was
tested in the analysis of compensatory movements to perturbations in the ML direction on a
moveable platform. To produce a context of unpredictability, we used randomized rotation,
translation and combined rotation-translation of the support base to either side in variable
platform velocities. By combining these factors, we conducted the scale assessment over a
series of non-repeated (single) perturbations. In addition to intra- and inter-rater scale reliability, we tested correlation between CALM scale scores and limbs’ kinematics, assuming that
lower scores in the scale should be associated with increased amplitudes of arm and leg movements, and vice-versa. Scale sensitivity to effects of reactive balance training [16, 30] was
assessed by comparing results between trained and untrained individuals for the tested balance
perturbations.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221398 August 28, 2019

3 / 17

Evaluation of compensatory limb movements for balance recovery stability

Methods
Participants
Evaluation of the CALM scale was based on data of 46 male and female healthy physically
active participants, age range 18–35 years (M = 22.16, SD = 3.93)1. Half the participants were
naïve for the probing stance perturbations (untrained group), and the other half experienced a
sequence of stance perturbations before evaluation (trained group). Training was made
through a sequence of 72 unpredictable stance perturbations of the support base in the ML
direction. Half the participants in the trained group received the perturbation-based balance
training in a blocked and half in a pseudorandom schedule in a single session. Training was
provided with the purpose of inducing improvement of compensatory movements, and then
testing the scale sensitivity to gains of reactive responses. Participants provided informed consent and experimental procedures were approved by the institutional review board in accordance with the declaration of Helsinki.

Evaluation and instruments
Perturbations in both training and evaluation were applied automatically by means of a custom-made moveable platform controlled through a custom LabView computer interface
(National Instruments (see [31] for details). The main purpose of our protocol was to evaluate
compensatory arm and leg movements to large magnitude ML stance perturbations in the
context of unpredictable mode, direction, magnitude and time of perturbation. The platform
moved through a single axis. Participants were positioned on the platform so that potential
disequilibrium would take place in the frontal plane of the body. Mediolateral perturbations
were applied in three modes: rotation, translation or combined rotation-translation, to either
side, in three platform peak velocities: 20˚/s / 20 cm/s (low), 30˚/s / 30 cm/s (intermediate)
or 40˚/s / 40 cm/s (high), keeping peak acceleration of 500o/s2 / 500 cm/s2 and displacement
amplitude of 7o / 7 cm constant across perturbations. The factors perturbation mode (3), direction (2) and velocity (3) of platform displacement were combined to generate 18 distinct stance
perturbations. To create the context of unpredictability in the evaluation trials, perturbations
were pseudorandomly sequenced (same sequence across participants). No cueing was provided about perturbation onset time, with trials triggered randomly between 2–5 s following a
verbal prompt. With these procedures, we prevented adaptation between trials due to repeated
exposure to the same perturbation, pre-planning of the ensuing movement, or anticipation
of platform movement onset. Thus, our protocol required pure reactive responses based on
different sources of on-line feedback on the effect of the perturbation on body balance. The
initial participant’s posture on the platform was keeping the Romberg’s stance, with the feet
oriented forward touching each other, maintaining both arms relaxed hanging beside the
trunk, and palms of the hands lightly touching the upper legs. The reduced ML support base
was employed to impose a high challenge to balance recovery. Balance perturbations were
applied while the participant gazed at a frontal spot positioned at the eyes height.
To become aware of the stance perturbations, participants watched a video demonstrating a
person responding to the different platform perturbations included in the protocol. In the videos, the participant observed feet-in-place responses for all modes of perturbation. This procedure is thought to have been particularly relevant for the untrained group, so that they were
aware of all kinds of perturbation used for evaluation without experiencing them. Absence of
familiarization trials allowed for evaluation of the primary response to each single perturbation
in the untrained group, in comparison to the trained group previously exposed to the perturbations. After video watching, subjects were warmed up for 5 min. with global movements.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221398 August 28, 2019

4 / 17

Evaluation of compensatory limb movements for balance recovery stability

Initial feet position was marked on the support base with adhesive tapes (5-cm width). Other
adhesive tape marks were fixed 15 cm away from the outer border of the feet to either side, in
parallel to the feet orientation. The tapes were used for reference of leg movement amplitude
for evaluation through the scale.
To prevent falls, participants wore a safety harness supported by two ropes tied at the shoulders height with the other end attached overhead. The safety harness was adjusted so that it
would support participants’ body in the case of falls, but not providing any support while they
stood on the platform before perturbation or during balance recovery without falls. The participant’s aim across perturbations was to recover balance after support base displacements trying
to maintain the initial body posture. They were instructed that if unable to recover balance stability after a perturbation by keeping the initial posture, arm and leg movements could be used
to recover a stable upright stance. Additionally, they were instructed to refrain from grasping
the safety ropes unless they were unable to recover balance using other resources, with this
response being considered as near fall.
Participants’ responses were filmed from behind using a commercial digital camera (Sony),
sample rate of 60 Hz, for off-line analysis based on the CALM scale. For kinematic analysis of
amplitude of upper and lower limb movements, reflective markers (14 mm diameter) were
attached bilaterally on the body at the following points: (a) acromion, (b) humeral trochlea, (c)
midway between anterior superior iliac spine and midline, and (d) calcaneus. Kinematic markers were tracked through four optoelectronic cameras (Vicon, Nexus T10), at the sample rate
of 200 Hz.

Development of the compensatory arm and leg movements (CALM) scale
The CALM scale was developed with the purpose of being an integrative instrument to evaluate
the different compensatory arm and leg movements in response to unpredictable large magnitude
stance perturbations. It was elaborated across three stages: (1) Compilation of arm and leg compensatory movements described in the literature, and those identified in the participants’
responses to mediolateral stance perturbations we applied for evaluation (described in the following). (2) Assignment of scores to the distinct compensatory movement patterns. Scores were
ascribed to arm movements based on amplitude of hands’ displacement, with lower scores for
wider movements away from the initial position. For leg movements, we ascribed scores based on
the pattern and amplitude of motions. Based on literature [9, 10] and our own preliminary analysis of the current data, we defined the following sequence of scores for balance recovery stability:
feet-in-place > feet sliding > leg swing > single step > multiple steps. The patterns of leg swing,
single and multiple steps were differentiated as a function of movement amplitude (see description in the ensuing paragraph). (3) Raters training to use the scale. In this latter stage, the raters
scored individually all probing responses of 20% of participants (10 of each group), and compared
the results. Cases of disagreement between the raters were discussed for reaching a consensus.
For both arm and leg compensatory movements, the lowest score (1) was given for the most
unstable response of being supported by the safety ropes (grasping or hanging), independent of
leg movements, which were classified as near falls. Arm movements were classified as a function
of their amplitudes (the greater right/left amplitude of hand motion was used for scoring), as
described in the following (score in parenthesis): Large (2), large shoulder abduction raising the
hand(s) at or above the shoulders height. Moderate (3), moderate shoulder abduction raising
the hand(s) in the range between about 10-cm lateral distance from the initial position and
below the shoulders’ height. Small (4), minor shoulder abduction, with contact loss between the
hand(s) and the leg(s) less than about 10 cm. Motionless (5), the most stable response, maintaining the hands in contact with the legs while recovering body equilibrium.
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Compensatory leg movements were classified as follows (score in parenthesis): Multiple
steps (2–3), changing the support base for balance recovery through two or more steps; this
classification was used independent of the multi-stepping pattern presented (see Introduction). Single step (4–5), balance recovery through a single step; this classification was used independent of whether the participant used a lateral sidestep (by moving the leg loaded by the
platform motion) or stepped by crossing over (in front of or behind) the support leg. Leg swing
(6–7), featured by outward swinging one leg for counter-weighting lateral body leaning while
supporting the whole body on the other leg. These three categories were subdivided into
“large” (lower score) or “small” (higher score) amplitudes, respectively for leg movements
crossing the 15-cm mark on the platform and for leg movements beyond the 5-cm mark but
not crossing the 15-cm mark on the platform. Sliding (8), featured by short one-foot or twofeet outward sliding over the support base (no feet-ground contact loss), or short (few centimeters) one-foot rising above the ground landing at about the place. Motionless (9), balance
recovery keeping the feet in place. A representation of the distinct arm and leg compensatory
movement patterns is shown in Fig 1, organized as a function of their stability for balance
recovery, with scores presented in parenthesis below the respective movement pattern (see
guidelines for application of the CALM scale at dx.doi.org/10.17504/protocols.io.2p2gdqe).

Data analysis
Scale reliability, correlation with kinematic data and sensitivity were assessed based on scores
achieved in each one of the 18 probing trials for participants of both the trained and untrained
groups. Intra- and inter-rater scale reliability was assessed from analyses of two raters (PST
and CRS), who were blind for group composition, performing the evaluation of the whole set
of trials for both arm and leg movements of a sample of 12 participants (6 from each group),
selected by means of computer-generated random numbers. As each participant was probed
in 18 trials, we evaluated in total 216 responses. Intra- and inter-rater reliability analysis was
made through Cohen’s kappa coefficients. For intra-rater reliability analysis, we used a twoweek interval between videotape assessments.
For correlational assessment, separate scores of arm and leg movements were correlated to
kinematic measurements of respective movement amplitudes. For arm movements, the scale
scores were correlated with maximum amplitude of shoulder abduction angle, given by the
vectors formed by the shoulder-elbow and shoulder-hip markers. For leg movements, the scale
scores were correlated with maximum amplitude of hip abduction angle, calculated by the
angle formed between the absolute vertical axis and the vector formed by hip-calcaneus of the
swing leg. Kinematic data were digitally low-pass filtered with a cut-off frequency of 10 Hz
through a dual-pass fourth-order Butterworth filter. Data processing was made through a
Matlab (MathWorks) routine after visual data inspection. Spearman’s rho correlation coefficients (rs) were used to analyze association between scale scores (averaged between raters) and
kinematic data.
For assessment of scale sensitivity to perturbation mode, velocity, and balance stability gain
from perturbation-based balance training, we averaged scores between the right and left sides
for homologous perturbations (same mode and velocity), given that scores were equivalent
between sides (see Results). Analysis was performed through pairwise comparisons, using the
Mann-Whitney U test for group-related comparisons in each perturbation mode by velocity,
and the Wilcoxon matched pairs test for effects of perturbation mode (rotation X translation X
combined; three velocities averaged), and velocity (low X high2; separately for each perturbation mode). Statistically significant effects are reported only.
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Fig 1. Arm-leg compensatory movements. Representation of arm (upper sequence) and leg (lower sequence)
compensatory movement patterns observed in response to unpredictable base of support displacement. The
compensatory movements are organized by response stability (from right to left), ranging from the most stable
“motionless” to the less stable “near fall” responses (grasping the safety ropes), with scores presented in parenthesis
below the respective movement pattern. Variation of leg movement amplitudes used for rating through the scale is not
represented.
https://doi.org/10.1371/journal.pone.0221398.g001

Statistica software (StatSoft, Tulsa, UK) was used for all analyses. Images representative of
the different compensatory movements, raw data and results from analyzes and images of different patterns of compensatory arm and leg movements are available for open access at http://
dx.doi.org/10.17632/fjm652j7gf.1#folder-bcd59584-079d-4951-8a0f-106e80f2a9a8.

Results
As we expected no effects of perturbation side, a preliminary analysis was performed to compare perturbations to the right versus the left side. The average scores of perturbations for each
side were compared through the Wilcoxon matched pairs test. Results indicated no statistical
significant difference, Z = 0.23, p > 0.8. In the following analyses we present data collapsed
between the two perturbation sides.
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Fig 2. Frequency of compensatory movement categories. Absolute frequencies of categories of arm (left-sided panels) and leg (right-sided panels)
compensatory movements. Data were collapsed between perturbation sides, and the frequencies are shown separately as a function of perturbation mode
(A-B), velocity (C-D), and training (E-F). Abbreviations: Mod = moderate, Mtl = motionless, N-fall = near fall, Mstep = multiple steps.
https://doi.org/10.1371/journal.pone.0221398.g002

In Fig 2 we present absolute frequencies of the arm (left-sided panels) and leg (right-sided
panels) compensatory movement categories, separately for perturbation mode (A-B), velocity
(C-D), and training (E-F). As that figure shows, our perturbation protocol elicited diversified
compensatory arm and leg movements. It is worth noticing that we observed two patterns of
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Table 1. Cohen’s kappa coefficients for intra-rater reliability.
Rater 1 (Day 1 x Day 2)

Rater 2 (Day 1 x Day 2)

Range

Overall

Z

SE

Range

Overall

Z

Arms

0.97–1.00

0.98

22.84

0.04

0.96–1.00

0.98

20.11

Legs

0.97–1.00

0.98

28.17

0.03

0.97–1.00

0.99

29.03

Global

0.91–1.00

0.97

35.42

0.03

0.94–1.00

0.98

33.93

SE
0.04
0.03
0.03

Note: Range of partial coefficients across compensatory movement patterns, overall coefficient across scores, Z value, and standard error (SE).
https://doi.org/10.1371/journal.pone.0221398.t001

compensatory leg movements not previously reported in the literature, namely leg swing and
feet sliding. In the former, the swinging leg was used as a counterweight to compensate for
trunk sway to the opposite side, while the latter led to a small enlargement of the support base.
This descriptive analysis shows whole body responses, suggesting that arm and leg compensatory movements were associated, being affected equivalently by perturbation type, velocity and
training.

Reliability
For analysis of intra-rater reliability, the proportions of between-evaluation (day 1 X day 2)
agreement were as follows: Rater 1: arms = 98.61%, legs = 98.61%, and global score = 97.22%;
Rater 2: arms = 98.61%, legs = 99.54%, and global scores = 98.15%. Cohen’s kappa analysis
indicated coefficients � 0.97 for both raters (Table 1). For analysis of inter-rater reliability,
proportions of agreement were as follows: Day 1: arms = 65.74%, legs = 90.28%, and global
score = 60.19%; Day 2: arms = 62.96%, legs = 90.74%, and global score = 57.41%. Cohen’s
kappa coefficients range was 0.46–0.88 (Table 2). Based on the Cohen’s [32] proposed interpretation, these agreement coefficients ranged from moderate (0.41–0.60) for inter-rater reliability in the arm and for global scores to very high (0.81–1.00) for inter-rater leg score
analysis and all intra-rater scores. All partial and overall coefficients were statistically significant (p < 0.01).

Correlational analysis with movement kinematics
In Table 3 we present Spearman’s rho coefficients (rs) between scale scores and respective
movement amplitudes (from kinematics) for arm and leg movements, separately for perturbation mode and velocity (data were collapsed between the two groups and the two sides).
Results revealed correlation coefficients in the range of -0.48 to -0.81, with significant values in
all analyses (p < 0.01). In Fig 3 we depict a graphic representation of a sample of those data,
showing scatter plots for arm and leg movements in the high velocity for the three modes of
perturbation. In this figure, one can see the association between angular amplitude of arm/leg
movements and the corresponding scale-based scores. These results support the conclusion
Table 2. Cohen’s kappa coefficients for inter-rater reliability.
Day 1 (Rater 1 x Rater 2)

Day 2 (Rater 1 x Rater 2)

Range

Overall

Z

SE

Range

Overall

Z

Arms

0.34–0.90

0.49

22.84

0.04

0.29–0.90

0.46

20.11

Legs

0.68–1.00

0.87

28.17

0.03

0.65–1.00

0.88

29.03

0.03

Global

0.31–1.00

0.53

35.42

0.03

0.27–1.00

0.50

33.93

0.03

SE
0.04

Note: Range of partial coefficients across compensatory movement patterns, overall coefficient across scores, Z value, and standard error (SE).
https://doi.org/10.1371/journal.pone.0221398.t002
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Table 3. Spearman’s rho coefficients (rs) between the CALM scale scores and respective movement amplitudes.
Rotation

Translation

Combined

Low

Int

High

Low

Int

High

Low

Int

Arms

-0.81

-0.67

-0.75

-0.63

-0.81

-0.80

-0.72

-0.79

High
-0.69

Legs

-0.54

-0.57

-0.66

-0.53

-0.60

-0.70

-0.48

-0.49

-0.49

Note: Data for arms and legs are presented separately for perturbation mode by velocity (low, intermediate (Int) and high) collapsing data between the two groups and
the two sides; all correlation values were statistically significant (p < 0.01).
https://doi.org/10.1371/journal.pone.0221398.t003

that the qualitative CALM scale scores are in agreement with objective measurements given by
a gold standard reference as provided by kinematic analysis.

Sensitivity
Analysis of scale sensitivity was made separately for arm and leg movements, and also for the
global score. Results for arm movement scores (Fig 4A) revealed significant differences between
the three perturbation modes, Z values range = 4.96–5.78, p values < 0.01, with scores organized
in the following order: rotation > translation > combined. Comparisons between platform displacement velocities showed significantly higher scores for the low as compared to the high velocity in translation, Z = 4.19, p < 0.01, and combined, Z = 2.82, p < 0.01, perturbation modes. The
effect of balance training was observed in the most challenging combined high velocity perturbation, Z = 2.17, p = 0.03, with higher scores for the trained than for the untrained group.
Results for leg movement scores (Fig 4B) revealed similar effects as found for arm movement scores. Analysis indicated significant differences between the three perturbation modes,
Z values range = 5.11–5.91, p values < 0.01, with scores in the following relationship:
rotation > translation > combined. Analysis of platform displacement velocities showed significantly higher scores for the low as compared to the high velocity in translation, Z = 4.22,
p < 0.01, and combined, Z = 2.87, p < 0.01, perturbation modes. Analysis of effect of balance
training indicated higher scores for the trained as compared to the untrained group in combined high velocity perturbations, Z = 3.02, p < 0.01.
Analysis of the global score (Fig 4C) showed similar sensitivity as that observed for the segmental scores. Results corroborated the same relationship of scores across perturbation
modes: rotation > translation > combined, Z values range = 5.44–5.91, p values < 0.01. Significantly higher scores for the low as compared to the high velocity were found in translation,
Z = 4.17, p < 0.01, and combined, Z = 3.08, p < 0.01, perturbation modes. Effect of balance
training was observed in higher scores for the trained as compared to the untrained group in
combined high velocity perturbations, Z = 2.92, p < 0.01. Overall, analyses revealed consistent
effects of perturbation mode, perturbation velocity, and perturbation-based balance training
across arm, leg and global scores, showing that the CALM scale was sensitive to the three factors manipulated.

Discussion
In the present study, we developed and tested for reliability, correlation with limbs’ kinematics
and sensitivity of the CALM scale for assessment of arm and leg compensatory movements to
large-magnitude stance perturbations in the ML direction. A particular point worth mentioning in the protocol used was the context of unpredictable mode, direction, velocity and time of
a series of support base displacements. With this protocol, we applied a sequence of unique
perturbations requiring pure reactive compensatory movements, preventing between-trial
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Fig 3. Correlation of CALM scale score and movement amplitude. Scatter plots and rs values for correlations between CALM scale scores and respective movement
amplitude based on kinematics for arm (left column) and leg (right column) movements, representing high velocity perturbations in the rotation (upper panels),
translation (intermediate panels) and combined (lower panels) modes of perturbation. Data were collapsed between the groups and perturbation sides.
https://doi.org/10.1371/journal.pone.0221398.g003

adaptation and anticipatory postural adjustments [33]. Observation of about 40 cases of near
falls in our results with young participants illustrates the challenge imposed to balance
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Fig 4. Comparison between the trained and untrained groups. Mean (SE in vertical bars) CALM scale scores for arm (A) and leg (B) compensatory
movements, and for the global score (C). Data are presented for rotation, translation and combined perturbations by velocity: low, intermediate (Int)
and high, averaged between perturbation directions. Asterisks represent significant differences between trained and untrained groups in specific
mode by velocity perturbations, and filled dots represent significant differences between low and high velocity.
https://doi.org/10.1371/journal.pone.0221398.g004

recovery in our perturbation protocol. Additional challenges to recover balance after perturbations in the current investigation were the biomechanical constraint of standing on a narrow
support base, and the task constraints of avoiding stepping and grasping reactions. It should
be noticed that, from the imposed constraints, the compensatory movements for balance
recovery were not completely spontaneous, since the primary movements selected in similar
situations are most frequently the easier and safer stepping or grasping reactions [10]. On the
other hand, the instructions to strive to keep the initial posture, and grasping the safety ropes
only as the last response resource, allowed for a clearer interpretation of stability of the
observed compensatory movements regarding unconstrained evaluations in which those
responses could be pre-planned. The context of perturbation unpredictability can be thought
as corresponding to some of the most challenging daily living situations requiring fast reactive
balance recovery of balance stability.

Arm and leg compensatory movements
As expected, results showed that the sequence of perturbations elicited a variety of compensatory arm and leg movements. For arm movements, we observed higher frequencies of
“motionless” responses for rotations and translations, while for the most challenging combined perturbations compensatory movements of moderate amplitude prevailed. Frequency of
motionless arm responses seems to have been associated with the degree of challenge to balance recovery, with progressive lower values across the rotation, translation and combined
perturbations. On the other hand, arm movements of moderate and large displacement amplitudes (see movements’ description in “Evaluation and instruments”), as well as grasping reactions, were found to be more frequent in combined perturbations. These results support the
interpretation that compensatory upper limb movements were selected as a function of the
magnitude of challenge to balance recovery imposed by the perturbation mode. One point to
be observed in this regard is that the safety ropes were graspable above the shoulders. This feature may have induced part of the moderate and large amplitude movements of the arms, possibly aiming to grasp the ropes at movement onset.
Analysis of leg movements led to description of two categories not identified previously in
the literature, namely “feet sliding” and “leg swing”. Fast outward feet sliding movements lead
to enlargement of the support base regarding the restrictive initial Romberg posture. One-legged outward swing, while supporting body weight on the contralateral leg, can prevent loss of
balance by using the swinging leg as a counterweight to trunk leaning toward the opposite
direction. It is worth noticing that leg swing was prevalent across categories of compensatory
movements for the most challenging combined perturbations. Thus, leg swing can be thought
to be a frequent pattern of leg movements in response to high challenge balance perturbations
when stepping is constrained. Both feet sliding and leg swing movements may have been specific to some extent to the constraints of an initial narrow support base associated with the
instruction to try not to step in response to perturbations. Multiple steps were observed in several trials for combined perturbations, showing that this is a compensatory movement used
not only by older [15] but also by young individuals when the perturbation is challenging
enough. Distribution of the diverse patterns of compensatory leg movements across the perturbation modes suggests that they are adaptive to the specific challenge imposed to balance
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recovery. For the less challenging support base rotations, participants were able to attend the
task constraint and recover balance through fixed-support responses in most trials, with rare
cases of leg swing or stepping, and no occurrence of near falls. Conversely, compensatory leg
movements ranging from leg swing to multiple steps, as well as near falls, were found to be
more frequent in combined perturbations. Support base translations were found to lead to a
profile intermediate between rotation and combined perturbations, with most responses featured by no or minimal (sliding) feet motion, but with several cases of less stable compensatory
movements. Overall, this descriptive analysis supports the interpretation that the diverse compensatory arm and leg movements are flexibly selected to generate whole-body responses [21]
as a function of the challenge imposed by a large-magnitude unpredictable perturbation to balance recovery.

Scale evaluation
Analysis of CALM scale scores revealed that they were consistent with the challenge imposed
by the different perturbation categories, with higher scores for rotations, intermediate for
translations and the lowest scores for combined perturbations for both arm and leg movements. Scale sensitivity to the effect of perturbation magnitude was evidenced from lower
scores in the high as compared to the low platform velocity in translation and combined perturbations. Lack of velocity-related effects in rotations, allied to very high scores in this perturbation mode, suggests that this kind of perturbation leads to subtle and less variable reactive
responses across platform velocities. Accordingly, this perturbation mode seems to be less suitable for evaluation through the CALM scale. Scale sensitivity was also demonstrated for the
effect of perturbation-based balance training. Achievement of higher scores by the trained in
comparison with the untrained participants in the most challenging combined perturbations
is consistent with the expected improved performance due to training of reactive postural
responses [16, 30]. Observing higher scores for the trained group in the most challenging perturbations suggests that improved balance stability acquired through perturbation-based balance training is associated with compensatory upper and lower limb movements. From this
comment, it seems the CALM scale is able to differentiate balance recovery stability in high
but in not in low challenge stance perturbations. Consistent effects between the arm and leg
scores suggests that either component of the CALM scale could be used separately with equivalent efficacy in the evaluation of balance recovery stability.
Evaluation of the CALM scale revealed significant correlations between both arm and leg
movement scores with kinematic measurements of respective movement amplitudes in all
(mode by velocity) forms of perturbation. Correlation coefficients between -0.48 to -0.81 can be
considered to be moderate to high across perturbations (mode by velocity). By considering that
compensatory arm and leg movements receiving lower scores can be expected to be performed
usually through wider lateral motions, and vice-versa for higher scores, evaluation referenced to
limbs’ kinematics is thought to be an objective indicator of a component differentiating some
inter-movement categories (e.g., feet-in-place X sliding X swing/single step) and intra-movement categories (e.g., large X small for sliding, swing and single step movements). However, for
the category of multiple steps one could not assume that the CALM score is associated with
movement amplitude, given that multiple steps are usually individually shorter in amplitude
than large swing movements and single steps. This corresponds to a limitation in analysis for
leg movements based on angular kinematics of movement amplitudes. This limitation might
underlie the finding of some moderate rather than high correlation values.
Analyses of intra- and inter-rater reliability showed moderate to very high coefficients of
agreement. These reliability coefficients are a further positive point in the CALM scale testing,
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showing that the evaluation criteria have the required objectivity to lead to reproducible scores
over time for a single rater, and to a high frequency of scores’ coincidence between raters.
However, the reported values should be considered in the context that the raters participated
in the scale development, extensively discussing the criteria for classification of the compensatory movements. Hence, extensive training may be required to achieve similar rates of coincident scores.
As a further comment about the generalizability of the reported resuts, the fact that our protocol provoked many cases of near falls in healthy young participants may lead to a floor effect
in the evaluation of people with increased fall risk. It is possible that the platform velocity may
have to be reduced in the assessment of fragile older or neurologic individuals to set appropriately the range of perturbation magnitudes for this group. Further research is needed to
explore this point.

Conclusions
Capacity to recover balance stability has been proposed to be properly evaluated in contexts of
unpredictable large-magnitude stance perturbations [10, 17]. In the current study, we presented and evaluated the CALM scale for analysis of different compensatory arm and leg
movements generated in response to perturbations with diverse degrees of challenge for balance recovery. Different from other scales rating performance in a set of quiet or dynamic balance tasks, intended to assess balance impairments in older or neurologic damaged individuals
[34–36], our scale rates the diverse set of compensatory movements based on stability of balance recovery. Results showing (a) correlation of the scale scores with arm and leg movement
kinematics, (b) sensitivity to the mode and magnitude (velocity) of perturbation and also to
the effect of perturbation-based balance training, in addition to (c) high intra- and inter-rater
reliability, indicate the suitability of the proposed scale for evaluation of compensatory limb
movements in response to unpredictable large-magnitude stance perturbations as an index of
balance recovery stability. We originally described two categories of compensatory leg movements, leg swing and feet sliding, which compose along with stepping movements the repertoire of lower limb compensatory movements for balance recovery. An additional innovative
point in the CALM scale is the integrative evaluation of arm and leg compensatory movements, allowing for analysis of whole-body responses to stance perturbations. Moreover, to the
best of our knowledge, this is the first scale for analysis of reactive postural responses for evaluation of balance recovery in healthy young individuals. As the CALM scale’s scores are proposed to be representative of the individual’s balance resilience to unpredictable largemagnitude perturbations, it can reveal to be an instrument potentially able to predict with
high certainty the probability of falls in healthy young individuals.

Notes
1. Data analyzed in this study were extracted from two unpublished investigations assessing
the effect of training and previous experience on large-magnitude balance perturbations.
2. For the sake of simplicity, the intermediate velocity was excluded from analysis.

Supporting information
S1 File. CALM scale application guidelines with graphic representation, description of
arm and leg movements and the respective scores.
(DOCX)
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Julia Ávila de Oliveira.
Supervision: Luis Augusto Teixeira.
Writing – review & editing: Jacques Duysens, Luis Augusto Teixeira.

References
1.

Oude Nijhuis LB, Allum JH, Borm GF, Honegger F, Overeem S, Bloem BR. Directional sensitivity of
"first trial" reactions in human balance control. J Neurophysiol. 2009; 101(6): 2802–14. https://doi.org/
10.1152/jn.90945.2008 PMID: 19279150

2.

Oude Nijhuis LB, Allum JH, Valls-Sole J, Overeem S, Bloem BR. First trial postural reactions to unexpected balance disturbances: a comparison with the acoustic startle reaction. J Neurophysiol. 2010;
104(5): 2704–12. https://doi.org/10.1152/jn.01080.2009 PMID: 20810688

3.

Robinovitch SN, Feldman F, Yang Y, Schonnop R, Leung PM, Sarraf T, et al. Video capture of the circumstances of falls in elderly people residing in long-term care: an observational study. Lancet. 2013;
381(9860): 47–54. https://doi.org/10.1016/S0140-6736(12)61263-X PMID: 23083889

4.

Maki BE, Holliday PJ, Topper AK. A prospective study of postural balance and risk of falling in an ambulatory and independent elderly population. J Gerontol. 1994; 49(2): M72–84. PMID: 8126355

5.

Lord SR, Rogers MW, Howland A, Fitzpatrick R. Lateral stability, sensorimotor function and falls in
older people. J Am Geriatr Soc. 1999; 47(9): 1077–81. https://doi.org/10.1111/j.1532-5415.1999.
tb05230.x PMID: 10484249

6.

Fujimoto M, Bair WN, Rogers MW. Single and multiple step balance recovery responses can be different at first step lift-off following lateral waist-pull perturbations in older adults. J Biomech. 2017; 55: 41–
7. https://doi.org/10.1016/j.jbiomech.2017.02.014 PMID: 28285746

7.

Feldman F, Robinovitch SN. Reducing hip fracture risk during sideways falls: evidence in young adults
of the protective effects of impact to the hands and stepping. J Biomech. 2007; 40(12): 2612–8. https://
doi.org/10.1016/j.jbiomech.2007.01.019 PMID: 17395188

8.

Park SH. Tools for assessing fall risk in the elderly: a systematic review and meta-analysis. Aging Clin
Exp Res. 2018; 30(1): 1–16. https://doi.org/10.1007/s40520-017-0749-0 PMID: 28374345

9.

Maki BE, McIlroy WE. The role of limb movements in maintaining upright stance: the "change-in-support" strategy. Phys Ther. 1997; 77(5): 488–507. https://doi.org/10.1093/ptj/77.5.488 PMID: 9149760

10.

Maki BE, McIlroy WE. Control of rapid limb movements for balance recovery: age-related changes and
implications for fall prevention. Age Ageing. 2006; 35 Suppl 2: ii12–ii8. 35/suppl_2/ii12.

11.

Maki BE, McIlroy WE, Perry SD. Influence of lateral destabilization on compensatory stepping
responses. J Biomech. 1996; 29(3): 343–53. PMID: 8850640

12.

Cheng KB, Huang YC, Kuo SY. Effect of arm swing on single-step balance recovery. Hum Mov Sci.
2014; 38: 173–84. https://doi.org/10.1016/j.humov.2014.08.011 PMID: 25457416

13.

Azzi NM, Coelho DB, Teixeira LA. Automatic postural responses are generated according to feet orientation and perturbation magnitude. Gait Posture. 2017; 57: 172–6. https://doi.org/10.1016/j.gaitpost.
2017.06.003 PMID: 28646745

14.

Maki BE, McIlroy WE. Influence of arousal and attention on the control of postural sway. J Vestib Res.
1996; 6(1): 53–9. PMID: 8719510

PLOS ONE | https://doi.org/10.1371/journal.pone.0221398 August 28, 2019

16 / 17

Evaluation of compensatory limb movements for balance recovery stability

15.

Mille ML, Johnson ME, Martinez KM, Rogers MW. Age-dependent differences in lateral balance recovery through protective stepping. Clin Biomech. 2005; 20(6): 607–16.

16.

Hurt CP, Rosenblatt NJ, Grabiner MD. Form of the compensatory stepping response to repeated laterally directed postural disturbances. Exp Brain Res. 2011; 214(4): 557–66. https://doi.org/10.1007/
s00221-011-2854-1 PMID: 21915670

17.

Allum JH, Carpenter MG, Honegger F, Adkin AL, Bloem BR. Age-dependent variations in the directional
sensitivity of balance corrections and compensatory arm movements in man. J Physiol. 2002; 542(Pt
2): 643–63. https://doi.org/10.1113/jphysiol.2001.015644 PMID: 12122159

18.

Marigold DS, Bethune AJ, Patla AE. Role of the unperturbed limb and arms in the reactive recovery
response to an unexpected slip during locomotion. J Neurophysiol. 2003; 89(4): 1727–37. https://doi.
org/10.1152/jn.00683.2002 PMID: 12611998

19.

McIlroy WE, Maki BE. Early activation of arm muscles follows external perturbation of upright stance.
Neurosci Lett. 1995; 184(3): 177–80. https://doi.org/10.1016/0304-3940(94)11200-3 PMID: 7715841

20.

Pijnappels M, Kingma I, Wezenberg D, Reurink G, van Dieen JH. Armed against falls: the contribution
of arm movements to balance recovery after tripping. Exp Brain Res. 2010; 201(4): 689–99. https://doi.
org/10.1007/s00221-009-2088-7 PMID: 19949781

21.

Marigold DS, Misiaszek JE. Whole-body responses: neural control and implications for rehabilitation
and fall prevention. Neuroscientist. 2009; 15(1): 36–46. https://doi.org/10.1177/1073858408322674
PMID: 19218229

22.

Cordo PJ, Nashner LM. Properties of postural adjustments associated with rapid arm movements. J
Neurophysiol. 1982; 47(2): 287–302. https://doi.org/10.1152/jn.1982.47.2.287 PMID: 7062101

23.

Misiaszek JE. Early activation of arm and leg muscles following pulls to the waist during walking. Exp
Brain Res. 2003; 151(3): 318–29. https://doi.org/10.1007/s00221-003-1501-x PMID: 12783148

24.

Campbell AD, Squair JW, Chua R, Inglis JT, Carpenter MG. First trial and StartReact effects induced by
balance perturbations to upright stance. J Neurophysiol. 2013; 110(9): 2236–45. https://doi.org/10.
1152/jn.00766.2012 PMID: 23945786

25.

Corbeil P, Bloem BR, van Meel M, Maki BE. Arm reactions evoked by the initial exposure to a small balance perturbation: a pilot study. Gait Posture. 2013; 37(2): 300–3. https://doi.org/10.1016/j.gaitpost.
2012.07.017 PMID: 22925376

26.

Cheng KB, Wang KM, Kuo SY. Role of arm motion in feet-in-place balance recovery. J Biomech. 2015;
48(12): 3155–62. https://doi.org/10.1016/j.jbiomech.2015.07.008 PMID: 26209086

27.

Bateni H, Zecevic A, McIlroy WE, Maki BE. Resolving conflicts in task demands during balance recovery: does holding an object inhibit compensatory grasping? Exp Brain Res. 2004; 157(1): 49–58. https://
doi.org/10.1007/s00221-003-1815-8 PMID: 14758453

28.

Gage WH, Zabjek KF, Hill SW, McIlroy WE. Parallels in control of voluntary and perturbation-evoked
reach-to-grasp movements: EMG and kinematics. Exp Brain Res. 2007; 181(4): 627–37. https://doi.
org/10.1007/s00221-007-0959-3 PMID: 17487477

29.

Marsden CD, Merton PA, Morton HB. Human postural responses. Brain. 1981; 104(3): 513–34. https://
doi.org/10.1093/brain/104.3.513 PMID: 7272713

30.

Freyler K, Krause A, Gollhofer A, Ritzmann R. Specific stimuli induce specific adaptations: sensorimotor
training vs. reactive balance training. PLoS One. 2016; 11(12): e0167557. https://doi.org/10.1371/
journal.pone.0167557 PMID: 27911944

31.

Coelho DB, Teixeira LA. Cognition and balance control: Does processing of explicit contextual cues of
impending perturbations modulate automatic postural responses? Exp Brain Res. 2017; 235(8): 2375–
90. https://doi.org/10.1007/s00221-017-4980-x PMID: 28493066

32.

Cohen J. A Coefficient of Agreement for Nominal Scales. Educ Psychol Meas. 1960;20.

33.

Mcllroy WE, Maki BE. Adaptive changes to compensatory stepping responses. Gait Posture. 1995; 3
(1): 43–50.

34.

Horak FB, Wrisley DM, Frank J. The Balance Evaluation Systems Test (BESTest) to differentiate balance deficits. Phys Ther. 2009; 89(5): 484–98. https://doi.org/10.2522/ptj.20080071 PMID: 19329772

35.

Berg K, Wood-Dauphinee S, Williams JI. The Balance Scale: reliability assessment with elderly residents and patients with an acute stroke. Scand J Rehabil Med. 1995; 27(1): 27–36. PMID: 7792547

36.

Tinetti ME. Performance-oriented assessment of mobility problems in elderly patients. J Am Geriatr
Soc. 1986; 34(2): 119–26. https://doi.org/10.1111/j.1532-5415.1986.tb05480.x PMID: 3944402

PLOS ONE | https://doi.org/10.1371/journal.pone.0221398 August 28, 2019

17 / 17

