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Editorial on the Research Topic

Current State of Postural Research - Beyond Automatic Behavior

Postural control requires regulating the neural circuitry of musculoskeletal mechanics to maintain
and change body spatial orientation to fulfill changing demands specific to the task and the
environment. Knowledge progression has closely followed our understanding of the dynamic
interplay between organism, task, and environment. Initially, Magnus (1) focused on the reflexes
elicited when decerebrate and decorticate animals righted themselves in space. As the science of
posturography progressed, minimization of movement reflected through a small center of pressure
footprint during quiet stance became the criterion value. A major theoretical shift occurred in
the 1970’s with development of the dynamic force platform; reactive postural behaviors could
be quantified and were found to be adaptive and modifiable. Thus, research began targeting
sensory pathways triggering the postural reactions. Simplified mechanics were used to model
the multisegmental body as an inverted pendulum with principal motion around the ankle. But
recent studies implicate cognitive processing in the organization of postural behaviors. Thus, basic
assumptions need to be challenged if posture control research is to continue to evolve. The papers
presented in this special issue are evidence of the progress that has been made toward explaining
and assessing effective postural control.

SENSORY INFORMATION AND POSTURAL CONTROL

To discern when multimodal sensory information impacts recovery of upright balance, Le Goic
et al. examine subject-specific geometry and inertial parameters. Intrinsic properties of the lower
limb, stiffness and damping, were the earliest influences; however, early muscle activity was
insufficient to counteract the external forces. The head was the last segment to move; thus, active
correction for a fall could not be initiated by vestibular and visual inputs. The authors conclude
that proprioception serves as the sole source of information for up to 300ms following onset of
unexpected falls. Rather than improved anticipation with experience, they argue for improved
efficiency of reactive behaviors.

Rasman et al. agree that active maintenance of the upright position requires sensorimotor
control. Since the relative contribution of each sensory system is determined by its sensor dynamics
and the coordinate system to which it links, they argue that active control is required to maintain
balance. Thus, sensory contributions to postural control can only be fully interpreted by combining
two common protocols: external perturbations and manipulating the balance control loop. Results
from a multisegmental robotic balance system that responds to manipulation of sensor dynamics
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are presented as basic principles underlying standing balance.
Alternatively, Peterka et al. provide detailed methods for use and
interpretation of a commercially available device to assess central
sensorimotor integration. They argue that applying an external
balance perturbation clarifies the cause and effect relationships
between sensory processing, motor action, and body sway.
Data from 40 subjects and prior results from individuals with
vestibular deficit are presented to support this conclusion.

Lhomond et al. explore whether re-calibration of
sensorimotor mechanisms in the postural control loop occurs
during both movement preparation and execution. Facilitating
transmission of cutaneous inputs during the planning phase
of gait initiation produced increased somatosensory evoked
potentials in primary sensorimotor areas; the neural response
decreased when standing still. Premotor cortex, specifically
supplementary motor area and superior parietal lobe, was
concluded to be the putative source of efferent signals that
update current body representation by increasing tactile
sensitivity. In a review paper, Sienko et al. argue that long-term
training with sensory augmentation devices allow time for the
nervous system to develop optimal combinations and weights of
sensory cues. They report that individuals with vestibular deficit
as well as healthy older adults use real-time sensory augmented
cues to reduce sway when the initial stance position, support
surface, or visual inputs are modified during a static balance task.

HIGHER ORDER PROCESSES AND

POSTURAL CONTROL

Neuroimaging advances have provided new tools to decipher
higher order cortical processing relevant to postural adaptability
underlying motor learning and rehabilitation. Using functional
magnetic resonance imaging (fMRI) and mental imagery, Patel
et al. identified increased activation in dorsolateral prefrontal
cortex, superior parietal lobule, inferior occipital gyrus, and
lingual gyrus following slip-perturbation training while walking.
Imagined slipping increased activity compared to resting state
in supplementary motor area, parietal regions, parahippocampal
gyrus, and cingulate gyrus. Thus, higher-level processing
is required for the timing and sequencing of an effective
balance response.

The importance of cortical contributions to postural control
is highlighted in the perspective paper by Adkin and Carpenter
who have studied the emotional effects of height-induced threat
on human postural control. They argue that threat-related
postural changes promote a greater physical safety margin while
maintaining upright stance. Their critical review of the static
balance research literature highlights the need to recognize the
potential contributions of psychological and physiological factors
on balance deficits associated with age or pathology.

Dakin and Bolton provide a critical review of research
methods and progress in the understanding of anticipatory
postural behaviors to expose the role of prediction in postural
control. Anticipatory behaviors can be facilitated by changes
in the state, or set, of the nervous system. They argue that
cortical expansion has improved prediction, termed “foresight,”

for preparing to interact with the changing environment. Internal
models allow for the fine tuning and priming associated with
motor affordances, while learning can be implemented in the
cortical, basal ganglia, and cerebellar networks.

COGNITION AND ATTENTION AND

POSTURAL CONTROL

Recent research has targeted cognitive and postural interactions
to inform about functional behavior in a complex environment.
Dual task paradigms are used extensively to reveal the
contributions of cognition and attention to postural control,
particularly in the aging population. The focused review by Li
et al. distinguishes the neural circuits involved in cognitive or
motor performance, and asserts that dual task interference should
be greatest when the cognitive and motor tasks engage the same
neural circuits in keeping with the principle of neural overlap.
The literature reveals age-related differences in neural substrates
underlying cognition and the degree to which the age-related
decline of sensory systems (e.g., vision, hearing) contribute
to cognitive load. Findings support focused cognitive training,
exercise, and multimodal training of older adults to improve
postural and gait outcomes.

Stins and Roerdink assert that maintaining quiet upright
stance shifts between postural reflexes and higher (cortical)
centers in accordance with the theory of “intermittent control.”
This involves a rapid succession of brief periods of postural
stability, during which the body dwells relatively motionless in
a particular posture, and postural instability, during which the
body rapidly transitions to a new stable point. They hypothesize
that exerting ballistic control consumes more attention than
stiffness control, using variations in reaction time as the index of
attention load. Evidence of attentional fluctuations in the control
of quiet upright standing is provided by mapping stimulus-
response intervals to local COP parameters.

The original research of Chow et al. corroborates the
detrimental effect of directing too much conscious attention
toward postural control in young but not old subjects. Using an
electroencephalography (EEG) method previously identified as
an objective indicator of consciousmovement control, they assess
neural coherence between T3 (verbal-analytical) and Fz (motor-
planning) regions of the brain during a challenging balance task
with and without directing attention internally to movement
production. Increased EEG T3-Fz coherence in conjunction with
increased sway path during the internal focus condition is only
observed in young subjects. They caution that the observations
may not readily translate between populations and are not robust
to age-related changes.

By comparing healthy subjects to patients with Radiation-
Induced Leukoencephalopathy (RIL), Bargiotas et al.
demonstrates that alterations in executive function and attention
can lead to postural deficits. Their RIL patients presented
isolated dysexecutive syndrome without clinically detectable
gait or posture impairment. Postural and visual measurements
were made during the ecological task of reading a recipe while
cooking. The main finding is that horizontal and vertical eye
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movements, as well as the average duration of the saccades and
fixations, can predict postural deficits in RIL patients. They
conclude that increased balance impairment is coupled with a
reduced focusing capacity in ecological tasks.

IMPACT OF PARKINSON’S DISEASE ON

POSTURAL CONTROL

Parkinson’s Disease (PD) has often been used as a model for
understanding control mechanisms of posture because of the
role of basal ganglia in motor planning and intention. Pantall
et al. investigated the relationship between cognitive decline
and postural dysfunction in individuals with PD. Longitudinal
assessments of cognition and postural dynamics were performed.
Postural measures were positively correlated with lower cognitive
function and increased geriatric depression scores and negatively
associated with a qualitative measure of balance confidence. The
positive association between motor and non-motor features of
PD reflects the potential for shared neural correlates, potentially
the subcortical nuclei, between posture and depression.

If the sub-cortical nuclei and pre-supplementary motor areas
are complicit in the motor dysfunction observed with PD, then
we might expect impairments in motor planning and learning
rather than motor production. The ability of individuals with
PD to adapt to new task demands was reviewed by Olson et
al. Individuals with PD can learn to execute a new motor plan,
but have difficulty with rapidly and flexibly switching between
plans; thus, their motor plans do not become implicit. It was
concluded that individuals with PD may continuously require
explicit information and augmented sensory information to
create new motor plans. Wright examined motor adaptation
in individuals with PD by manipulating somatosensory input.
Support surface incline was changed during prolonged periods
of quiet stance. Young healthy controls and aged-matched older
adults exhibited long-term aftereffects of this incline, but those
with PD did not. These results suggest that the basal ganglia play
a role in tonic postural adaptation.

Cortical control for postural demands during walking is
particularly challenging for people with PD. Fino et al. examine
cognitive-locomotor interference using dual-task paradigms
during the gait cycle. Dual tasking interfered with the duration
of late swing and from foot contact to weight transference,

both of which require higher-order cortical processing for
planning and postural adjustments. Fling et al. measured
spatial and temporal gait asymmetry in age-matched healthy
and individuals with PD while in the levodopa off state.
Individuals with PD exhibited significantly more temporal and
spatial gait asymmetry than healthy controls, and changes in
transcallosal fiber tract integrity of the pre-supplementary motor
area (pre-SMA) and S1 was associated with their greater step
length asymmetry.

Jacobs et al. propose that the mechanisms underlying low
back pain are similar to those of PD. Evidence suggests that
both low back pain and PD are associated with impaired
proprioceptive function, sensory orientation during standing
balance, anticipatory postural adjustments, automatic postural
responses, and striatal-cortical function. A review of the data,
however, indicated that although both health conditions can be
associated with altered striatal-cortical function, the nature of
the altered structure or function was different for PD and low
back pain.

We learn from this special issue that the human organism is a
dynamic system where all components, be they sensory, motor,
mechanical, or cognitive, are operating in an interactive and
continuous fashion within environmental and task constraints.
Although it functions most efficiently as an automatic process,
postural control is a motor task that needs to be learned and
practiced throughout the lifespan to best serve the motor and
cognitive demands presented to the individual performer.
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gait asymmetry in People With 
Parkinson’s Disease is linked to 
reduced integrity of callosal 
sensorimotor regions
Brett W. Fling1,2*, Carolin Curtze3 and Fay B. Horak3,4
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and Integrative Neuroscience Program, Colorado State University, Fort Collins, CO, United States, 3 Department of 
Neurology, Oregon Health & Science University, Portland, OR, United States, 4 Veterans Affairs Portland Health Care System, 
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Background: Individuals with Parkinson’s disease (PD) often manifest significant tem-
poral and spatial asymmetries of the lower extremities during gait, which significantly 
contribute to mobility impairments. While the neural mechanisms underlying mobility 
asymmetries within this population remain poorly understood, recent evidence points to 
altered microstructural integrity of white matter fiber tracts within the corpus callosum as 
potentially playing a substantial role.

Objectives: The purpose of this study was to quantify spatial and temporal gait 
asymmetries as well as transcallosal microstructural integrity of white matter fiber tracts 
connecting the primary and secondary sensorimotor cortices in people with PD and 
age-matched control participants.

Methods: Spatial and temporal gait asymmetry in the levodopa off state was assessed 
using an instrumented walkway. On the next day, diffusion-weighted images were col-
lected to assess white matter microstructural integrity in transcallosal fibers connecting 
the homologous sensorimotor cortical regions.

results: People with PD exhibited significantly more temporal and spatial gait asymme-
try than healthy control subjects. Furthermore, people with PD had significantly reduced 
white matter microstructural integrity of transcallosal fibers connecting homologous 
regions of the pre-supplementary motor and supplementary motor areas (SMAs), but 
not the primary motor or somatosensory cortices. Finally, reduced transcallosal fiber 
tract integrity of the pre-SMA and S1 was associated with greater step length asymmetry 
in people with PD.

conclusion: People with PD showed increased step length asymmetries and decreased 
microstructural integrity of callosal white matter tracts connecting the higher-order sen-
sorimotor cortices (pre-SMA and SMA). The strong association between gait asymme-
tries and corpus collosum integrity, supports the hypothesis that reduced transcallosal 
structural connectivity is a significant mechanism underlying gait asymmetries in people 
with PD.

Keywords: Mri, diffusion-weighted imaging, gait, balance, transcallosal, mobility
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TaBle 1 | Participant demographics.

Parkinson’s disease hc

n 39 20
Age (years) 68.7 (8.0) 71.4 (8.1)
Sex (M/F) 26/13 7/13
Disease duration (years) 7.1 (5.7)
MDS-UPDRS III 40.1 (13.6)
PIGD 5.5 (3.5)
Hoehn and Yahr 2.4 (0.6)
MoCA 24.4 (4.1) 27.1 (1.9)
Levodopa equivalent dose (mg) 1,024 (75–8,680)
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inTrODUcTiOn

Impaired walking ability is common in persons with Parkinson’s 
disease (PD), typically manifesting as reduced gait velocity and 
step length, increased gait variability, and reduced automatic-
ity (1). PD has also been associated with temporal and spatial 
asymmetries of the lower extremities during gait (2, 3). These 
lower extremity asymmetries significantly contribute to mobil-
ity impairments in neurologic populations who experience gait 
and balance dysfunction. Reduced coordination during gait (i.e., 
increased gait asymmetry) is associated with increased metabolic 
cost, postural instability, falls, and reduced quality of life in those 
living with PD or following a stroke (4–6). While significant 
asymmetries in lower extremity control typically arise from 
unilateral neurologic insult such as a stroke, spinal cord injury, 
or traumatic brain injury, the neural mechanisms underlying 
mobility asymmetries within people with PD remain poorly 
understood. Although sparsely investigated, recent work suggests 
that altered microstructural integrity of white matter fiber tracts 
within the corpus callosum may play(s) a role (7–9).

Transcallosal communication via the corpus callosum plays a 
key role in the production of integrated motor behavior to gener-
ate appropriate, coordinated motor responses on both sides of the 
body (10, 11). The primary motor cortices are connected to the 
contralateral muscles controlling movement and are also densely 
interconnected through the corpus callosum allowing for inter-
hemispheric transfer of information. When precisely, bilaterally 
coordinating movements in time and space (e.g., walking or 
typing), activation of one limb has a cumulative, inhibitory effect 
on the ipsilateral motor cortex, obtained via interhemispheric 
communication (12, 13). The relationship between reduced 
transcallosal structural connectivity and impaired bimanual 
upper extremity control is clear and well studied (10, 11), but it 
remains unclear if these associations extend to bilateral control 
of the lower extremities as well. That is to say, reduced structural 
connectivity of the corpus callosum is common in PD (8, 14, 15), 
yet it remains to be tested how reduced transcallosal structure 
contributes to the lower limb asymmetries observed during gait 
and balance tasks.

The purpose of this study was to quantify spatial and temporal 
gait asymmetries (assessed via an instrumented walkway) as well as 
transcallosal microstructural integrity of white matter fiber tracts 
connecting the primary sensorimotor cortices and supplementary 
motor areas (SMAs) (assessed via diffusion-weighted imaging) in 
people with PD and age-matched control participants with no 
known neurologic conditions. Our overarching hypothesis was 
that those with PD would have increased spatial and temporal 
gait asymmetries during over-ground walking, associated with 
reduced sensorimotor corpus callosum structural connectivity 
compared with their age-matched counterparts.

MaTerials anD MeThODs

Participant Demographics
We recruited 39 people with idiopathic PD and 20 age-matched 
healthy controls (Table  1). The protocol was approved by the 
Institutional Review Board of Oregon Health and Science 
University. All subjects gave written informed consent in 

accordance with the Declaration of Helsinki. Clinical, mobility, 
and neuroimaging testing was performed over the course of two 
test sessions, separated by less than 1 week. All participants with 
PD were tested in the OFF medication state, that is, after with-
holding their dopaminergic medication for at least 12 h.

Mobility assessment
Participants walked at preferred gait speed three times over 
an 8-m long instrumented walkway with an active area of 
6 m × 0.6 m sampling at a frequency of 60 Hz (GAITRite, CIR 
System, Havertown, PA, USA). Spatial and temporal asymmetry 
in percent was calculated as follows:

 | | * ,1 100− left/right  

for step length and step time, respectively.

image acquisition
Neuroimaging data were collected at the Oregon Health and 
Science University’s Advanced Imaging Research Center on 
a 3.0  T Siemens Magnetom Tim Trio scanner with a 12-chan-
nel head coil. Collection parameters were similar to previous 
research conducted by our lab (16). Briefly, a structural, high-res-
olution T1-weighted MP-RAGE sequence was collected (orienta-
tion = sagittal, echo time = 3.58 ms, repetition time = 2,300 ms, 
256 × 256 matrix, resolution 1.0 mm × 1.0 mm × 1.1 mm). In 
addition, high angular resolution diffusion images were also 
acquired using a 72-gradient direction, whole-brain echo-
planar imaging sequence (TR = 7,100 ms, TE = 112 ms, field of 
view = 230 mm × 230 mm, b value = 3,000 s/mm2, isotropic voxel 
dimensions = 2.5 mm3) and 10 non-diffusion-weighted images 
where the b value was equal to 0.

Diffusion Tensor imaging analysis
Diffusion data were processed using the tools implemented in 
FSL (Version 5.0; www.fmrib.ox.ac.uk/fslwww.fmrib.ox.ac.uk/
fsl). Diffusion date were first corrected for eddy current distor-
tions and motion artifacts, then averaged to improve signal-to-
noise ratio (17) and subsequently skull stripped (using FSL’s brain 
extraction tool). Non-diffusion-weighted images (B0) were also 
utilized for field map correction to reduce geometric distortions. 
Each participant’s fractional anisotropy (FA) image was subse-
quently normalized into Montreal Neurological Institute (MNI) 
space via linear registration and Fourier interpolation through 
the FMRIB linear image registration tool.

9

https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://www.frontiersin.org/Neurology/archive
http://www.fmrib.ox.ac.uk/fslwww.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fslwww.fmrib.ox.ac.uk/fsl


FigUre 1 | (a) Representative example of identified transcallosal fiber tracts connecting the homologous right and left primary motor (M1) in a participant with 
Parkinson’s disease. (B) Analysis of white matter tract microstructure was subsequently restricted to regions of interest identified on 10 mid-sagittal slices contained 
within the corpus callosum. Green = tracts connecting primary somatosensory; red = tracts connecting M1; yellow = tracts connecting supplementary motor area 
(SMA); and blue = tracts connecting pre-SMA.
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interhemispheric callosal Tractography
Probabilistic fiber tractography to assess quantity and quality 
of interhemispheric structural connectivity for the body of the 
corpus callosum was carried out (Figure 1A). Similar to previ-
ous work (8, 18), we utilized a multiple ROI approach to provide 
specific fiber tract identification of callosal fibers connecting the 
primary and secondary sensorimotor areas. First, the Human 
Motor Area Template, which identifies the primary and second-
ary sensorimotor regions of the cortices (19), was co-registered 
to each individual’s MNI-normalized FA image and then used as 
a mask (20). The HMAT is an oft-used sensorimotor template 
that was identified through a meta-analysis examining functional 
MRI-defined cortical activity. Four sensorimotor regions were 
subsequently used to identify homologous, transcallosal fiber 
tracts connecting the SMAs and pre-SMAs, respectively, as well 
as the primary motor (M1) and the primary somatosensory (S1) 
cortices. In addition, for each interhemispheric sensorimotor 
fiber tract we utilized a “waypoint” ROI within the correspond-
ing region of the body of the corpus callosum as identified by 
previous work (Figure 1B) (20).

For all interhemispheric sensorimotor tracts, probabilistic 
fiber tracking was initiated from every voxel within the binarized 
cortical seed HMAT ROI in each participant’s native diffusion 
space, was required to pass through the corresponding callosal 
ROI waypoint, and terminated in the contralateral hemisphere’s 
homologous regions ROI. We identified four distinct interhemi-
spheric fiber tracts connecting the: (1) pre = SMA, (2) SMA, (3) 
M1, and (4) S1, respectively. Due to the difficulty in delineating 
differences between the interhemispheric connections between 
the ventral and dorsal premotor cortices (20), we choose to omit 
these ROIs from the current analysis.

As previously described (21), implicitly modeling noise in a 
probabilistic model allows for fiber tracking without externally 
added constraints such as FA threshold or fiber angle. As a 
result, fiber tracking in or near cortical areas, as in this study, 
becomes more sensitive. Utilizing a two-fiber model (22), as in 
this study, also improves the identification of crossing fibers. 

For all tractography, a large number of samples (25,000) were 
initiated from each voxel within the HMAT mask with the 
following parameters: step length of 0.5 mm, curvature thresh-
old of 0.2. Next, the probabilistic fibers were thresholded on 
individual maps to include voxels with a minimum of 50% of 
samples [i.e., selecting all connections where >12,500 of 25,000 
samples passed; a very conservative level in comparison to 
previous work using a threshold of 5% (20, 23)]. Finally, the 
identified fiber tracts were binarized and affine-transferred into 
MNI space and summed across participants. Analysis of tract 
volume and FA was calculated for all tracts identified within 
the four interhemispheric pathways of interest, and analysis 
was subsequently restricted to each participant’s 10 mid-sagittal 
slices (±5 slices from the mid-sagittal slice) to ensure that 
analysis was restricted to fiber tracts housed entirely within the 
corpus callosum.

statistical analysis
Diffusion derived metrics were compared via a repeated measures 
analysis of variance (2 groups × 4 tracts). Larger FA values are 
indicative of greater directional diffusivity, which is traditionally 
interpreted as better white matter microstructure, e.g., denser 
axonal packing and higher levels of myelination (21, 22). Cohen’s 
d effect sizes to demonstrate the strength of group differences 
were calculated for all primary gait and fiber tract outcomes. 
Finally, fiber tract integrity of the four transcallosal fiber tracts 
were correlated with both spatial and temporal gait asymmetry 
in people with PD and HC, respectively. Correlations were 
Bonferroni-corrected for multiple comparisons and considered 
significant if α ≤ 0.05/2.

resUlTs

Mobility Performance
Many people with PD walked with greater temporal and spatial 
gait asymmetry than age-matched healthy controls (Figure  2). 
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FigUre 3 | People with Parkinson’s disease (PD) had significantly reduced white matter microstructural integrity of the transcallosal fibers connecting homologous 
regions of the pre-supplementary motor area (SMA) and SMA, but not fibers connecting the primary motor (M1) and primary somatosensory (S1) cortices, when 
compared with age-matched control participants.
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FigUre 2 | People with Parkinson’s disease (PD) exhibited significantly more temporal and spatial gait asymmetry than healthy controls (p = 0.009 and p < 0.0001, 
respectively).

TaBle 2 | Cohen’s d effect sizes calculated for the primary gait and fiber tract 
sizes between groups.

cohen’s d

Temporal asymmetry 0.59
Spatial asymmetry 0.78
Pre-supplementary motor area (SMA) 0.59
SMA 0.54
Primary motor 0.28
Primary somatosensory 0.48

A large effect (≥0.75 and <1.10); medium effect (≥0.40 and <0.75); and small effect 
(≥0.15 and <0.40).
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While both metrics of asymmetry were greater in people with PD, 
we report a stronger effect size for spatial asymmetry (d = 0.78) 
as compared with temporal asymmetry (d = 0.59). People with 
PD also walked slower (p < 0.001; PD 1.05 ± 0.19 m/s and HC 
1.28 ± 0.16 m/s) and with a shorter step length (p < 0.001; PD 
0.55  ±  0.09  m and HC 0.66  ±  0.06  m), but similar step time 
(p < 0.48; PD 0.53 ± 0.05 s and HC 52 ± 0.04 s) compared with 
healthy control subjects.

Transcallosal Fiber Tract integrity
People with PD had significantly reduced white matter micro-
structural integrity (i.e., FA) of transcallosal fibers connecting 
homologous regions of the pre-SMA (p < 0.05; PD 0.42 ± 0.05 
and HC 0.46 ± 0.05) and SMA (p < 0.05; PD 0.51 ± 0.06 and HC 
0.54 ± 0.05), but not M1 (p = 0.34) or S1 (p = 0.09; Figure 3). We 
refer the reader to Table 2 for effect sizes comparing the strength 
of group differences across the four fiber tracts, which ranged 
from small (0.28) to medium (0.59).

associations Between gait asymmetry 
and Transcallosal Fiber Tract integrity
Poorer transcallosal tract integrity of fibers connecting the pre-
SMA (r  =  −0.58; p  <  0.001) was associated with greater step 
length asymmetry in people with PD, but not in healthy controls 
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FigUre 4 | Reduced transcallosal fiber tract integrity of the pre-supplementary motor area (SMA) and primary somatosensory (S1) were associated with greater 
step length asymmetry in people with Parkinson’s disease, but not in healthy controls.

TaBle 3 | Correlation between the microstructural integrity of the callosal 
sensorimotor regions and spatial and temporal gait asymmetry (correlations with 
p < 0.05 are highlighted in bold).

spatial asymmetry Temporal 
asymmetry

Parkinson’s disease 
(PD)

hc PD hc

Pre-supplementary 
motor area (SMA)

−0.5800 0.1581 −0.0780 0.3425

SMA −0.2699 0.2328 −0.0480 0.3744
Primary motor −0.1367 −0.1162 0.1924 0.3813
Primary somatosensory −0.3452 −0.0123 0.1923 0.0758
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(Figure  4). In addition, FA of fiber tracts interhemispherically 
connecting the right and left S1 was strongly associated with spa-
tial gait asymmetry in people with PD, although not significant 
when corrected for multiple comparisons (r = −0.34; p = 0.03). 
No significant association was observed between spatial asym-
metry and tract integrity of fibers connecting either the SMA 
or the M1 in people with PD. In addition, no correlations were 
observed between temporal asymmetry and any of the four trans-
callosal fiber tracts (r < 0.19 for all) in those with PD nor were any 
significant correlations observed between fiber tract integrity and 
gait asymmetry for healthy control subjects (Table 3).

DiscUssiOn

Differences in gait asymmetry between those with PD and HC 
were observed both spatially and temporally. Individuals with 
PD also had significantly reduced microstructural integrity of 
white matter fibers connecting the right and left pre-SMA and 
right and left SMA, regions responsible for higher-order motor 
control. Conversely, no differences in interhemispheric fiber 
integrity were found for those tracts connecting the right and 
left primary motor or somatosensory cortices. Finally, impaired 
neuroanatomy connecting the right and left higher-order motor 
planning regions of the sensorimotor cortical hemispheres 

(pre-SMA) and the S1 cortices resulted in a reduced capacity 
for spatially coordinating and controlling the legs during gait, 
specifically in people with PD.

Mobility Findings
While gait is generally considered to be symmetric, subtle asym-
metries do exist, even in HC (24). Findings on gait asymmetry 
in PD are inconsistent, while some studies have shown that gait 
asymmetry is increased in people with PD, especially in PD who 
experience freezing of gait (25, 26) others found no difference in 
spatial or temporal step asymmetry during over-ground walking 
(27). Notably, while step length asymmetry has previously been 
shown to be weakly correlated with disease severity (27), but not 
associated with asymmetry of clinical motor symptoms (25). 
Similar to spatial gait asymmetry (25), temporal gait asymmetry 
has not been found to be associated with laterality of motor 
symptom presentation of the disease (25, 28). Our current results 
demonstrate significantly increased spatial (e.g., step length) and 
temporal (e.g., step time) gait asymmetry in people with PD, 
when measured in the OFF levodopa state, when gait is most 
affected. While previous work has offered descriptive metrics of 
gait asymmetry in people with PD, the current work also provides 
evidence for potential neural bases underlying this altered gait 
pattern that appears to be independent of disease laterality as 
typically assessed by clinical motor assessments.

neuroimaging Findings
A recent meta-analysis by Atkinson-Clement et al. (15) reports 
consistent and significant reductions in white matter macro-
structural integrity of the corpus callosum, as assessed by FA, 
in people with PD compared with age-matched healthy control  
subjects (15). While the individual contributions of axonal 
density and myelination to FA are not fully understood, recent 
work indicates that axonal membranes likely play the primary 
role, whereas myelination can modulate the degree of anisotropy 
(29). As an example, anisotropy is reduced in demyelinating 
disease [multiple sclerosis (30)] and in conditions of premyelina-
tion [children (31)]. While several studies have focused on the 

12

https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://www.frontiersin.org/Neurology/archive


6

Fling et al. Callosal Integrity and Gait Asymmetry in PD

Frontiers in Neurology | www.frontiersin.org April 2018 | Volume 9 | Article 215

anterior portions of the callosum (i.e., the genu) and its relation 
to cognitive decline in those with PD (32–34), there is a small, 
but growing body of literature indicating associations between 
callosal integrity and locomotor control in PD and the elderly 
(8, 35).

Interhemispheric communication via the corpus callosum 
is a well-known contributor to coordinated bimanual upper 
extremity control in healthy (10, 36, 37) and neurodegenerative 
(30, 38) populations. Specifically, intact transcallosal structure 
has been shown to prevent interference between the two hands, 
particularly during bimanual out-of-phase actions (similar to 
gait) as compared with bimanual simultaneous movements (36, 
39, 40). Providing further confirmation for the specific relation-
ship between transcallosal connectivity and asymmetric bilateral 
control, those patients who have received a callosotomy maintain 
the capacity to synchronously coordinate their two hands while 
performing discrete, simultaneous actions (41). This finding indi-
cates that bilateral coordination remains possible, via pathways 
distinct from callosal communication. The current work extends 
this relationship between integrity of transcallosal sensorimotor 
fiber tracts to bilateral, out-of-phase control of the lower extremi-
ties in a large sample of people with PD. Specifically, these results 
point to transcallosal connections between the pre-SMA and 
the S1 cortices as important transcallosal fiber tracts associated 
with reduced symmetric control of gait in PD. Somatosensory 
cortices and medial motor areas like the pre-SMA have oft been 
implicated as serving prominent roles during complex bilateral 
movements.

Gerloff and Andres (42) have previously identified a complex 
cortical network underlying bimanual coordination, and they 
highlight the importance of the bilateral primary sensorimotor 
cortices, along with medial motor wall areas including the cin-
gulate motor area and the pre-SMA. There are particularly dense 
homotopic transcallosal connections within the pre-SMA and 
SMAs (43), and these higher-order motor regions substantially 
influence M1 activity in both hemispheres during the execution of 
visually paced movements (44). For example, the pre-SMA signifi-
cantly inhibits the opposite hemisphere’s M1, thereby suppressing 
its activity. A growing body of literature investigating the effects 
of non-invasive brain stimulation (e.g., repetitive TMS) to reduce 
activity of the pre-SMA and SMA has shown that temporal pacing 
while bimanually tapping the fingers in an anti-phase pattern is 
selectively degraded, as compared with synchronously tapping 
(45). The authors suggest that deterioration of interhemispheric 
coupling due to stimulation likely reduces interhemispheric inhi-
bition resulting in poorer motor performance on tasks requiring a 
higher level of interhemispheric inhibition. Similarly, our current 
results demonstrate that impaired neuroanatomy connecting 
the bilateral pre-SMAs results in a decreased ability to produce 
consistent steps with regards to the spatial domain in individuals 
with PD.

While the current literature is quite limited with regards to 
interhemispheric transfer of information between the primary 
somatosensory cortices, Geffen and colleagues (46) report that 
afferent feedback carries significant information regarding 
temporal control of movement and that it is a reduction in this 

sensory feedback that primarily impairs out-of-phase bilateral 
movement such as gait. Furthermore, recent work from Jung et al. 
(47) demonstrates that interhemispheric inhibition transmitted 
transcallosally between the bilateral somatosensory cortices is 
directly correlated with bimanual tactile performance, indicating 
that these interhemispheric sensory fiber tracts have behavioral 
importance for bimanual object manipulation and exploration. 
Structural findings within the brains of pianist’s, a group that 
demands exquisite bilateral control and coordination, also dem-
onstrates structural adaptations/enlargements of the SI hand rep-
resentation (48). The current results are the first we are aware of 
that demonstrate the importance of transcallosal somatosensory 
fiber tracts and the ability to output consistent spatial bilateral 
gait patterns (i.e., steps). Collectively, the pre-SMA and S1 both 
exert an inhibitory influence on the contralateral M1, particularly 
for tasks where each limb undergoes independent spatiotemporal 
profiles that must be coordinated together, like gait in this study.

A limitation of the current manuscript is the amount of gait 
captured, comprising only three trials over an 8-m walkway 
per participant. While the use of an instrumented walkway is 
required to accurately assess spatial asymmetry during typical 
gait, this approach has been shown to be reflective of multiple 
gait characteristics including gait speed, cadence, and step length 
and time variables, as used in this study (49).

cOnclUsiOn

People with PD showed greater temporal and spatial gait asym-
metry between the two legs along with decreased microstructural 
integrity of callosal white matter tracts connecting the pre-SMA 
and SMAs. Furthermore, strong associations were observed 
between callosal integrity of fiber tracts connecting pre-SMA and 
S1 cortical regions and step length asymmetries, solely in people 
with PD. These results indicate that reduced transcallosal senso-
rimotor structural connectivity may be a significant mechanism 
underlying bilateral gait asymmetries in those with PD.
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Low back pain (LBP) has a point prevalence of nearly 10% and ranks highest in global 
disease burden for years lived with disability; Parkinson’s disease (PD) ranks in the 
top 100 most disabling health conditions for years lost and years lived with disability 
(1). Recent evidence suggests that people with chronic, recurrent LBP exhibit many 
postural impairments reminiscent of a neurological postural disorder such as PD. We 
compare and contrast postural impairments associated with LBP and PD in order to 
inform treatment strategies for both conditions. The literature suggests that both LBP 
and PD associate with impaired proprioceptive function, sensory orientation during 
standing balance, anticipatory postural adjustments, automatic postural responses, and 
striatal-cortical function. Although postural impairments are similar in nature for LBP and 
PD, the postural impairments with LBP appear more specific to the trunk than for PD. 
Likewise, although both health conditions associate with altered striatal-cortical function, 
the nature of the altered neural structure or function differ for PD and LBP. Due to the 
high prevalence of LBP associated with PD, focused treatment of LBP in people with PD 
may render benefit to their postural impairments and disabilities. In addition, LBP would 
likely benefit from being considered more than just a musculoskeletal injury; as such, 
clinicians should consider including approaches that address impairments of postural 
motor control.

Keywords: Parkinson’s disease, low back pain, posture, anticipatory postural adjustment, postural response, 
balance

iNtrODUctiON

Low back pain (LBP) represents one of the most prevalent health conditions worldwide, having 
a point prevalence of nearly 10% and ranking first in global disease burden for years lived with 
disability (1). Parkinson’s disease (PD) also represents a significant health concern as the second-
most prevalent neurodegenerative disease in older adults and ranking in the top 100 most disabling 
health conditions for years lost and years lived with disability (1). Although LBP is a musculo-
skeletal condition and PD is a neurodegenerative condition, both health conditions present with 
impairments of postural control and associated alterations of central neurophysiology. For both 
conditions, these postural impairments span multiple domains of postural control, including  
(a) reduced somatosensory perception and altered somatosensory integration for balance control; 
(b) excessive axial postural tone and stiffness; (c) delayed and non-specific anticipatory postural 
adjustments (APAs) to stabilize and facilitate voluntary movement; (d) non-specific and less effectual 
automatic postural responses (APRs) to external perturbations; and (e) slowness of walking and 
other activities. Further, altered structure and function of cortex and basal ganglia is evident for 
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both health conditions. The purpose of this perspective paper is 
to compare and contrast the postural impairments and related 
changes in neurophysiology associated with LBP and PD and to 
discuss the potential implications of their shared impairments on 
the treatment strategies for both health conditions.

seNsOrY AcUitY, KiNestHesiA, AND 
DYNAMic ceNtrAL seNsOrY 
iNteGrAtiON

Any type of physical activity optimally requires accurate sensa-
tion and perception of one’s own position and movement (i.e., 
kinesthesia), and both PD and LBP associate with impaired kin-
esthesia. People with PD exhibit impaired tactile sensation and 
impaired kinesthesia to detect limb position during active motion 
as well as to detect passive limb and trunk rotation (2–8). People 
with LBP exhibit impaired two-point discrimination and can be 
unable to kinesthetically perceive their lumbar trunk based on 
body image traces (9). In contrast to the global somatosensory 
impairment exhibited by people with PD, the impaired tactile dis-
crimination of people with LBP appears to be isolated to the area 
of the LBP (9). Impaired lumbosacral repositioning accuracy has 
also been reported for people with LBP (10). Further, similar to 
the impaired detection of trunk motion exhibited by people with 
PD, people with LBP exhibit increased thresholds for detecting 
passive trunk flexion and lateral bending (11). Thus, although the 
extent of impairment may differ between people with PD versus 
LBP, both health conditions associate with impaired tactile acuity 
and kinesthesia.

The act of maintaining standing balance requires integrating 
visual, somatosensory, and vestibular inputs. The central nervous 
system must also modulate each modality’s influence on stand-
ing balance when transitioning to different sensory conditions. 
People with PD exhibit an impaired ability to limit postural sway 
during standing balance when somatosensory input is incongru-
ent with visual and/or vestibular input (12, 13). Likewise, people 
with LBP also exhibit increased postural sway under conditions 
in which somatosensory input is incongruent with the other 
modalities (14). An enhanced use of ankle proprioception and 
the ankle strategy for postural sway, rather than a flexible control 
strategy to utilize trunk proprioception and hip motion under 
challenging conditions, has also been reported for people with 
LBP (15). These results suggest that, for people with LBP, the 
postural impairment may be localized to the processing of trunk 
proprioception and trunk control, with perhaps compensation 
through enhanced afferent processing and use of the distal limbs 
for the control of standing postural sway. Thus, people with LBP 
and PD alike exhibit an impaired ability to modulate the influence 
of surface somatosensory input in order to maintain standing 
balance.

MecHANicAL cONstrAiNt OF riGiDitY

Rigidity (resistance to passive movement) is one of the cardinal 
symptoms of PD and can be evident across axial, proximal, 
and distal body segments. Although largely neural rather than 

peripheral in its generation (16), the rigidity associated with PD 
elicits a significant mechanical constraint that associates with 
impaired gait quality (17), turning (18), standing postural sway 
(19), and diminished quality of life (20). Direct measurement 
of axial rigidity by slow, passive trunk or hip rotation in stance 
demonstrates an increased rigidity with PD that correlates with 
clinical symptom scores (21) and with difficulty walking or roll-
ing over (18). Thus, rigidity is a pervasive impairment in PD that 
influences mobility, balance, and daily life.

Axial or spinal-segmental rigidity is also common in people 
with LBP, and a change in LBP corresponds with a change in axial 
rigidity, but these results are not always consistent across studies 
(22). Although not the intent of a study by Cacciatore and col-
leagues (and therefore not powered to detect group differences), 
direct measurement of axial rigidity by slow, passive trunk and 
hip rotation during standing posture has been evaluated in 
people with and without LBP (23) using the same methods as 
those of Wright et  al. (21) for people with PD. Cacciatore and 
colleagues reported nearly identical hip torques between a group 
of 8 people with LBP (mean ± SD = 3.06 ± 2.19) and a group of 
15 control subjects without LBP (3.07 ± 1.66), but a statistically 
non-significant trend for increased trunk torque (6.26  ±  3.61 
for LBP versus 5.00  ±  1.80 without LBP). Although requiring 
further study with a larger sample, the trend for increased mean 
rigidity with greater inter-individual variability in the group with 
LBP suggests that some, but not all, individuals with LBP exhibit 
axial rigidity (22). If the rigidity is evident, however, it is likely 
specific to the trunk. Therefore, although both LBP and PD have 
been associated with rigidity, this mechanical constraint is more 
consistent and pervasive for PD than for LBP.

ANticiPAtOrY POstUrAL 
ADJUstMeNts

Anticipatory postural adjustments represent learned, centrally 
programmed muscle activations of supporting body segments to 
counteract anticipated perturbing forces associated with volun-
tary movement in order to maintain posture and balance (24). 
Efficient movement thus depends upon appropriate movement-
specific timing and amplitude of APAs.

For PD, impaired APAs appear evident across multiple tasks, 
such as step initiation and arm raising. During step initiation, 
for example, people with PD exhibit prolonged and diminished 
APAs that are poorly scaled to initial mechanical constraints  
(25, 26). During arm raises, people with PD exhibit APAs that can 
be delayed beyond a time window of anticipatory control prior to 
movement-related perturbation, and these delayed postural acti-
vations are not specific to the movement (27). Thus, PD associates 
with delayed, diminished, prolonged, and unspecified APAs 
across tasks that elicit APAs from axial or distal musculature.

For LBP, the primary impairment of the APA appears to be a 
delay in activation that can extend beyond a window of anticipa-
tory control prior to movement-related perturbation (28, 29). 
Interestingly, similar to the findings on people with PD, people 
with LBP also exhibit a delayed APA that is not specific to the 
requirements of the movement (30). One notable difference, 
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however, is that the impairment is particularly limited to specific 
axial muscles and can actually be enhanced or earlier in onset at 
distal muscles (29). Thus, although delayed and contextually non-
specific APAs are shared by both PD and LBP, prolonged duration 
and generalized impairment across body segments appears more 
evident with PD than with LBP.

AUtOMAtic POstUrAL resPONses

The ability to maintain balance and posture in response to an 
externally induced postural perturbation is also essential for 
efficiency and safety during daily activity. APRs represent rapid, 
automatic, but functionally specific responses to postural pertur-
bations in order to maintain posture and balance.

For PD, the APR results in impaired stability marked by greater 
induced center-of-mass displacement and diminished corrective 
center-of-pressure displacement (31, 32). PD is also marked by 
impaired directional specificity of the APR, in which a non-
specific stiffening strategy of antagonistic muscle co-contraction 
is evident (32, 33).

People with LBP exhibit remarkably similar impairments of 
the APR as people with PD, demonstrating increased center- 
of-mass displacements (34), muscle co-contraction (35, 36), and 
impaired directional specificity of the APR (37, 38). As previ-
ously described for both quiet stance and the control of the APA, 
however, people with LBP also exhibit a redistribution of control 
for the APR via compensation at distal body segments (36, 37, 39)  
that is not evident with PD. Thus, both health conditions exhibit 
diminished stability, co-contraction, and directionally non-
speci fic APRs, but the impairment is more pervasive across body 
segments for PD, whereas the impairment appears localized to 
the trunk with compensation elsewhere for LBP.

BrADYKiNesiA

Bradykinesia is a hallmark feature of parkinsonism. For people 
with PD, bradykinesia can span movements across body seg-
ments, such as finger tapping, smiling, and gait (40–42). For PD, 
bradykinetic gait is marked by slowed gait velocity, decreased step 
length, step asymmetries, and variability, and recent studies have 
also identified altered trunk coordination (42–44).

Interestingly, people with LBP also exhibit slowed gait velocity,  
decreased step length, step asymmetries, and altered trunk 
coordination (45–47). Further, as with PD, bradykinesia is not 
isolated to gait for people with LBP, as they also exhibit slowed 
trunk motion and lifting behaviors (48, 49). Although the extent 
of bradykinesia with PD appears greater than for people with 
LBP when evaluating differences compared to matched control 
subjects, both health conditions share similar characteristics of 
bradykinesia.

AssOciAteD NeUrOPAtHOLOGY

Dysfunction of circuits involving the basal ganglia represents a 
hallmark pathophysiology associated with the development of 
motor symptoms in PD, which associates with clinical symptom 
severity, including postural instability and gait disturbance (50). 

LBP also associates with pathology of the basal ganglia. The 
transition from acute to chronic LBP associates with dimin-
ished striatal gray matter across multiple nuclei as well as with 
increased functional connectivity between prefrontal cortex 
and the nucleus accumbens; this increased connectivity also 
correlated with reported pain intensity (51). In subjects with 
established chronic LBP, however, there are many associated 
changes in neural structures and functions that do not necessarily 
resemble those of PD (52), including non-overlapping regions of 
diminished cortical gray matter and increased striatal gray matter 
(53, 54). Thus, corticostriatal pathology may affect both PD and 
LBP, but the nature of the pathology is quite different.

Beyond the existence of corticostriatal pathology, more 
specific alterations of cortical neurophysiology during postural 
tasks are evident with both PD and LBP. As determined by 
repetitive transcranial magnetic stimulation, the prolonged APA 
durations of people with PD during step initiation associate 
with the function of circuits involving the supplementary motor 
area, and the influence of stimulation at the supplementary 
motor area on APA duration appears to increase with increasing 
disease severity (26). Further, prior to initiating an APA for step 
initiation, greater amplitudes of electroencephalographic (EEG) 
preparatory cortical potentials associate with increasing disease 
severity for people with PD (55). With regard to the APR, people 
with PD exhibit enhanced preparatory EEG potentials, and the 
modulation of these potentials associates with the extent of APR 
modulation between conditions of differing perturbation ampli-
tudes (56). During walking, people with PD exhibit enhanced 
frontal lobe activity (57). In sum, the results suggest an enhanced 
influence of the cerebral cortex on postural control for people 
with PD.

People with LBP likewise exhibit evidence of an increased 
influence of the cerebral cortex on postural control. As deter-
mined by transcranial magnetic stimulation, larger areas of the 
transversus abdominus muscle’s cortical representation correlate 
with the onset delay of that muscle’s APA activation during an 
arm-raise task (58). People with LBP also exhibit increased pre-
paratory EEG potentials (29) as well as an increased topographi-
cal area of the potentials (59) prior to arm raises that require an 
APA. Amplitudes of preparatory EEG potentials have also been 
reported to correlate with APA onset time for subjects with LBP 
when performing an arm-raise task (59). With regard to the 
APR, people with LBP exhibit increased amplitudes of evoked 
EEG potentials in response to postural perturbation, and the 
amplitude of these enhanced potentials correlated with evoked 
center-of-mass displacement as well as the subjects’ reported 
pain-related disability and fear of physical activity (39). Therefore, 
people with PD and people with LBP exhibit altered cortical func-
tions that significantly correlate with their postural behavior and 
clinical symptoms, and this altered cortical function suggests an 
increased influence of the cerebral cortex on postural control for 
both health conditions.

Given the complex systems that control posture and gait (60), 
these few neuropathological similarities do not demonstrate that 
they are necessary and sufficient to produce the shared motor 
behaviors of LBP and PD. Although isolated characteristics of LBP 
could also relate to isolated characteristics of other neurological 
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conditions to suggest other mechanisms of neuropathological 
involvement, we preliminarily argue that the similarities in 
overall presentation of posture and gait between LBP and PD 
are greater than for LBP with other neurological conditions  
(e.g., cerebellar, vestibular, peripheral neuropathy, stroke), which 
differ in sensory conditions of impaired standing balance, truncal 
rigidity, the contextual specificity, scaling, and timing of APAs 
and APRs, as well as parkinsonian versus ataxic, neuropathic, or 
hemiparetic gait patterns (61–64). Therefore, relating the control 
of posture and gait of LBP to that of PD appears more robust than 
other options.

LBP cONFOUNDs PD

Based on the above sections, many shared postural impair-
ments exist for both PD and LBP. These shared impairments 
are so extensive that PD can be misdiagnosed as LBP (65). It is 
important to note, however, that LBP confounds PD, because 
LBP is often coincident with PD. In almost 30% of cases, LBP 
is an initial presenting symptom of PD (66, 67). In addition, the 
prevalence of LBP with PD is approximately 60–83% compared 
to approximately 25% in matched control subjects (68–70). Thus, 
it is possible that the postural impairments of PD are exacerbated 

by the coexistence of LBP, and LBP may be exacerbated by the 
postural impairments of PD.

iMPLicAtiONs FOr treAtMeNt

Although multidisciplinary treatment strategies are espoused for 
both PD and LBP (71, 72), the conservative physical treatment 
of postural impairment differs considerably between these two 
conditions. First, despite the prevalence of pain with PD, pain 
is rarely a focus of treatment for people with PD (69, 70). The 
treatment of motor impairment, however, is more common for 
people with PD. For example, physical therapy is utilized by about 
63% of cases with PD, and the majority of its use is focused on 
retraining gait, balance, and posture (73). In contrast, physical 
therapy is utilized by less than 20% of cases with LBP, and its use 
comprises approximately six visits that prioritize pain manage-
ment, strength, and flexibility rather than gait, balance, and 
postural training (74, 75). Treatment outcomes for LBP with this 
approach have been variable, although the use of motor control 
retraining hasn’t yet demonstrated superior treatment outcomes 
to general exercise (76). The lack of superior treatment outcomes 
for LBP with motor control retraining therapy, however, may be 
because the treatment does not adhere to principles of motor 

19

https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://www.frontiersin.org/Neurology/archive


5

Jacobs et al. Is LBP Parkinsonism

Frontiers in Neurology | www.frontiersin.org May 2018 | Volume 9 | Article 313

reFereNces

1. Stovner LJ, Hoff JM, Svalheim S, Gilhus NE. Neurological disorders in the 
global burden of disease 2010 study. Acta Neurol Scand Suppl (2014) 198:1–6. 
doi:10.1111/ane.12229 

2. Klockgether T, Borutta M, Rapp H, Spieker S, Dichgans J. A defect of kines-
thesia in Parkinson’s disease. Mov Disord (1995) 10:460–5. doi:10.1002/mds. 
870100410 

3. Demirci M, Grill S, Mcshane L, Hallett M. A mismatch between kinesthetic 
and visual perception in Parkinson’s disease. Ann Neurol (1997) 41:781–8. 
doi:10.1002/ana.410410614 

4. Sathian K, Zangaladze A, Green J, Vitek JL, Delong MR. Tactile spatial acuity 
and roughness discrimination: impairments due to aging and Parkinson’s 
disease. Neurology (1997) 49:168–77. doi:10.1212/WNL.49.1.168 

5. Adamovich SV, Berkinblit MB, Hening W, Sage J, Poizner H. The interaction 
of visual and proprioceptive inputs in pointing to actual and remembered 
targets in Parkinson’s disease. Neuroscience (2001) 104:1027–41. doi:10.1016/
S0306-4522(01)00099-9 

6. Jacobs JV, Horak FB. Abnormal proprioceptive-motor integration contri-
butes to hypometric postural responses of subjects with Parkinson’s disease. 
Neuroscience (2006) 141:999–1009. doi:10.1016/j.neuroscience.2006.04.014 

7. Konczak J, Corcos DM, Horak F, Poizner H, Shapiro M, Tuite P, et  al. 
Proprioception and motor control in Parkinson’s disease. J Mot Behav (2009) 
41:543–52. doi:10.3200/35-09-002 

8. Wright WG, Gurfinkel VS, King LA, Nutt JG, Cordo PJ, Horak FB. Axial 
kinesthesia is impaired in Parkinson’s disease: effects of levodopa. Exp Neurol 
(2010) 225:202–9. doi:10.1016/j.expneurol.2010.06.016 

9. Moseley GL. I can’t find it! Distorted body image and tactile dysfunction 
in patients with chronic back pain. Pain (2008) 140:239–43. doi:10.1016/j.
pain.2008.08.001 

10. Brumagne S, Cordo P, Lysens R, Verschueren S, Swinnen S. The role of 
paraspinal muscle spindles in lumbosacral position sense in individuals 
with and without low back pain. Spine (Phila Pa 1976) (2000) 25:989–94. 
doi:10.1097/00007632-200004150-00015 

11. Lee AS, Cholewicki J, Reeves NP, Zazulak BT, Mysliwiec LW. Comparison 
of trunk proprioception between patients with low back pain and healthy 
controls. Arch Phys Med Rehabil (2010) 91:1327–31. doi:10.1016/j.apmr.2010. 
06.004 

12. Chong RK, Horak FB, Frank J, Kaye J. Sensory organization for balance: 
specific deficits in Alzheimer’s but not in Parkinson’s disease. J Gerontol A Biol 
Sci Med Sci (1999) 54:M122–8. doi:10.1093/gerona/54.3.M122 

13. Frenklach A, Louie S, Koop MM, Bronte-Stewart H. Excessive postural sway 
and the risk of falls at different stages of Parkinson’s disease. Mov Disord  
(2009) 24:377–85. doi:10.1002/mds.22358 

14. Della Volpe R, Popa T, Ginanneschi F, Spidalieri R, Mazzocchio R, Rossi A.  
Changes in coordination of postural control during dynamic stance in chronic 
low back pain patients. Gait Posture (2006) 24:349–55. doi:10.1016/j.gaitpost. 
2005.10.009 

15. Brumagne S, Janssens L, Knapen S, Claeys K, Suuden-Johanson E. Persons 
with recurrent low back pain exhibit a rigid postural control strategy. Eur Spine J 
(2008) 17:1177–84. doi:10.1007/s00586-008-0709-7 

16. Zetterberg H, Frykberg GE, Gaverth J, Lindberg PG. Neural and nonneural 
contributions to wrist rigidity in Parkinson’s disease: an explorative study using 
the NeuroFlexor. Biomed Res Int (2015) 2015:276182. doi:10.1155/2015/276182 

17. Kwon KY, Kim M, Lee SM, Kang SH, Lee HM, Koh SB. Is reduced arm and 
leg swing in Parkinson’s disease associated with rigidity or bradykinesia? 
J Neurol Sci (2014) 341:32–5. doi:10.1016/j.jns.2014.03.041 

18. Franzen E, Paquette C, Gurfinkel VS, Cordo PJ, Nutt JG, Horak FB. Reduced 
performance in balance, walking and turning tasks is associated with increased 
neck tone in Parkinson’s disease. Exp Neurol (2009) 219:430–8. doi:10.1016/j.
expneurol.2009.06.013 

19. Bartolic A, Pirtosek Z, Rozman J, Ribaric S. Postural stability of Parkinson’s 
disease patients is improved by decreasing rigidity. Eur J Neurol (2005) 12: 
156–9. doi:10.1111/j.1468-1331.2004.00942.x 

20. Cano-De-La-Cuerda R, Vela-Desojo L, Miangolarra-Page JC, Macias-Macias Y,  
Munoz-Hellin E. Axial rigidity and quality of life in patients with Parkinson’s 
disease: a preliminary study. Qual Life Res (2011) 20:817–23. doi:10.1007/
s11136-010-9818-y 

rehabilitation that have been more thoroughly researched and 
considered in practice for neurological rehabilitation (77).

Therefore, despite the many shared postural impairments 
between PD and LBP, as well as the high prevalence of LBP in 
people with PD, the treatment approaches of these two health 
conditions are highly divergent. The coexistence of LBP with PD 
suggests focused management of pain, strength, and flexibility 
could potentially, at least partially, help alleviate postural impair-
ment with PD. Similarly, the shared motor impairments of LBP 
to PD suggests that the management of LBP could optimally 
include a postural motor retraining approach that is of sufficient 
focus and training exposure that motor patterns can be modified 
across multiple domains of postural control. Although important 
to substantiate mechanisms of pathology associated with LBP 
as an axial parkinsonism of postural tone and dynamic control, 
that substantiation does not preclude exploring postural motor 
retraining for LBP as a potential treatment to improve patient 
outcomes.

sUMMArY

Review of the literature indicates that both PD and LBP exhibit 
many shared impairments in postural control as well as some 
similar changes in neural pathology or function (Figure  1). 
Notably, for LBP (a) the impairments appear less pervasive 
and more localized to the trunk, (b) the impairments seem less 
consistent across individuals, and (c) despite some shared chara c-
teristics, the neural pathology is holistically of a different nature 

than for PD. Nevertheless, motor impairments seem more alike 
than different, suggesting that treatment strategies for LBP could 
benefit from those provided for PD, and treatment strategies that 
ameliorate LBP have the potential to benefit the treatment of 
motor dysfunction and lumbar pain in people with PD. Overall, 
the similarities of LBP and PD in postural impairment and 
associated neurophysiology suggest it may not be so implausible 
to consider LBP as an axial parkinsonism, rendering it the most 
prevalent parkinsonism in the world.
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Dual-task (DT) paradigms have been used in gait research to assess the automaticity 
of locomotion, particularly in people with Parkinson’s disease (PD). In people with PD, 
reliance on cortical control during walking leads to greater interference between cognitive 
and locomotor tasks. Yet, recent studies have suggested that even healthy gait requires 
cognitive control, and that these cognitive contributions occur at specific phases of the 
gait cycle. Here, we examined whether changes in gait stability, elicited by simultaneous 
cognitive DTs, were specific to certain phases of the gait cycle in people with PD. Phase-
dependent local dynamic stability (LDS) was calculated for 95 subjects with PD and 50 
healthy control subjects during both single task and DT gait at phases corresponding to 
(1) heel contact—weight transfer, (2) toe-off—early swing, and (3) single-support—mid 
swing. PD-related DT interference was evident only for the duration of late swing and 
LDS during the heel contact—weight transfer phase of gait. No PD-related DT costs 
were found in other traditional spatiotemporal gait parameters. These results suggest 
that PD-related DT interference occurs only during times where cortical activity is needed 
for planning and postural adjustments. These results challenge our understanding of 
DT costs while walking, particularly in people with PD, and encourage researchers to 
re-evaluate traditional concepts of DT interference.

Keywords: lyapunov exponents, locomotion, cognitive dual-task, local dynamic stability, dynamic postural control

inTrODUcTiOn

Locomotor deficits have been widely reported in people with Parkinson’s disease (PD) due to the 
degeneration of basal ganglia and brainstem structures that contribute to control of gait and bal-
ance (1–5). To compensate for disrupted subcortical pathways, individuals with PD exhibit more 
goal-directed locomotion (6–8), with greater reliance on cortical networks when walking (8, 9). 
In particular, people with PD exhibit increased gait variability (10–13) and abnormal gait dynam-
ics (i.e., how gait parameters vary over time) (14), often attributed to this loss of automaticity and 
increased cortical control of locomotion (7, 8, 15).

The primary evidence for this compensatory cognitive control in people with PD stems from 
excessive dual-task (DT) cost (16, 17). DT paradigms involve a cognitive task performed concur-
rently with a locomotor task, producing interference between the tasks and leading to decreases 
in the performance of one or both tasks (18–20). While there are several prevailing theories to 
describe the nature of these performance deficits, called DT costs or dual-task changes (DTC)  
(21, 22), a common notion maintains that the regulation of the cognitive task and the regulation of gait 

23

https://www.frontiersin.org/Neurology/
https://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2018.00373&domain=pdf&date_stamp=2018-05-30
https://www.frontiersin.org/Neurology/archive
https://www.frontiersin.org/Neurology/editorialboard
https://www.frontiersin.org/Neurology/editorialboard
https://doi.org/10.3389/fneur.2018.00373
https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:fino@ohsu.edu
https://doi.org/10.3389/fneur.2018.00373
https://www.frontiersin.org/Journal/10.3389/fneur.2018.00373/full
https://www.frontiersin.org/Journal/10.3389/fneur.2018.00373/full
https://www.frontiersin.org/Journal/10.3389/fneur.2018.00373/full
https://loop.frontiersin.org/people/353874
https://loop.frontiersin.org/people/435732
https://loop.frontiersin.org/people/536594
https://loop.frontiersin.org/people/542965
https://loop.frontiersin.org/people/15443


Table 1 | Demographic data.

controls PD p-Value

N 50 95
% Female 38 32
Age (years) 67.8 (8.0) 68.7 (7.7) 0.947
Height (cm) 171.7 (9.8) 174.2 (10.2) 0.176
Mass (kg) 73.8 (14.6) 79.5 (15.2) 0.033
miniBEST 24.6 (2.2) 18.4 (4.7) <0.001
TUG time (s) 18.3 (3.1) 23.2 (10.0) 0.001
MoCA 26.8 (1.9) 25.5 (3.6) 0.019
SCOPA-COG 32.0 (3.5) 28.1 (5.6) <0.001
Fall in the past year (%) 12 38
Disease duration (years) – 7.0 (5.2)
MDS-UPDRS part III – 40.4 (12.9)
PIGD score – 5.0 (3.2)
H&Y (range) – 2–3
N with freezing of gait – 26

Where applicable, groups were compared using independent sample t-tests and a 
significance level of 0.05.
Bold values indicate significant differences between PD and control subjects.
PD, Parkinson’s disease; miniBEST, mini Balance Evaluation Systems Test; MoCA, 
Montreal Cognitive Assessment; PIGD, Posture Instability and Gait Disability.
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interfere with one another. In healthy people, walking normally 
requires little cortical attention and therefore shows little DTCs, 
whereas in people with PD, walking requires significant cortical 
compensation, resulting in large DTCs (18–20, 23, 24).

Larger DTCs in spatiotemporal measures such as stride time, 
stride length, and gait speed have been reported in people with 
PD compared to control subjects (25), and larger DTCs have been 
associated with PD severity (19, 26), or freezing of gait (27, 28). 
However, these spatiotemporal measures of gait do not separate 
specific phases within the gait cycle that may be critical to stable 
locomotion. For instance, electroencephalography studies have 
indicated that gait involves cortical contributions at specific 
phases to plan the next foot placement, transfer weight from one 
step to the next, and maintain stability (29–31). Therefore, the 
interference between the cognitive task demands and the com-
pensatory cortical control of gait may be specific to certain phases 
of the gait cycle that depend most on cortical control.

To investigate whether people with PD have DTCs that 
are specific to certain phases of the gait cycle, we examined 
phase-dependent measures of gait stability and traditional 
spatiotemporal gait measures in subjects with idiopathic PD 
and healthy age-matched control subjects during self-paced, 
over-ground walking with and without a cognitive DT. Phase-
dependent local dynamic stability (LDS) of trunk movements 
was calculated at three phases of the gait cycle, corresponding to: 
(1) heel contact—weight transfer, (2) toe-off—early swing, and 
(3) single-support—mid swing. Phase-dependent LDS quanti-
fies the rate at which local perturbations are attenuated during 
specific phases of the gait cycle (32). Previous studies have shown 
that phase-dependent LDS during weight transfer, but not other 
phases, is a sensitive predictor of falls in elderly populations and 
can differentiate gait in young and older adults, suggesting that 
dynamic stability during weight transfer, specifically, is sensitive 
to neuromotor changes related to fall risk due to aging (32–35).

Greater knowledge of how cognitive tasks interfere with 
locomotor demands in people with PD may facilitate targeted 
intervention strategies that focus on specific, highly affected 
components of gait. Therefore, the purpose of this study was to 
examine if people with PD exhibit phase-specific DTCs in local 
dynamic gait stability. We hypothesized that people with PD 
would exhibit the most severe DTC in dynamic stability during 
the weight transfer phase of gait compared with controls. We 
anticipated that these PD-related DTCs in dynamic stability 
associated with weight transfer would differ between subjects 
with PD and healthy control subjects while the DTCs in other 
spatiotemporal gait would not.

MaTerials anD MeThODs

Participants
As part of a larger study (Clinical Trials NCT02231073 and 
NCT02236286), 100 individuals with idiopathic PD were recruited 
for this baseline analysis. All subjects with PD had clinically 
diagnosed idiopathic PD by a neurologist and were tested in the 
practical OFF levodopa state, after withholding anti-parkinsonian 
medication for ≥12 h. Inclusion criteria for subjects with PD were 

(1) between 50 and 90 years old, (2) no major musculoskeletal or 
peripheral disorders (other than PD) that could significantly affect 
their balance and gait, (3) ability to stand and walk unassisted, and 
(4) met criteria for idiopathic PD according to the according to 
the Brain Bank Criteria for PD (36). In addition, 56 healthy elderly 
adults were recruited from the community. Exclusion criteria for 
both groups were as follows: any other neurological disorders or 
musculoskeletal impairments that interfere with gait or balance, 
and inability to follow instructions.

Five individuals with PD and six healthy controls were 
excluded from the final analysis due to technical considerations 
(see Analysis). Demographic characteristics for subjects retained 
in the final analysis for each group are provided in Table 1. This 
study was carried out in accordance with the recommendations 
of the Oregon Health & Science University (OHSU) and Veterans 
Affairs Portland Health Care System (VAPORHCS) joint insti-
tutional review board (IRB) with written informed consent 
from all subjects. All subjects gave written informed consent in 
accordance with the Declaration of Helsinki. The protocol was 
approved by the OHSU (#4131) and the OHSU/VAPORHCS 
joint IRB (#8979).

Procedures
Subjects with PD were clinically rated by a trained examiner on 
the Motor Section (III) of the Unified PD Rating Scale (MDS-
UPDRS), which consists of 23 items related to bradykinesia, 
rigidity, tremor, and posture and gait signs rated on a four-point 
scale (37), prior to the mobility assessment. The Posture Instability 
and Gait Disability (PIGD) subscore was also calculated from the 
MDS-UPDRS Part III (38).

At the beginning of the mobility assessment, each participant 
performed a seated cognitive task of reciting every other letter of 
the alphabet for 1 min. The number of total responses and the num-
ber of correct responses were recorded. Each participant was then 
outfitted with eight inertial sensors (APDM, Inc., Portland, OR, 
USA), worn on the sternum, lumbar spine, bilaterally on the wrists, 
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anterior distal region of the shanks, and feet. Each inertial sensor 
recorded tri-axial accelerations and angular velocities at 128 Hz. 
Data from the wrist-sensors were not used for this study. As part of 
the larger study, participants completed several tests of balance and 
mobility, including the Timed Up and Go (TUG), mini Balance 
Evaluation Systems Test (miniBEST), and self-paced walking trials 
(Table 1). In addition, each participant completed the Montreal 
Cognitive Assessment (MoCA) (39) and SCOPA-COG.

Analysis of phase-dependent gait stability was based on two 
self-paced, walking trials: one 2-min trial with no added cognitive 
task [single-task (ST)] and one 1-min trial with a simultane-
ous cognitive task (DT). In both conditions, participants were 
instructed to walk at a comfortable pace back and forth con-
tinuously between two lines 7.62 m apart. In the ST condition, 
participants were instructed to walk for the entire 2 min; no other 
task was given. In the DT condition, participants were instructed 
to walk for 1 min while reciting every other letter of the alphabet. 
The order of the conditions was not randomized; the ST condi-
tion was always completed before the DT condition. In the DT 
condition, participants were given no instruction regarding the 
prioritization of one task over the other. The number of correct 
responses during the DT condition was recorded.

analysis
Raw 3-D accelerometer and gyroscope data were extracted from 
the sternum, lumbar spine, and shank inertial sensors for each 
walking trial. Each walking trial was segmented into multiple, 
straight walking bouts by removing turns and removing one stride 
immediately preceding and following each turn. Turns were identi-
fied using a threshold-based detection algorithm based on the axial 
angular velocity of the lumbar sensor (40). Heel-contact, toe-off, 
and mid-swing events were detected using the angular velocity 
of the shank as described by Salarian et  al. (41). Each straight 
walking bout was then divided into non-overlapping segments of 
five consecutive, straight walking strides, with each stride time-
normalized to 130 points to maintain equal data-length across 
segments. If a walking bout did not include at least five straight 
strides, it was excluded from the remainder of the analysis. Subjects 
were excluded entirely if they had no walking bouts with at least 
five consecutive straight strides in either the ST or DT conditions.

Phase-dependent LDS was calculated for each walking bout 
of five strides at three phases within the gait cycle, heel contact—
weight transfer; toe off—early swing; and single-support—mid 
swing, based on procedures described by Ihlen et al. (34). Briefly, 
a 6D state space X(t) = [aAP(t), aML(t), aML(t), ωAP(t), ωML(t), ωVT(t)] 
was constructed using the 3D trunk accelerations a(t) and 3D 
trunk angular velocities ω(t) from the sternum inertial sensor. 
Next, points corresponding to heel-contact, toe-off, and mid-
swing events were found within the state space, and two nearest 
neighbors within the space were identified for each event. For 
each gait event, the average distances from the trajectories of 
the two nearest neighbors to the trajectory of gait event were 
tracked for one step, and mean log divergence curves were cre-
ated by mapping the average distance across all similar gait events  
(e.g., all heel-contact events, all toe-off events, and all mid-swing 
events) as a function of the percentage of normalized stride. 

Phase-dependent LDS was then estimated for each segment using 
maximum finite-time Lyapunov exponents calculated from the 
slope of the mean log divergence curves from the initial gait event 
to the next 10% of the step cycle (i.e., 5% of the gait cycle) for each 
phase, heel contact (λHC), toe off (λTO), and mid swing (λMS) (e.g., 
heel contact + 5% of gait cycle, toe off + 5% of gait cycle, and mid 
swing + 5% of the gait cycle, respectively). This procedure can be 
described mathematically using the following equation:

 
λbout

stepln 
=
〈 〈 〉〉d t

t
i ( ) ,

 

where ⟨di(t)⟩ is the average Euclidean distance between the i 
nearest neighbor trajectories and the reference trajectory at each 
point in time t, where the gait event (e.g., heel contact, toe off, 
or mid swing) defined t = 0 within the state space, ⟨…⟩step is the 
average over all steps within the bout, and λbout is the estimate 
of phase-dependent LDS for a single bout. The median λHC, λTO, 
and λMS across all walking bouts was used as the final estimate 
of phase-dependent LDS at heel contact, toe off, and mid swing, 
respectively.

Traditional LDS, λKantz, was also calculated for each walking 
segment of five time-normalized strides following Kantz’s algo-
rithm (42) and previous reports for estimating local dynamics 
stability over short bouts of gait (43–45). A 9D state space was 
constructed from the three-dimensional trunk accelerations and 
their twice time-delayed copies using a fixed time delay of 0.25 of 
the average stride time. For each point, the average distance to the 
two nearest neighbors of the trajectory were tracked for one step, 
and mean log divergence curves were created by mapping the 
average distance across all points as a function of the percentage 
of normalized stride. Traditional LDS, λKantz, was then estimated 
for each segment using maximum finite-time Lyapunov expo-
nents calculated from the slope of the mean log divergence curves 
from the 0 to 0.5 strides, and the median across all walking seg-
ments was used as the final estimate of λKantz. For all four stability 
outcomes, greater values of λ indicate faster divergence or nearby 
trajectories in state space and are therefore associated with less 
stability; smaller values of λ indicate slower divergence and are 
typically associated with increased stability (46, 47).

To compare the DTC of stability outcomes to the DTC of 
traditional gait measures, temporal gait measures of stride time, 
double support time, early swing time (toe off to mid swing), 
and late swing time (mid swing to heel contact) were calculated 
from the difference in time between respective gait events. Gait 
speed and stride length were calculated from Mobility Lab soft-
ware using analysis version 3.0 (Mobility Lab v2, APDM, Inc., 
Portland, OR, USA).

To evaluate the performance on the cognitive task, the total 
number of responses and the number of correct responses were 
tabulated for both the seated and DT walking conditions. Accuracy 
was calculated as the number of correct responses divided by 

the total number of responses Accuracy Correct
Total

=







# . For 

cognitive task outcomes of total responses, correct responses, and  
accuracy, the DTC was calculated as the change relative to seated.
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Table 2 | Univariate means (SD) of each outcome stratified by group and 
condition.

single task Dual task

Mean sD Mean sD

gait speed (m/s)
Control 1.12 0.14 0.95 0.17
PD 0.93 0.20 0.78 0.19

stride length (m)
Control 1.19 0.08 1.11 0.10
PD 0.99 0.19 0.89 0.19

stride time (s)
Control 1.04 0.13 1.07 0.15
PD 1.07 0.16 1.09 0.15

Time in double support (%)
Control 22.5 3.9 24.6 3.9
PD 23.9 4.8 26.7 6.2

Time in early swing (%)
Control 51.2 4.8 48.1 5.4
PD 49.2 5.6 46.4 6.4

Time in late swing (%)
Control 26.5 3.3 27.4 3.3 
PD 27.0 3.3 27.0 3.7

Total cognitive responses (n)a

Control 36 7 35 8
PD 32 10 29 8

correct cognitive responses (n)a

Control 34 8 31 8
PD 29 11 26 9

cognitive task accuracy (%)a

Control 93 9 89 10
PD 90 11 88 11

λhc

Control 0.15 0.04 0.13 0.04
PD 0.13 0.04 0.12 0.04

λTO

Control 0.07 0.02 0.08 0.02
PD 0.08 0.02 0.08 0.02

λMs

Control 0.11 0.02 0.11 0.02
PD 0.12 0.02 0.11 0.02

λKantz

Control 0.30 0.07 0.34 0.08
PD 0.35 0.07 0.37 0.09

aST condition for cognitive responses refers to the seated condition.
PD, Parkinson’s disease.
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statistical analysis
Independent sample t-tests compared age, height, mass, mini-
BEST scores, MoCA scores, and SCOPA-COG scores between the 
PD and control groups. To investigate whether outcomes differed 
between groups, linear mixed models were fit for each stability 
outcome (λHC, λTO, λMS, and λKantz), spatiotemporal measure of gait 
(gait speed, stride length, stride time, double support time, early 
swing time, and late swing time), and cognitive task outcome 
(total responses, correct responses, and accuracy). Each model 
was adjusted for group, task (ST versus DT), and the group*task 
interaction. The group*task interaction term was included in each 
model to test whether groups had different linear DTC between 
task conditions. Each model included a random intercept for each 
subject to account for the repeated measurements within each 
subject. For the cognitive outcomes, the task effect compared 
seated to walking conditions. Gait speed was included as a covari-
ate in models for stability outcomes to account for variations in 
stability with gait speed (48, 49).

To confirm that any significant group*task interaction was 
robust to methods of calculating DTC (23), we performed post hoc 
analyses on any outcome with a significant group*task interaction. 
As the group*task interaction term in the linear mixed models 
assessed the linear DTC between tasks (DT − ST), group differ-

ences in the DTC as a percentage %DTC  DT ST
ST

=
−






×100%  

were tested using independent sample t-tests. To limit the number 
of comparisons, the comparison of %DTC between groups 
was only performed on outcome measures with a significant 
group*task interaction.

To assess whether DTCs were associated with disease duration, 
severity, or cognitive function in PD, Spearman correlation coef-
ficients compared the %DTCs of each outcome with a significant 
group*task interaction to disease duration, the MDS-UPDRS Part 
III subscore, the PIGD score from the MDS-UPDRS, the miniBEST 
score, the MoCA score, and the SCOPA-COG score. All statistical 
analysis was performed in MATLAB r2017a (The Mathworks 
Inc., Natick, MA, USA) using the Statistics and Machine Learning 
Toolbox. A significance level of 0.05 was used throughout.

resUlTs

Ninety-five subjects with PD and 50 healthy control subjects were 
retained in the final analysis after excluding five subjects with PD 
and six control subjects with no bouts of at least five strides during 
both ST and DT gait. The PD and control groups had medians (IQR) 
of 12 (2) and 14 (3) bouts of ST gait, respectively, and 6 (1) and 6 (2) 
bouts of DT gait, respectively, included in the analysis. There were 
no significant differences between groups in age or height. The PD 
group had significantly greater mass, lower miniBEST, MoCA, and 
SCOPA-COG scores, and had slower TUG times (Table 1). Univariate 
descriptive statistics for each outcome are shown in Table 2.

A significant group*task effect was found for phase-dependent 
stability at weight transfer (λHC) meaning that subjects with PD 
became less dynamically stable in the DT condition relative to the 
difference between conditions in the control subjects (Table 3,  
Figure 1). No group*task effect was found for stability at other 

phases (λTO, λMS) or when assessed without regards to phase 
(λKantz). Phase-dependent stability at weight transfer (λHC) and 
mid swing (λMS) was significantly greater (i.e., less stable) with 
faster gait speeds, while non-phase-dependent stability (λKantz) 
was significantly lower (i.e., more stable) with faster gait.

A significant group*task interaction effect was found for 
time spent in the late swing phase, where, relative to the ST 
condition, control subjects increased the time spent in late 
swing in the DT condition but subjects with PD did not 
change. No other spatiotemporal measure had a significant 
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Table 4 | Results from the linear mixed models for each spatiotemporal 
measure.

beta se lower ci Upper ci p-Value

gait speed (m/s)
Intercept 1.12 0.03 1.07 1.17 <0.001
Task (ref sT) −0.17 0.02 −0.20 −0.14 <0.001
group (ref controls) −0.20 0.03 −0.26 −0.13 <0.001
Group*Task 0.02 0.02 −0.02 0.06 0.368

stride length (m)
Intercept 1.19 0.02 1.15 1.24 <0.001
Task (ref sT) −0.08 0.01 −0.11 −0.06 <0.001
group (ref controls) −0.20 0.03 −0.26 −0.14 <0.001
Group*Task −0.02 0.01 −0.05 0.00 0.090

stride time (s)
Intercept 1.04 0.02 0.99 1.08 <0.001
Task (ref ST) 0.03 0.03 −0.02 0.08 0.230
Group (ref controls) 0.04 0.03 −0.02 0.09 0.157
Group*Task −0.02 0.03 −0.08 0.04 0.532

Time in double support (%)
Intercept 22.5 0.7 21.1 23.9 <0.001

Task (ref sT) 2.1 0.4 1.3 3.0 <0.001
Group (ref controls) 1.4 0.9 −0.3 3.1 0.107
Group*Task 0.6 0.5 −0.4 1.7 0.231

Time in early swing (%)
Intercept 51.1 0.8 49.6 52.7 <0.001

Task (ref sT) −3.0 0.5 −4.0 −2.0 <0.001
group (ref controls) −2.0 1.0 −3.9 −0.0 0.048
Group*Task −0.2 0.6 −0.9 1.4 0.732

Time in late swing (%)
Intercept 26.5 0.5 25.6 27.5 <0.001
Task (ref sT) 0.9 0.3 0.3 1.4 0.002
Group (ref controls) −0.5 0.6 −0.7 1.6 0.431
group*Task −0.9 0.3 −1.5 −0.2 0.010

Lower and upper 95% confidence intervals (CI) for beta are also presented. Bold values 
indicate significant effects at p < 0.05.

Table 3 | Results from the linear mixed models for each stability measure.

beta se lower ci Upper ci p-Value

λhc

Intercept 0.072 0.015 0.042 0.103 <0.001
Task (ref sT) −0.011 0.005 −0.020 −0.001 0.024
gait speed 0.070 0.013 0.045 0.096 <0.001
Group (ref controls) −0.006 0.007 −0.019 0.007 0.390
group*Task 0.011 0.005 0.000 0.021 0.043

λTO

Intercept 0.077 0.009 0.060 0.094 <0.001
Task (ref ST) 0.001 0.003 −0.006 0.008 0.756
Gait speed −0.003 0.007 −0.017 0.011 0.681

group (ref controls) 0.008 0.004 0.001 0.012 0.029
Group*Task −0.003 0.004 −0.011 0.004 0.412

λMs

Intercept 0.072 0.009 0.054 0.089 <0.001
Task (ref ST) 0.004 0.003 −0.002 0.010 0.163
gait speed 0.031 0.008 0.016 0.046 <0.001
group (ref controls) 0.015 0.004 0.008 0.023 <0.001
Group*Task −0.005 0.003 −0.011 0.002 0.178

λKantz

Intercept 0.471 0.031 0.410 0.533 0.000
Task (ref ST) 0.009 0.013 −0.017 0.035 0.486
gait speed −0.151 0.026 −0.203 −0.100 <0.001
Group (ref controls) 0.020 0.014 −0.007 0.048 0.142
Group*Task −0.011 0.015 −0.041 0.018 0.452

Lower and upper 95% confidence intervals (CI) for beta are also presented. Bold values 
indicate significant effects at p < 0.05.

-50 -25 0 25 50
Dual Task Change (%)

λKantz (Whole Stride)

λMS (Mid-Swing)

λTO (Toe-Off)

λHC (Heel Contact) PD
Control

FigUre 1 | Median dual-task changes (DTC) as percentages (%DTC) and 
IQRs for phase-dependent local dynamic stability (LDS) measures calculated 
at (1) heel contact—weight transfer, λHC, (2) toe off—early swing, λTO, and (3) 
single-support—mid swing, λMS, and traditional LDS calculated at all points 
within a stride, λKantz. DTCs were calculated as a percentage change with 
respect to single-task gait. *Phase-dependent LDS during heel contact—
weight transfer, λHC, was significantly different between groups whether 
calculated as a linear change (see Table 3), or as a percentage change. 
Group differences in DTCs as percentages were not tested on other stability 
outcomes as the group*task interactions were not significant in the initial 
linear mixed models.

-50 -25 0 25 50
Dual Task Change (%)

Time in Late Swing

Time in Early Swing

Time in Double Support

Stride Time

Stride Length

Gait Speed PD
Control

FigUre 2 | Median dual-task changes (DTC) as percentages (%DTC) and 
IQRs for spatiotemporal measures of gait for people with Parkinson’s disease 
(PD) (red) and healthy control subjects (blue). DTCs were calculated as a 
percentage change with respect to single-task gait. *Time spent in late swing 
was significantly different between groups whether calculated as a linear 
change (see Table 4), or as a percentage change. Group differences in DTCs 
as percentages were not tested on other spatiotemporal outcomes as the 
group*task interactions were not significant in the initial linear mixed models.
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group*task interaction effect indicative of PD-related DTCs. 
Subjects with PD had significantly slower gait speed, shorter 
stride lengths, and spent less time in early swing compared to 
controls (Table 4; Figure 2). The DT condition led to slower 
gait speeds, shorter stride lengths, more time spent in double 
support, and less time in early swing compared to the ST 
condition across all subjects.

There was no significant group*task interaction for any cogni-
tive task outcome (Table 5; Figure 3). Main effects of group and 
task were found for the number of correct responses, but not for 
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-50 -25 0 25 50
Dual Task Change (%)

Accuracy

Correct Responses

Total Responses PD
Control

FigUre 3 | Median dual-task changes (DTC) as percentages (%DTC) and 
IQRs for cognitive outcomes for people with Parkinson’s disease (PD) (red) 
and healthy control subjects (blue). DTCs were calculated as a percentage 
change with respect to seated. Group differences in DTCs as percentages 
were not tested for any cognitive outcome as no group*task interactions 
were significant in the initial linear mixed models.

Table 5 | Results from the linear mixed models for measures of cognitive task 
performance.

beta se lower ci Upper ci p-Value

number of total responses
Intercept 35.99 1.23 33.45 38.30 <0.001
Task (ref ST) −1.30 0.79 −2.86 0.26 0.103
group (ref controls) −3.86 1.53 −6.87 −0.86 0.012
Group*Task −1.07 1.00 −3.00 0.92 0.299

number of correct responses
Intercept 33.5 1.29 30.96 36.04 <0.001
Task (ref seated) −2.60 0.81 −4.19 −1.02 0.001
group (ref controls) −4.29 1.60 −7.45 −1.14 0.008
Group*Task −0.29 1.01 −2.28 1.69 0.771

cognitive task accuracy (%)
Intercept 92.5 14.7 89.6 95.4 <0.001
Task (ref seated) −3.4 1.3 −5.9 −0.8 0.010
Group (ref controls) −2.6 1.8 −6.2 0.9 0.149
Group*Task −1.4 1.6 −1.8 4.6 0.399

Lower and upper 95% confidence intervals (CI) for beta are also presented. Bold values 
indicate significant effects at p < 0.05.

Table 6 | Spearman correlation coefficients and p-values for comparisons 
between the %DTC of λHC and clinical characteristics in subjects with Parkinson’s 
disease.

Disease duration MDs-UPDrs 
part iii

Posture 
instability and 
gait Disability

ρ p-Value ρ p-Value ρ p-Value

%DTC λHC −0.011 0.917 0.091 0.384 0.063 0.549
%DTC time in late 
swing

0.039 0.709 0.075 0.475 0.109 0.294
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the number of total responses or accuracy. Subjects with PD had 
fewer correct responses than the control group across both condi-
tions, and the walking condition had fewer correct responses than 
the seated condition across both groups.

Post hoc t-tests were only performed on the %DTC for two 
outcomes, λHC and time spent in late swing, as those were the only 
outcomes with significant group*task interactions in the linear 
mixed models. The %DTC for λHC was significantly smaller in 
subjects with PD compared with controls (t = −2.56, p = 0.012). 
Similarly, the %DTC for time spent in late swing was significantly 
smaller in subjects with PD compared to controls (t  =  −2.78, 
p = 0.006).

The %DTC for time in late swing was significantly associ-
ated with TUG time in controls only (ρ  =  0.41, p  =  0.004), 
but not in subjects with PD. The %DTCs of λHC and time in 
late swing were not significantly associated with disease dura-
tion, MDS-UPDRS Part III subscore, or UPDRS PIGD score 
in subjects with PD (Table  6). The %DTCs of λHC and time 
in late swing were not associated with miniBEST, MoCA, or 
SCOPA-COG scores, or with age, height, or mass in either 
group (Figure 4).

DiscUssiOn

We compared the DTC on phase-dependent LDS during phases 
of the gait cycle beginning with heel contact, toe off, and 
mid swing in people with PD and healthy matched controls. 
Compared to controls, people with PD only demonstrated 
greater DTCs during the phase beginning at heel contact and 
corresponding to the weight transfer phase of gait. Many pre-
vious studies have described larger DTCs on spatiotemporal 
measures of gait in people with PD compared to controls [see 
review by Kelly et al. (25)], but these measures cannot examine 
intra-stride patterns. Our results suggest that cognitive DTs 
affect gait stability in an intra-stride, phase-specific pattern in 
people with PD.

Increasing evidence has suggested that gait has intermittent 
contributions from the cortex, and that these contributions 
are locked to specific phases of the gait cycle (29, 31, 50–52). 
Cortical activity in the premotor cortex is highest during 
single-limb stance prior to heel contact, representative of 
cortical planning of balance control and foot placement  
(30, 50). Others have reported elevated activity in the sensori-
motor cortices during weight transfer (31, 52, 53), indicative of 
sensory feedback for state estimation of postural adjustments 
(54). While it is not clear how variations in cortical activity 
affect DT interference, our results suggest DTC can similarly 
fluctuate within a gait cycle.

We found significant DTCs, indicated by a significant main 
effect of task, in both the PD and control groups with slower gait 
speeds, shorter stride lengths, more time spent in double support, 
and less time spent in early swing compared to the ST condition. 
However, these DTCs did not differ between subjects with PD 
and healthy control subjects. Previous work by Rochester et al. 
(23) suggested that DT deficits in PD stem from two underlying 
causes: age-related DT declines in overall gait performance and 
PD-related DT deficits in specific measures of postural control. 
Specifically, PD-related DT deficits were apparent only in step 
width and step width variability (23), implying that cognitive 
tasks only have PD-related interference with measures pertain-
ing to the unstable mediolateral (ML) direction during gait  
(55, 56). Stable gait is largely achieved by placing the swing limb 
to redirect the lateral movement of the center-of-mass (57, 58). 
While weight transfer occurs after placement of the swing limb, 
planning the placement of the swing limb occurs during second 
half of the swing phase (59), during a period of elevated activity 
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FigUre 4 | Radar plots of the absolute value of Spearman’s correlation 
coefficients between demographic and clinical outcomes and the %DTCs of 
λHC (top) or time in late swing (bottom). The dashed red and blue circles 
indicate the critical ρ value for p = 0.05 for Parkinson’s disease (PD) and 
control groups, respectively. The %DTC for time in late swing was 
significantly associated with TUG time in controls only (ρ = 0.41, p = 0.004). 
There were no other significant correlations (p > 0.05).
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in the premotor cortex (50). In a study of healthy elderly, Bruijn 
et al. (30) found that stabilizing healthy young participants in the 
ML direction significantly decreased step width, improved trunk 
stability, and reduced the activity in the premotor cortex immedi-
ately before and during weight transfer. Therefore, it appears that 
stability, particularly in the ML direction, might require signifi-
cant activity from the premotor and supplementary motor areas 
(SMA) for correct limb placement and weight transfer. Thus, the 
PD-related DTCs specific to the duration of the late swing phase 
of gait and gait stability during weight transfer are consistent with 
the effects of basal ganglia degeneration on SMA connectivity and 
postural adjustments in people with PD (24, 60–62). While we 
lack data on cortical activation to make firm conclusions about 
the nature of the DTC-related deficits we observed, we speculate 
that the PD-related DTCs during the late swing phase and weight 
transfer (λHC) may be indicative of greater cortical involvement 

for locomotion in PD, due to reduced automaticity (7, 8). In peo-
ple with PD, reduced automaticity and increased cortical control 
over action has been put forward to explain DT costs during gait 
(23). Our results suggest that DT interference, possibly due to 
increased reliance on cortical control in PD, may be more likely 
to occur at specific phases of gait that normally require cortical 
activity for stabilization, such as during late swing and weight 
transfer, as there may be less cognitive resources available for 
concurrent tasks at these phases.

We compared several spatiotemporal measures and meas-
ures of stability, but only phase-dependent LDS at weight 
transfer (λHC), and the time spent in late swing immediately 
prior to weight transfer, demonstrated PD-related DTCs. This 
result agrees with Rochester et  al. (23), who similarly found 
differences in postural stability measures of step width, but 
failed to find PD-related differences in step length, step time, 
or step velocity. Furthermore, these results suggest that DT 
assessments may ignore temporal variation in the demands 
of the locomotor task. While several models of DT interfer-
ence exist (e.g., bottleneck, resource limiting, and cross talk) 
(21), an implicit assumption across all models is that the two 
competing tasks occur simultaneously and uniformly. While 
studies have investigated how different cognitive tasks with 
variations in attentional focus over time influence DT costs 
during gait (63–65), few studies have examined the temporal 
variation of the demands of the locomotor task. Nonetheless, 
the idea that attentional demands vary across a gait cycle was 
suggested early on by Lajoie et  al. (66), who found verbal 
reaction time was slower during single support compared 
to double support phases of the gait cycle. However, while 
Lajoie et  al. (66), found reaction time varied by gait cycle 
in healthy young adults, they did not find DT differences in 
gait variables when assessing entire strides such as cadence, 
stride length, stride time, and gait speed. The general lack of 
consideration for intra-stride changes related to the locomotor 
task may help explain why DT assessments of gait have little 
added value over ST assessments when predicting future falls 
(67, 68). Supporting this notion, we found PD-related, DT 
interference on LDS only at a specific phase of gait, weight 
transfer. However, it is possible that severe PD-related DTCs, 
even if occurring only around weight transfer, could manifest 
in spatiotemporal measures of whole strides. Other studies 
have found PD-related DTCs in a variety of spatiotemporal 
measures, but there is variability about the magnitude of the 
effect and which spatiotemporal measures are affected (25).  
A phase-specific DTC in people with PD may explain some 
of this variability, where the PD-related DTC is blurred across 
the entire stride and only large magnitude DTCs are measur-
able. Combined, these results suggest that assessments should 
examine specific phases of gait, and that targeted interventions 
should specifically focus on improving the automaticity of foot 
placement and weight transfer during gait.

Few, if any, studies have compared phase-dependent LDS 
between people with PD and healthy controls. Yet, our results 
agree with previous studies that found phase-dependent LDS 
differences between young and older adults (33) and elderly 
fallers and non-fallers (34) specific to the weight transfer phase. 
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Notably, older adults had larger λHC, indicative of less stable 
dynamics, than young adults during steady-state treadmill 
walking (33). In a later analysis of data obtained during uncon-
trolled walking, Ihlen and colleagues (34, 35) found elderly with 
a history of falls had lower λHC values than non-fallers during 
daily living activities, indicating more stable dynamics. This dis-
parity was attributed to fallers engaging in less complex tasks at 
home. A separate analysis found λHC increased with increasing 
gait speed (32), suggesting gait speed may have played a role 
in the lower λHC values in fallers compared to non-fallers. In 
our study, the control subjects decreased λHC and slowed down 
when walking with a cognitive task, while individuals with PD 
slowed down but did not proportionally change λHC. Therefore, 
after adjusting for changes in gait speed, our results can be 
interpreted similarly to the previous studies on steady-state 
gait and aligns with the larger body of literature on LDS, where 
larger λ values indicate less stability (47). Accordingly, cognitive 
tasks during gait induced less stable dynamics during weight 
transfer in people with PD compared with similar-aged, elderly 
control subjects.

While this study benefited from a large sample size, several limi-
tations should be considered when generalizing the results. First, 
the analysis of LDS and phase-dependent LDS was performed 
on a small number of consecutive strides. The small number of 
stride may have increased the within-subject variability across 
bouts which was partially mitigated by obtaining many bouts of 
gait (44). In preliminary analyses, we excluded 26 subjects with 
PD and 16 control subjects who had less than four bouts—21% of 
the current sample—and we found identical results as presented 
here, suggesting that the current results are robust; the results do 
not appear to be driven by subjects with a small number of bouts. 
However, the present conclusions could be strengthened in future 
analyses considering a greater number of, and longer, bouts of 
consecutive strides.

Second, all subjects performed the same cognitive task, 
which introduced two confounding variables: between-subject 
differences in cognition and temporal variations in cognitive 
load as mentioned earlier. The PD group had significantly 
fewer correct responses across both seated and walking tasks, 
despite similar total responses, suggesting that our results 
may be associated with cognitive differences between groups. 
Yet, the DTC of λHC was not associated with the MoCA or the 
SCOPA-COG within either group, suggesting that cognitive 
differences alone do not explain our results. Furthermore, the 
lack of a significant group*task interaction for any of the cogni-
tive outcomes suggests that the PD group did not prioritize the 
cognitive and motor tasks differently than controls. It is pos-
sible the fixed order of the conditions may have introduced an 
order effect. However, the order was consistent across groups 
and the primary inferences were drawn from the group*task 
interaction. Similarly, the difference in duration between the 
walking conditions (2 min ST versus 1 min DT) led to fewer 
strides and bouts within the DT condition. The shorter DT 
duration was selected to accommodate people with PD who 
had difficulty completing 2-min of continuous DT walking. It 

is possible the different durations influenced the main effect 
of task, but it is unlikely the main inferences drawn from the 
group*task interaction were affected.

Finally, it is unclear how freezing of gait influenced our 
results. While bouts of gait that included a freezing episode 
were excluded from any analysis, it is unclear whether people 
PD with and without freezing of gait differed in bouts without 
a freezing episode. The relatively small number of people with 
PD who exhibited freezing of gait in our sample prevented a 
sub-analysis examining this question. However, future studies 
may investigate whether freezing of gait is similarly associated 
with phase-dependent DT costs.

Overall, these results challenge our understanding of DT 
costs while walking, particularly in people with PD. With 
growing evidence that cortical control occurs during specific 
phases of gait, it is necessary to re-evaluate traditional concepts 
of DT interference that may neglect the phasic structure of 
control during locomotion. Our results suggest that PD-related 
DT interference occurs only immediately before and during 
postural adjustments at weight transfer. Interventions, par-
ticularly those utilizing DT and multi-task training paradigms, 
may benefit from focusing on postural adjustments during gait, 
and future research should directly examine this question using 
mobile neuroimaging modalities time-locked to phases of the 
gait cycle.

eThics sTaTeMenT

This study was carried out in accordance with the recommenda-
tions of the Oregon Health & Science University (OHSU) and 
Veterans Affairs Portland Health Care System (VAPORHCS) joint 
institutional review board (IRB) with written informed consent 
from all subjects. All subjects gave written informed consent in 
accordance with the Declaration of Helsinki. The protocol was 
approved by the OHSU (#4131) and the OHSU/VAPORHCS 
joint IRB (#8979).

aUThOr cOnTribUTiOns

PF, MM, and FH conceptualized the question and hypothesis. 
FH, JN, and MM designed the study from which the data 
originates. PF, MM, and CC contributed to data collection and 
analysis. PF, MM, CC, JN, and FH contributed to the inter-
pretation, writing and editing of the manuscript. PF wrote the 
first draft.

acKnOWleDgMenTs

The authors would like to thank Graham Harker, Natassja Pal, 
Michael Fleming, Heather Schlueter, and Peter Martin for their 
assistance during data collection and subject recruitment, and 
special thanks to Dr. Patty Carlson-Kuhta for her contributions 
throughout the study. This study was supported through funding 
from the NIH 2R01AG006457 (FH), R00HD078492 01A1 (MM), 
and VA Merit 5I01RX001075 (FH).

30

https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://www.frontiersin.org/Neurology/archive


9

Fino et al. Phase-Dependent DT Costs in PD

Frontiers in Neurology | www.frontiersin.org May 2018 | Volume 9 | Article 373

reFerences

1. Morris ME, Iansek R, Matyas TA, Summers JJ. The pathogenesis of gait hypo-
kinesia in Parkinson’s disease. Brain (1994) 117(Pt 5):1169–81. doi:10.1093/
brain/117.5.1169 

2. Hanakawa T, Katsumi Y, Fukuyama H, Honda M, Hayashi T, Kimura J, et al. 
Mechanisms underlying gait disturbance in Parkinson’s disease: a single pho-
ton emission computed tomography study. Brain (1999) 122(Pt 7):1271–82. 
doi:10.1093/brain/122.7.1271 

3. Braak H, Del Tredici K, Rub U, De Vos RA, Jansen Steur EN, Braak E. Staging 
of brain pathology related to sporadic Parkinson’s disease. Neurobiol Aging 
(2003) 24:197–211. doi:10.1016/S0197-4580(02)00065-9 

4. Bohnen NI, Albin RL. The cholinergic system and Parkinson disease. Behav 
Brain Res (2011) 221:564–73. doi:10.1016/j.bbr.2009.12.048 

5. Galna B, Lord S, Burn DJ, Rochester L. Progression of gait dysfunction in 
incident Parkinson’s disease: impact of medication and phenotype. Mov 
Disord (2015) 30:359–67. doi:10.1002/mds.26110 

6. Bohnen NI, Jahn K. Imaging: what can it tell us about parkinsonian gait? Mov 
Disord (2013) 28:1492–500. doi:10.1002/mds.25534 

7. Wu T, Hallett M, Chan P. Motor automaticity in Parkinson’s disease. Neurobiol 
Dis (2015) 82:226–34. doi:10.1016/j.nbd.2015.06.014 

8. Gilat M, Bell PT, Ehgoetz Martens KA, Georgiades MJ, Hall JM, Walton CC, 
et al. Dopamine depletion impairs gait automaticity by altering cortico-stri-
atal and cerebellar processing in Parkinson’s disease. Neuroimage (2017) 
152:207–20. doi:10.1016/j.neuroimage.2017.02.073 

9. Maidan I, Nieuwhof F, Bernad-Elazari H, Reelick MF, Bloem BR, Giladi N, 
et  al. The role of the frontal lobe in complex walking among patients with 
Parkinson’s disease and healthy older adults: an fNIRS study. Neurorehabil 
Neural Repair (2016) 30:963–71. doi:10.1177/1545968316650426 

10. Hausdorff JM, Cudkowicz ME, Firtion R, Wei JY, Goldberger AL. Gait 
variability and basal ganglia disorders: stride-to-stride variations of gait cycle 
timing in Parkinson’s disease and Huntington’s disease. Mov Disord (1998) 
13:428–37. doi:10.1002/mds.870130310 

11. Hausdorff JM, Balash J, Giladi N. Effects of cognitive challenge on gait vari-
ability in patients with Parkinson’s disease. J Geriatr Psychiatry Neurol (2003) 
16:53–8. doi:10.1177/0891988702250580 

12. Schaafsma JD, Giladi N, Balash Y, Bartels AL, Gurevich T, Hausdorff JM. 
Gait dynamics in Parkinson’s disease: relationship to Parkinsonian features, 
falls and response to levodopa. J Neurol Sci (2003) 212:47–53. doi:10.1016/
S0022-510X(03)00104-7 

13. Moon Y, Sung J, An R, Hernandez ME, Sosnoff JJ. Gait variability in people 
with neurological disorders: a systematic review and meta-analysis. Hum Mov 
Sci (2016) 47:197–208. doi:10.1016/j.humov.2016.03.010 

14. Hausdorff JM. Gait dynamics in Parkinson’s disease: common and distinct 
behavior among stride length, gait variability, and fractal-like scaling. Chaos 
(2009) 19:026113. doi:10.1063/1.3147408 

15. Morris ME, Iansek R, Matyas TA, Summers JJ. Stride length regulation in 
Parkinson’s disease. Normalization strategies and underlying mechanisms. 
Brain (1996) 119(Pt 2):551–68. doi:10.1093/brain/119.2.551 

16. Wu T, Kansaku K, Hallett M. How self-initiated memorized movements 
become automatic: a functional MRI study. J Neurophysiol (2004) 91:1690–8. 
doi:10.1152/jn.01052.2003 

17. Clark DJ. Automaticity of walking: functional significance, mechanisms, 
measurement and rehabilitation strategies. Front Hum Neurosci (2015) 9:246. 
doi:10.3389/fnhum.2015.00246 

18. O’Shea S, Morris ME, Iansek R. Dual task interference during gait in people 
with Parkinson disease: effects of motor versus cognitive secondary tasks. Phys 
Ther (2002) 82:888–97.

19. Rochester L, Hetherington V, Jones D, Nieuwboer A, Willems AM, Kwakkel G,  
et al. Attending to the task: interference effects of functional tasks on walking in 
Parkinson’s disease and the roles of cognition, depression, fatigue, and balance. 
Arch Phys Med Rehabil (2004) 85:1578–85. doi:10.1016/j.apmr.2004.01.025 

20. Rochester L, Nieuwboer A, Baker K, Hetherington V, Willems AM, Kwakkel G, 
et al. Walking speed during single and dual tasks in Parkinson’s disease: which 
characteristics are important? Mov Disord (2008) 23:2312–8. doi:10.1002/
mds.22219 

21. Pashler H. Dual-task interference in simple tasks: data and theory. Psychol Bull 
(1994) 116:220–44. doi:10.1037/0033-2909.116.2.220 

22. Tombu M, Jolicoeur P. A central capacity sharing model of dual-task per-
formance. J Exp Psychol Hum Percept Perform (2003) 29:3–18. doi:10.1037/ 
0096-1523.29.1.3 

23. Rochester L, Galna B, Lord S, Burn D. The nature of dual-task interference 
during gait in incident Parkinson’s disease. Neuroscience (2014) 265:83–94. 
doi:10.1016/j.neuroscience.2014.01.041 

24. Peterson DS, Horak FB. Neural control of walking in people with Parkinsonism. 
Physiology (Bethesda) (2016) 31:95–107. doi:10.1152/physiol.00034.2015 

25. Kelly VE, Eusterbrock AJ, Shumway-Cook A. A review of dual-task walking 
deficits in people with Parkinson’s disease: motor and cognitive contributions, 
mechanisms, and clinical implications. Parkinsons Dis (2012) 2012:918719. 
doi:10.1155/2012/918719 

26. Lord S, Rochester L, Hetherington V, Allcock LM, Burn D. Executive dys-
function and attention contribute to gait interference in ‘off ’ state Parkinson’s 
disease. Gait Posture (2010) 31:169–74. doi:10.1016/j.gaitpost.2009.09.019 

27. Peterson DS, Fling BW, Mancini M, Cohen RG, Nutt JG, Horak FB. Dual-task 
interference and brain structural connectivity in people with Parkinson’s dis-
ease who freeze. J Neurol Neurosurg Psychiatry (2015) 86:786–92. doi:10.1136/
jnnp-2014-308840 

28. de Souza Fortaleza AC, Mancini M, Carlson-Kuhta P, King LA, Nutt JG, 
Chagas EF, et al. Dual task interference on postural sway, postural transitions 
and gait in people with Parkinson’s disease and freezing of gait. Gait Posture 
(2017) 56:76–81. doi:10.1016/j.gaitpost.2017.05.006 

29. Gwin JT, Gramann K, Makeig S, Ferris DP. Electrocortical activity is coupled 
to gait cycle phase during treadmill walking. Neuroimage (2011) 54:1289–96. 
doi:10.1016/j.neuroimage.2010.08.066 

30. Bruijn SM, Van Dieen JH, Daffertshofer A. Beta activity in the premotor 
cortex is increased during stabilized as compared to normal walking. Front 
Hum Neurosci (2015) 9:593. doi:10.3389/fnhum.2015.00593 

31. Wagner J, Makeig S, Gola M, Neuper C, Muller-Putz G. Distinct beta band 
oscillatory networks subserving motor and cognitive control during gait adap-
tation. J Neurosci (2016) 36:2212–26. doi:10.1523/JNEUROSCI.3543-15.2016 

32. Ihlen EAF, Goihl T, Wik PB, Sletvold O, Helbostad J, Vereijken B. Phase-
dependent changes in local dynamic stability of human gait. J Biomech (2012) 
45:2208–14. doi:10.1016/j.jbiomech.2012.06.022 

33. Ihlen EAF, Sletvold O, Goihl T, Wik PB, Vereijken B, Helbostad J. Older 
adults have unstable gait kinematics during weight transfer. J Biomech (2012) 
45:1559–65. doi:10.1016/j.jbiomech.2012.04.021 

34. Ihlen EA, Weiss A, Helbostad JL, Hausdorff JM. The discriminant value 
of phase-dependent local dynamic stability of daily life walking in older 
adult community-dwelling fallers and nonfallers. Biomed Res Int (2015) 
2015:402596. doi:10.1155/2015/402596 

35. Ihlen EA, Weiss A, Beck Y, Helbostad JL, Hausdorff JM. A comparison study 
of local dynamic stability measures of daily life walking in older adult com-
munity-dwelling fallers and non-fallers. J Biomech (2016) 49(9):1498–503. 
doi:10.1016/j.jbiomech.2016.03.019 

36. Gelb DJ, Oliver E, Gilman S. Diagnostic criteria for Parkinson disease. Arch 
Neurol (1999) 56:33–9. doi:10.1001/archneur.56.1.33 

37. Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S, Martinez-Martin P,  
et  al. Movement Disorder Society-sponsored revision of the Unified 
Parkinson’s Disease Rating Scale (MDS-UPDRS): scale presentation and clini-
metric testing results. Mov Disord (2008) 23:2129–70. doi:10.1002/mds.22340 

38. Stebbins GT, Goetz CG, Burn DJ, Jankovic J, Khoo TK, Tilley BC. How to 
identify tremor dominant and postural instability/gait difficulty groups with 
the movement disorder society unified Parkinson’s disease rating scale: com-
parison with the unified Parkinson’s disease rating scale. Mov Disord (2013) 
28:668–70. doi:10.1002/mds.25383 

39. Nasreddine ZS, Phillips NA, Bedirian V, Charbonneau S, Whitehead V, 
Collin I, et  al. The Montreal Cognitive Assessment, MoCA: a brief screen-
ing tool for mild cognitive impairment. J Am Geriatr Soc (2005) 53:695–9. 
doi:10.1111/j.1532-5415.2005.53221.x 

40. El-Gohary M, Pearson S, Mcnames J, Mancini M, Horak F, Mellone S, et al. 
Continuous monitoring of turning in patients with movement disability. 
Sensors (Basel) (2013) 14:356–69. doi:10.3390/s140100356 

41. Salarian A, Russmann H, Vingerhoets FJ, Dehollain C, Blanc Y, Burkhard PR,  
et  al. Gait assessment in Parkinson’s disease: toward an ambulatory system 
for long-term monitoring. IEEE Trans Biomed Eng (2004) 51:1434–43. 
doi:10.1109/TBME.2004.827933 

31

https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://www.frontiersin.org/Neurology/archive
https://doi.org/10.1093/brain/117.5.1169
https://doi.org/10.1093/brain/117.5.1169
https://doi.org/10.1093/brain/122.7.1271
https://doi.org/10.1016/S0197-4580(02)00065-9
https://doi.org/10.1016/j.bbr.2009.12.048
https://doi.org/10.1002/mds.26110
https://doi.org/10.1002/mds.25534
https://doi.org/10.1016/j.nbd.2015.06.014
https://doi.org/10.1016/j.neuroimage.2017.02.073
https://doi.org/10.1177/1545968316650426
https://doi.org/10.1002/mds.870130310
https://doi.org/10.1177/0891988702250580
https://doi.org/10.1016/S0022-510X(03)00104-7
https://doi.org/10.1016/S0022-510X(03)00104-7
https://doi.org/10.1016/j.humov.2016.03.010
https://doi.org/10.1063/1.3147408
https://doi.org/10.1093/brain/119.2.551
https://doi.org/10.1152/jn.01052.2003
https://doi.org/10.3389/fnhum.2015.00246
https://doi.org/10.1016/j.apmr.2004.01.025
https://doi.org/10.1002/mds.22219
https://doi.org/10.1002/mds.22219
https://doi.org/10.1037/0033-2909.116.2.220
https://doi.org/10.1037/0096-1523.29.1.3
https://doi.org/10.1037/0096-1523.29.1.3
https://doi.org/10.1016/j.neuroscience.2014.01.041
https://doi.org/10.1152/physiol.00034.2015
https://doi.org/10.1155/2012/918719
https://doi.org/10.1016/j.gaitpost.2009.09.019
https://doi.org/10.1136/jnnp-2014-308840
https://doi.org/10.1136/jnnp-2014-308840
https://doi.org/10.1016/j.gaitpost.2017.05.006
https://doi.org/10.1016/j.neuroimage.2010.08.066
https://doi.org/10.3389/fnhum.2015.00593
https://doi.org/10.1523/JNEUROSCI.3543-15.2016
https://doi.org/10.1016/j.jbiomech.2012.06.022
https://doi.org/10.1016/j.jbiomech.2012.04.021
https://doi.org/10.1155/2015/402596
https://doi.org/10.1016/j.jbiomech.2016.03.019
https://doi.org/10.1001/archneur.56.1.33
https://doi.org/10.1002/mds.22340
https://doi.org/10.1002/mds.25383
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.3390/s140100356
https://doi.org/10.1109/TBME.2004.827933


10

Fino et al. Phase-Dependent DT Costs in PD

Frontiers in Neurology | www.frontiersin.org May 2018 | Volume 9 | Article 373

42. Kantz H. A robust method to estimate the maximal Lyapunov exponent of a 
time series. Phys Lett A (1994) 185:77–87. doi:10.1016/0375-9601(94)90991-1 

43. Sloot LH, Van Schooten KS, Bruijn SM, Kingma H, Pijnappels M, Van Dieën JH.  
Sensitivity of local dynamic stability of over-ground walking to balance 
impairment due to galvanic vestibular stimulation. Ann Biomed Eng (2011) 
39:1563–9. doi:10.1007/s10439-010-0240-y 

44. van Schooten KS, Rispens SM, Elders PJ, Van Dieen JH, Pijnappels M. 
Toward ambulatory balance assessment: estimating variability and stability 
from short bouts of gait. Gait Posture (2014) 39:695–9. doi:10.1016/j.gaitpost. 
2013.09.020 

45. Fino PC. A preliminary study of longitudinal differences in local dynamic 
stability between recently concussed and healthy athletes during single and dual- 
task gait. J Biomech (2016) 49:1983–8. doi:10.1016/j.jbiomech.2016.05.004 

46. Dingwell JB, Cusumano JP, Cavanagh PR, Sternad D. Local dynamic stability 
versus kinematic variability of continuous overground and treadmill walking. 
J Biomech Eng (2001) 123:27–32. doi:10.1115/1.1336798 

47. Bruijn S, Meijer O, Beek P, Van Dieën J. Assessing the stability of human loco-
motion: a review of current measures. J R Soc Interface (2013) 10:20120999. 
doi:10.1098/rsif.2012.0999 

48. Hak L, Houdijk H, Beek PJ, Van Dieen JH. Steps to take to enhance gait 
stability: the effect of stride frequency, stride length, and walking speed on 
local dynamic stability and margins of stability. PLoS One (2013) 8:e82842. 
doi:10.1371/journal.pone.0082842 

49. Terrier P, Reynard F. Effect of age on the variability and stability of gait: a 
cross-sectional treadmill study in healthy individuals between 20 and 69 years 
of age. Gait Posture (2015) 41:170–4. doi:10.1016/j.gaitpost.2014.09.024 

50. Seeber M, Scherer R, Wagner J, Solis-Escalante T, Muller-Putz GR. EEG 
beta suppression and low gamma modulation are different elements of 
human upright walking. Front Hum Neurosci (2014) 8:485. doi:10.3389/
fnhum.2014.00485 

51. Bulea TC, Kim J, Damiano DL, Stanley CJ, Park HS. Prefrontal, posterior 
parietal and sensorimotor network activity underlying speed control during 
walking. Front Hum Neurosci (2015) 9:247. doi:10.3389/fnhum.2015.00247 

52. Seeber M, Scherer R, Wagner J, Solis-Escalante T, Muller-Putz GR. High and 
low gamma EEG oscillations in central sensorimotor areas are conversely 
modulated during the human gait cycle. Neuroimage (2015) 112:318–26. 
doi:10.1016/j.neuroimage.2015.03.045 

53. Wagner J, Solis-Escalante T, Grieshofer P, Neuper C, Muller-Putz G, Scherer R.  
Level of participation in robotic-assisted treadmill walking modulates midline 
sensorimotor EEG rhythms in able-bodied subjects. Neuroimage (2012) 
63:1203–11. doi:10.1016/j.neuroimage.2012.08.019 

54. Bent LR, Inglis JT, Mcfadyen BJ. When is vestibular information important 
during walking? J Neurophysiol (2004) 92:1269–75. doi:10.1152/jn.01260.2003 

55. Bauby CE, Kuo AD. Active control of lateral balance in human walking. 
J Biomech (2000) 33:1433–40. doi:10.1016/S0021-9290(00)00101-9 

56. O’Connor SM, Kuo AD. Direction-dependent control of balance during 
walking and standing. J Neurophysiol (2009) 102:1411–9. doi:10.1152/jn. 
00131.2009 

57. Townsend MA. Biped gait stabilization via foot placement. J Biomech (1985) 
18:21–38. doi:10.1016/0021-9290(85)90042-9 

58. Hof AL, Gazendam MG, Sinke WE. The condition for dynamic stability. 
J Biomech (2005) 38:1–8. doi:10.1016/j.jbiomech.2004.03.025 

59. Wang Y, Srinivasan M. Stepping in the direction of the fall: the next foot place-
ment can be predicted from current upper body state in steady-state walking. 
Biol Lett (2014) 10:20140405. doi:10.1098/rsbl.2014.0405 

60. Rosin R, Topka H, Dichgans J. Gait initiation in Parkinson’s disease. Mov 
Disord (1997) 12:682–90. doi:10.1002/mds.870120509 

61. Hanakawa T. Neuroimaging of standing and walking: special emphasis on 
Parkinsonian gait. Parkinsonism Relat Disord (2006) 12:S70–5. doi:10.1016/j.
parkreldis.2006.05.009 

62. Gallea C, Ewenczyk C, Degos B, Welter ML, Grabli D, Leu-Semenescu S, et al. 
Pedunculopontine network dysfunction in Parkinson’s disease with postural 
control and sleep disorders. Mov Disord (2017) 32:693–704. doi:10.1002/
mds.26923 

63. Beauchet O, Dubost V, Aminian K, Gonthier R, Kressig RW. Dual-task-related 
gait changes in the elderly: does the type of cognitive task matter? J Mot Behav 
(2005) 37:259–64. 

64. Hausdorff JM, Schweiger A, Herman T, Yogev-Seligmann G, Giladi N. 
Dual-task decrements in gait: contributing factors among healthy older 
adults. J Gerontol A Biol Sci Med Sci (2008) 63:1335–43. doi:10.1093/gerona/ 
63.12.1335 

65. Montero-Odasso M, Muir SW, Speechley M. Dual-task complexity affects gait 
in people with mild cognitive impairment: the interplay between gait vari-
ability, dual tasking, and risk of falls. Arch Phys Med Rehabil (2012) 93:293–9. 
doi:10.1016/j.apmr.2011.08.026 

66. Lajoie Y, Teasdale N, Bard C, Fleury M. Attentional demands for static 
and dynamic equilibrium. Exp Brain Res (1993) 97:139–44. doi:10.1007/
BF00228824 

67. Smulders K, Esselink RA, Weiss A, Kessels RP, Geurts AC, Bloem BR. 
Assessment of dual tasking has no clinical value for fall prediction in Parkinson’s 
disease. J Neurol (2012) 259:1840–7. doi:10.1007/s00415-012-6419-4 

68. Menant JC, Schoene D, Sarofim M, Lord SR. Single and dual task tests of gait 
speed are equivalent in the prediction of falls in older people: a systematic 
review and meta-analysis. Ageing Res Rev (2014) 16:83–104. doi:10.1016/j.
arr.2014.06.001 

Conflict of Interest Statement: FBH has a significant financial interest in APDM, 
a company that may have a commercial interest in the results of this research and 
technology. This potential conflict has been reviewed and managed by OHSU. 
All other authors declare that the research was conducted in the absence of any 
commercial or financial relationships that could be construed as a potential conflict 
of interest.

Copyright © 2018 Fino, Mancini, Curtze, Nutt and Horak. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License  
(CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

32

https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://www.frontiersin.org/Neurology/archive
https://doi.org/10.1016/0375-9601(94)90991-1
https://doi.org/10.1007/s10439-010-0240-y
https://doi.org/10.1016/j.gaitpost.
2013.09.020
https://doi.org/10.1016/j.gaitpost.
2013.09.020
https://doi.org/10.1016/j.jbiomech.2016.05.004
https://doi.org/10.1115/1.1336798
https://doi.org/10.1098/rsif.2012.0999
https://doi.org/10.1371/journal.pone.0082842
https://doi.org/10.1016/j.gaitpost.2014.09.024
https://doi.org/10.3389/fnhum.2014.00485
https://doi.org/10.3389/fnhum.2014.00485
https://doi.org/10.3389/fnhum.2015.00247
https://doi.org/10.1016/j.neuroimage.2015.03.045
https://doi.org/10.1016/j.neuroimage.2012.08.019
https://doi.org/10.1152/jn.01260.2003
https://doi.org/10.1016/S0021-9290(00)00101-9
https://doi.org/10.1152/jn.
00131.2009
https://doi.org/10.1152/jn.
00131.2009
https://doi.org/10.1016/0021-9290(85)90042-9
https://doi.org/10.1016/j.jbiomech.2004.03.025
https://doi.org/10.1098/rsbl.2014.0405
https://doi.org/10.1002/mds.870120509
https://doi.org/10.1016/j.parkreldis.2006.05.009
https://doi.org/10.1016/j.parkreldis.2006.05.009
https://doi.org/10.1002/mds.26923
https://doi.org/10.1002/mds.26923
https://doi.org/10.1093/gerona/63.12.1335
https://doi.org/10.1093/gerona/63.12.1335
https://doi.org/10.1016/j.apmr.2011.08.026
https://doi.org/10.1007/BF00228824
https://doi.org/10.1007/BF00228824
https://doi.org/10.1007/s00415-012-6419-4
https://doi.org/10.1016/j.arr.2014.06.001
https://doi.org/10.1016/j.arr.2014.06.001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


PERSPECTIVE
published: 21 September 2018
doi: 10.3389/fneur.2018.00789

Frontiers in Neurology | www.frontiersin.org 1 September 2018 | Volume 9 | Article 789

Edited by:

Emily Keshner,

Temple University, United States

Reviewed by:

William Richard Young,

Brunel University London,

United Kingdom

Laura Avanzino,

Università di Genova, Italy

*Correspondence:

Allan L. Adkin

aadkin@brocku.ca

Specialty section:

This article was submitted to

Movement Disorders,

a section of the journal

Frontiers in Neurology

Received: 29 June 2018

Accepted: 31 August 2018

Published: 21 September 2018

Citation:

Adkin AL and Carpenter MG (2018)

New Insights on Emotional

Contributions to Human Postural

Control. Front. Neurol. 9:789.

doi: 10.3389/fneur.2018.00789

New Insights on Emotional
Contributions to Human Postural
Control
Allan L. Adkin 1* and Mark G. Carpenter 2,3,4

1Department of Kinesiology, Brock University, St. Catharines, ON, Canada, 2 School of Kinesiology, University of British

Columbia, Vancouver, BC, Canada, 3Djavad Mowafaghian Centre for Brain Health, University of British Columbia, Vancouver,

BC, Canada, 4 International Collaboration on Repair Discoveries, University of British Columbia, Vancouver, BC, Canada

It has been just over 20 years since the effects of height-induced threat on human

postural control were first investigated. Raising the height of the support surface on which

individuals stood increased the perceived consequences of instability and generated

postural control changes. Since this initial work, converging evidence has accumulated

supporting the efficacy of using height-induced threat to study the effects of emotions

on postural control and confirming a direct influence of threat-related changes in

arousal, anxiety, and fear of falling on all aspects of postural control, including standing,

anticipatory, and reactive balance. In general, threat-related postural changes promote

a greater physical safety margin while maintaining upright stance. We use the static

balance literature to critically examine the current state of knowledge regarding: (1) the

extent to which threat-related changes in postural control are sensitive to threat-related

changes in emotions; (2) the underlying neurophysiological and cognitive mechanisms

that may contribute to explaining the relationship between emotions and postural

control; and (3) the generalizability of threat-related changes across different populations

and types of threat. These findings have important implications for understanding the

neuromechanisms that control healthy balance, and highlight the need to recognize

the potential contributions of psychological and physiological factors to balance deficits

associated with age or pathology. We conclude with a discussion of the practical

significance of this research, its impact on improving diagnosis and treatment of postural

control deficits, and potential directions for future research.

Keywords: postural control, balance, emotions, fear, anxiety, threat, surface height

BACKGROUND

Fear of falling is frequently reported in older adults (1, 2) and patients with balance deficits (3–
8) and is a significant predictor of future falls risk (9, 10). Maki et al. (11) were the first to report
significant differences in balance control between fearful and non-fearful older adults, followed by
evidence of balance control changes in individuals with anxiety disorders and phobias (12, 13).
While these observational studies provided important evidence for a link between balance deficits
and emotions, such as fear and anxiety, the direction of the relationship was not determined
due to limitations of the cross-sectional design (i.e., individuals may be fearful because they have
underlying balance deficits, or have balance deficits because they have an underlying fear of falling).
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Brown and Frank (14) were the first to use an experimental
design to examine the direct effect of postural threat on human
balance control. These researchers employed a modified version
of an elevated surface height paradigm used extensively to
study fear and anxiety behaviors in animals [elevated plus maze,
(15)]. When young healthy adults stood on an elevated (0.8m)
platform and responded to an unpredictable forward push to
the trunk, they leaned back away from the platform edge and
stiffened to constrain the forward movement of the body’s center
of mass (COM). A series of studies followed to examine the
effects of postural threat on standing postural control in young
healthy adults (16–18). Collectively, these studies revealed threat-
related postural changes that included leaning away from the
platform edge (or away from the direction of the perceived
threat), and decreased amplitude and increased frequency of
center of pressure (COP) displacements during quiet standing.
These threat-related responses were more pronounced with the
eyes open and when forward stepping was restricted by the edge
of the platform (16). Furthermore, these threat-related changes
were scaled to the level of postural threat with progressive
decreases in sway amplitude and increases in sway frequency
observed with increasing surface heights up to 1.6m (17). The
combination of decreased amplitude and increased frequency of
COP displacements suggested the adoption of an ankle stiffening
strategy (19). With the body modeled as an inverted pendulum
when standing quietly, increased muscle activity around the
ankle joints would act to tighten control of the COM within
the limits of the base-of-support (19, 20). This hypothesis was
experimentally confirmed by observations of increased ankle
muscle stiffness when standing at height, coupled with EMG
changes consistent with increased co-contraction of lower leg
muscles, and decreased COM displacements (18). Together,
these early studies revealed that threat-related postural changes
provided protection against a loss of balance by limiting body
position and movement in the direction of the perceived risk
associated with the threat. These changes in humans coincide
with freezing and stiffening behavior observed in anxious animals
when moving on elevated surfaces (21).

Since these initial studies, physically raising the height of
the support surface on which individuals stand has been used
extensively to: (1) confirm the effects on standing balance
control in young and older healthy adults (22–36), and patient
populations such as individuals with unilateral vestibular loss
(37) and Parkinson’s disease (38, 39); (2) extend the effects of
threat on different types of postural tasks including anticipatory
postural control (34, 40–42), reactive postural control (43,
44), functional balance tasks [e.g., one leg stance; (28)], and
normal and adaptive gait (45–53); and (3) explore the neural
mechanisms underlying these threat effects (44, 54–67). Studies
have also provided converging evidence to confirm that the
threat of standing on elevated surfaces (i.e., real or virtual) can
evoke psychological (e.g., self-reported increases in perceived
anxiety and fear) and physiological responses (e.g., increases
in electrodermal activity, blood pressure) typically observed
in fearful or anxious conditions [e.g., (25, 28–30, 32, 34, 35,
40)]. Furthermore, significant relationships have been observed
between threat-induced emotional as well as cognitive changes

(e.g., conscious control of posture) and modifications in postural
control [e.g., (28, 30, 64)].

EVALUATING THE EFFECTS OF
HEIGHT-INDUCED POSTURAL THREAT ON
STANDING BALANCE CONTROL

Given the breadth of research on this topic over the past 20
years, we chose to focus on height-induced postural threat effects
on standing balance control, as this represents the majority of
studies conducted to date, and has the potential to influence
anticipatory and reactive postural adjustments. In order to
critically evaluate and allow for a direct comparison between
the studies, we controlled for key factors known to influence
standing balance control. A search of PubMed, PsychINFO,
EMBASE, CINAHL (search terms: postural threat or anxiety, and
height, and standing), and hand searches, identified 89 original
research articles (non-duplicate). Manual screening removed
51 articles that did not include a manipulation of postural
threat/anxiety or a standing task in the study design. The
remaining 38 studies were examined, and a subset of studies
was selected based on the following five criteria: (1) young or
older healthy adults; (2) height threat; (3) quiet standing task; (4)
sample duration (≥60 s); and (5) psychological or physiological
measure to confirm the efficacy of the threat manipulation.
Stance duration was considered a critical factor because it has
been shown to significantly affect COP summary measures (68–
70) and varies widely across studies. At least one physiological
(e.g., increased electrodermal activity) or psychological (e.g.,
increased perceived anxiety) measure was required to confirm
that the height manipulation generated a significant emotional
effect; this was important given the variability of heights and
conditions used to manipulate threat across studies. Based on
these criteria, eight studies were identified (Table 1), with six
studies focusing specifically on young adults (28–30, 32, 34, 35)
and two involving older adults (25, 39).

A consistent postural strategy emerged from the collective
results of the eight studies that met our criteria. All studies
revealed that young and older healthy adults leaned significantly
away from the edge of the platform and significantly increased
their COP sway frequency (25, 28–30, 32, 34, 35, 39). The
majority of the studies also showed that young and healthy older
adults decreased their COP sway amplitude (25, 28, 29, 32, 34,
35); two exceptions to this observation reported no significant
change in sway amplitude when threatened (30, 39). These
observations reinforced the findings of earlier work on standing
balance control in young healthy adults (16–18) and extended
the findings to older healthy adults. All selected studies were
performed with eyes open and gaze fixed on near targets (<4-
m) to control for effects of postural height vertigo that may
occur with longer (>6-m) viewing distances (71, 72). Yet, similar
height-induced postural changes have been observed with eyes
closed, and also when peripheral vision was occluded (16, 18,
29). The selected studies focused predominantly on anterior-
posterior COP changes (which align with the direction of the
threat), with similar effects also reported in the medial-lateral
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TABLE 1 | Height-induced postural threat effects on quiet standing.

Study Group Maximum

threat

Sampling

duration

AP COP

MP

AP COP

MPF

AP COP

RMS

Carpenter et al. (25) 14 YA 1.6m 120 s Posterior lean Increased Decreased

13 OA 1.6m 120 s Posterior lean Increased Decreased

Hauck et al. (28) 31 YA 1.4m 60 s Posterior lean Increased Decreased

Davis et al. (29) 26 YA 3.2m 60 s Posterior lean Increased Decreased

Huffman et al. (30) 48 YA 3.2m 60 s Posterior lean Increased No change

Pasman et al. (39) 14 OA 1.6m 120 s Posterior lean Increased No change

Cleworth et al. (32) 18 YA 3.2m 120 s Posterior lean Increased Decreased

Zaback et al. (34) 82 YA 3.2m 60 s Posterior lean Increased Decreased

Cleworth et al. (35) 20 YA 3.2m 60 s Posterior lean Increased Decreased

Table includes studies that met the following criteria: (1) healthy young adults (YA) or older adults (OA), (2) height threat, (3) quiet standing task, (4) sampling duration (≥60 s), and (5)

psychological or physiological measure to confirm efficacy of threat manipulation. Significant anterior-posterior (AP) center of pressure (COP) mean position (MP), mean power frequency

(MPF), and root mean square (RMS) effects (maximum threat compared to lowest threat condition) for eyes open conditions are reported. Participants stood at the platform edge in the

maximum threat condition for all studies except Carpenter et al. (25). Effects reported for Davis et al. (29) do not include results from the fearful sub-group.

direction, albeit to a lesser degree (17, 31), potentially due to the
threat direction (42) or biomechanical constraints of controlling
anterior-posterior versus medial-lateral sway (20).

CONTEXT-DEPENDENT THREAT-RELATED
CHANGES IN STANDING BALANCE
CONTROL

Studies have utilized other methods to manipulate threat or
emotions, to confirm if the effects of height are generalizable
to other threat sources, and to avoid some of the context-
specific limitations associated with standing on an elevated
surface. One common alternative is to manipulate the threat
of an impending perturbation, during which individuals are
required to stand with or without the threat of experiencing a
sudden, unpredictable balance disturbance, such as a push or
pull to the upper trunk (73) or a support surface translation
(74, 75) or rotation (57). Like height-induced threat, the threat
of perturbation has been shown to significantly increase arousal,
anxiety, and fear (57). Using the threat of multi-directional
perturbations has the advantage of reducing the likelihood of
individuals adopting any directionally specific strategies that are
inherent to elevated surface paradigms (14). COP displacements
during quiet standing when anticipating the threat of forward
or backward perturbation are found to significantly increase in
frequency and amplitude, with a significant shift of mean position
forward instead of backward (75).

Initial comparisons between reported effects of height
and perturbation-related threat reveal a common effect of
increased frequency of COP displacements during quiet stance
(Figure 1A). In contrast, the amplitude of COP displacements
and leaning seems context dependent, with smaller amplitude
displacements and backwards leaning specific to height-induced
threat, and larger amplitude displacements more commonly
observed with the threat of a perturbation. While direct
comparisons are made difficult by the shorter sample durations
typically used in threat of perturbation studies, more recent

studies using 60-s durations confirmed the increased amplitude
and frequency of COP displacements with this type of threat
(76), which are also dependent on the orientation of stance
relative to the perceived direction of the threat (Figure 1A). An
increase in COP frequency has also been consistently reported
in other contexts, including “white coat” effects observed in
older women standing under the perceived threat of negative
evaluation (78), and young adults standing while viewing
affective pictures that elicited increases in arousal, independent of
valence (79). In contrast, the increased arousal elicited by mental
arithmetic, appears to influence mean position (80), but not COP
frequency or amplitude (80, 81), unless coupled with a social
evaluative threat (81). Thus, standing balance changes appear
to be highly specific to the context, direction, and nature of the
perceived threat, which coincides with other threat-avoidance
behaviors (82).

POTENTIAL MECHANISMS UNDERLYING
THREAT-RELATED POSTURAL CHANGES

The mechanisms that may contribute to, or explain threat-
related changes in postural control remain poorly understood. In
general, theories can be divided along the lines of emotionally-
evoked neurophysiological changes, and/or changes in attention.

Neurophysiological theories are based on the existence of
highly-integrated neural networks responsible for processing
emotional information, such as fear and anxiety, and sensori-
motor control of upright stance (83) and gait (84). Neuro-
anatomical evidence for direct influences of emotion onto
balance control systems has been well-established in animal
models (83, 85, 86). Supporting evidence has been established
in standing humans, with threat-induced increases observed in:
(1) muscle-spindle sensitivity (56, 57, 87); (2) 1b reflex gain (65);
and (3) vestibular gain of balance, head and eye-reflexes (60–
63, 66). While early cortical potentials seem unaffected by threat
(55, 56), later cortical changes thought to be responsible for
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FIGURE 1 | Threat context (A) and adaptation (B) effects. (A) Change in center of pressure (COP) mean position (MP), mean power frequency (MPF), and root mean

square (RMS) between threat and no threat conditions for height, [0.8 and 3.2m surface; 60-s stance duration; modified from (34)] and support surface translations

(Trans) in the anterior-posterior (AP) direction [30 s stance duration; modified from (75)] and medial-lateral (ML) direction [60-s stance duration; (76)]. Closed circles

reflect AP COP measures while open circles reflect ML COP measures. (B) Adaptation of emotional, cognitive (attention focus to movement processes; Att. MP) and

postural responses for low (gray circles) and high (black circles) surface heights over 5 repeated 120-s standing trials (77).

processing sensory information are significantly influenced with
threat (44, 55, 88).

Alternatively, changes in attention may mediate threat-
related postural changes (82, 84). It is possible that threat
influences how attention resources are allocated (e.g., individuals
choosing to direct attention to their posture) contributing
to the postural changes. Huffman et al. (30) demonstrated
that with height-induced threat: (1) individuals had a greater
tendency to consciously control and monitor their posture;
and (2) an increase in conscious control of posture was
related to leaning further back away from the platform edge,
independent of any changes in amplitude or frequency of COP
displacements. Zaback et al. (64) used open-ended questions to
categorize how individuals directed their attention under non-
threatening and threatening conditions, with five attention focus
categories emerging. When standing at a high compared to
low height, individuals directed more attention to movement
processes, threat-related stimuli, and self-regulatory or coping
strategies, and less attention to task objectives and task-irrelevant
information. Again, these threat-related attention focus changes
were associated with changes in postural control. For example,
individuals who directed more attention to movement processes
were more likely to demonstrate increases in frequency of COP

displacements, and decreases in amplitude of COP displacements
when directing less attention tomovement processes. In addition,
participants that reported increased attention focus to self-
regulatory strategies were more likely to show greater decreases
in amplitude of postural displacements. Differences in the
approach used to assess attention focus in Zaback et al. (64)
and Huffman et al. (30) likely contributed to the differences
in reported relationships between attention focus and COP
measures across studies. This work linking changes in attention
focus and postural control provides preliminary evidence that
threat-related changes in attention focus may be a mechanism
underlying the postural changes (82).

It is most likely that the effects of threat on balance control rely
on a complex interaction between neurophysiological changes
and changes in attentional processes. With repeated exposure
to height, emotional and attentional changes are attenuated,
and correspond to reduced changes in high frequency COP
displacements and co-contraction of lower leg muscles. In
contrast, initial height-induced posterior leaning and decreases
in COP amplitude do not appear to attenuate with repeated
exposure and thus may be influenced by other mechanisms
(e.g., sensory changes, vigilance) not accounted for in the
study [Figure 1B; (77)]. Likewise, changes in perception of
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balance, which relies on a combination of neurophysiological
and cognitive-attentional processes, could also contribute to
threat-related changes in postural control. Cleworth et al. (35)
demonstrated no change in perceived sway (both self-reported,
and tracked in real-time using a hand-held device), in contrast
to significant reductions in COP and COM amplitude when
standing at a high compared to low height. The incongruency
of perceived and actual sway with threat (35) mirrors the
reported increase in perceived instability of individuals standing
on elevated surfaces, despite no change or an actual decrease in
sway amplitude (28, 32, 35).

CLINICAL RELEVANCE

It is crucial to understand how emotional factors can directly
and indirectly influence balance control, as these changes have
the potential to mask or modify underlying balance deficits.
This is particularly important given the high prevalence of fear
and anxiety in populations with balance deficits due to age
or pathology such as Parkinson’s disease, vestibular disorders,
stroke, and multiple sclerosis (1–8), and links with postural
instability and gait deficits (4, 84). Studies have shown that older
adults, individuals with vestibular loss and Parkinson’s disease
have a similar postural response as young healthy adults to a
height-induced threat (24–26, 36, 37, 39). However, the extent
to which balance control deficits in these individuals may be
attributed to high levels of state and trait fear or anxiety are still
unknown (11, 29, 34, 36).

The capacity for fear and anxiety to directly influence balance
in healthy adults provides important insight into potential
mechanisms through which clinical balance deficits may present
without any clear physiological dysfunction. For example,
Chronic Dizziness Disorder and Phobic Postural Vertigo (now
unified under the diagnosis of Persistent Postural-Perceptual
Dizziness; PPPD) are functional dizziness disorders characterized
by non-spinning vertigo and subjective balance instability in the
absence of any neurological or structural findings, and often
have secondary psychological co-morbidities including fear of
falling, anxiety or depressive disorders (89). Postural changes in
patients with PPPD include increased high frequency (>1Hz)
sway and increased co-contraction of lower-leg muscles under
normal standing conditions (90, 91). These changes become less
distinct from healthy controls under conditions of threat (92) or
attentional distraction tasks (90). These changes correspond to
threat-related changes in healthy adults that adapt to repeated
exposure and correlate with changes in conscious attention
to movement [(77); Figure 1B]. Overall, these observations
support the hypothesis that postural changes with PPPD reflect
a maladaptation of high-risk postural control strategies triggered
by an initial stimulus that persists due, in part to, excessive
self-observation and anxiety (89). Likewise, individuals with
visual height intolerance (VHI) have been identified in ∼30%
of the population, defined as those with “an unpleasant feeling
caused by visual exposure to heights” (93). When standing on
elevated surfaces (15m), individuals with VHI have increased
tibialis anterior activity, greater co-contraction of lower leg
muscles, increased ranges of COP sway, and no change in

COP RMS (33). However, in the absence of a control group
without VHI, it is unclear to what extent the postural changes
reported in VHI differ from an otherwise normal manifestation
of balance changes observed in healthy individuals standing
under conditions of increased postural threat (Table 1).

The potential for fear and anxiety to influence balance is
also important to account for when designing intervention
studies that require longitudinal measures of balance-related
performance in comparison to a baseline measure. Given known
white-coat effects (78) and potential first trial effects (17)
on balance, it is important that multiple baseline measures
be recorded, and/or a control group incorporated to address
potential order effects that may be mediated by adaptation
of fear/anxiety with repeated exposure (77). Finally, it is
important to recognize, and understand, how clinical balance
treatments and interventions may be impacted by emotional-
balance interactions (83).

FUTURE RESEARCH DIRECTIONS

Most studies that used a height manipulation to understand
how threat affects normal balance excluded participants with
height phobias for safety/ethical concerns; however, there is
some reason to believe that a true fear response may have
distinct balance changes compared to an anxious response. For
example, individuals standing at extreme surface heights [over
9-m high, (22, 23)] are shown to have significant increases in
amplitude of postural sway, in contrast to the reduced sway
seen in most individuals at lower surface heights (up to 3.2-m
high, see Table 1). However, Davis et al. (29) showed that a sub-
group of their subjects, who reported a robust fear response to
the moderate (3.2m) surface height threat (>50% change from
ground) had a significantly larger amplitude and frequency of
COP displacements compared to anxious but less fearful (<50%
change) subjects. Thus, more work needs to be done to determine
how fear and anxiety may differentially impact unique aspects
of balance control, and distinguish those from the context-
specific changes which may or may not translate from a lab
setting to daily-life situations experienced by those with a fear
of falling. Future work also needs to continue to investigate the
potential neurophysiological and attentional mechanisms that
contribute to postural changes with threat. This includes probing
how different sensori-motor systems respond to different threat
conditions, and investigating whether specific instructions or
tasks designed to shift attention from posture can modify the
postural response to threat. Finally, there is a need for exploration
of novel techniques such as virtual reality/augmented reality as
a means to test and treat individuals with fear of falling, and
develop more effective types of balance interventions that are
designed to influence both the psychological and physiological
aspects of a balance deficit.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

Frontiers in Neurology | www.frontiersin.org 5 September 2018 | Volume 9 | Article 78937

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Adkin and Carpenter Emotions and Postural Control

ACKNOWLEDGMENTS

The authors acknowledge funding from the Natural Sciences
and Engineering Research Council of Canada (NSERC) to AA

(#288164) and MC (#326910). The authors wish to acknowledge
the contributions of Martin Zaback, Taylor Cleworth, and Kyle
Johnson for their valuable assistance in preparing the manuscript
and figures.

REFERENCES

1. Legters K. Fear of falling. Phys Ther. (2002) 82:264–72.

doi: 10.1093/ptj/82.3.264

2. Scheffer AC, Schuurmans MJ, Van Dijk N, Van Der Hooft T, De

Rooij SE. Fear of falling: measurement strategy, prevalence, risk factors

and consequences among older persons. Age Ageing (2008) 37:19–24.

doi: 10.1093/ageing/afm169

3. Bloem BR, Grimbergen YA, Cramer M, Willemsen M, Zwinderman AH.

Prospective assessment of falls in Parkinson’s disease. J Neurol. (2001)

248:950–8. doi: 10.1007/s004150170047

4. Adkin AL, Frank JS, JogMS. Fear of falling and postural control in Parkinson’s

disease.Mov Disord. (2003) 18:496–502. doi: 10.1002/mds.10396

5. Watanabe Y. Fear of falling among stroke survivors after discharge

from inpatient rehabilitation. Int J Rehabil Res. (2005) 28:149–52.

doi: 10.1097/00004356-200506000-00008

6. Finlayson ML, Peterson EW, Cho CC. Risk factors for falling among people

aged 45 to 90 years with multiple sclerosis. Arch Phys Med Rehab. (2006)

87:1274–9. doi: 10.1016/j.apmr.2006.06.002

7. Schmid AA, Van Puymbroeck M, Knies K, Spangler-Morris C, Watts K,

Damush T, et al. Fear of falling among people who have sustained a stroke:

a 6-month longitudinal pilot study. Am J Occup Ther. (2011) 65:125–32.

doi: 10.5014/ajot.2011.000737

8. Schlick C, Schniepp R, Loidl V, Wuehr M, Hesselbarth K, Jahn, K. Falls and

fear of falling in vertigo and balance disorders: a controlled cross-sectional

study. J Vestib Res. (2015) 25, 241–51. doi: 10.3233/VES-150564

9. Cumming RG, Salkeld G, Thomas M, Szonyi G. Prospective study of the

impact of fear of falling on activities of daily living, SF-36 scores, and

nursing home admission. J Gerontol A Biol Sci Med Sci. (2000) 55:M299–305.

doi: 10.1093/gerona/55.5.M299

10. Friedman SM, Munoz B, West SK, Rubin GS, Fried LP. Falls and fear of

falling: which comes first? A longitudinal prediction model suggests strategies

for primary and secondary prevention. J Am Geriatr Soc. (2002) 50:1329–35.

doi: 10.1046/j.1532-5415.2002.50352.x

11. Maki BE, Holliday PJ, Topper AK. Fear of falling and postural performance in

the elderly. J Gerontol. (1991) 46:M123–31. doi: 10.1093/geronj/46.4.M123

12. Jacob RG, Furman JM, Durrant JD, Turner SM. Surface dependence: a balance

control strategy in panic disorder with agoraphobia. Psychosom Med. (1997)

59:323–30. doi: 10.1097/00006842-199705000-00016

13. Redfern MS, Furman JM, Jacob RG. Visually induced postural

sway in anxiety disorders. J Anxiety Disord. (2007) 21:704–16.

doi: 10.1016/j.janxdis.2006.09.002

14. Brown LA, Frank JS. Postural compensations to the potential

consequences of instability: kinematics. Gait Posture (1997) 6:89–97.

doi: 10.1016/S0966-6362(96)01106-X

15. Hogg S. A review of the validity and variability of the elevated plus-maze

as an animal model of anxiety. Pharmacol Biochem Behav. (1996) 54:21–30.

doi: 10.1016/0091-3057(95)02126-4

16. CarpenterMG, Frank JS, Silcher CP. Surface height effects on postural control:

a hypothesis for a stiffness strategy for stance. J Vestib Res. (1999) 9:277–86.

17. Adkin AL, Frank JS, Carpenter MG, Peysar GW. Postural control

is scaled to level of postural threat. Gait Posture (2000) 12:87–93.

doi: 10.1016/S0966-6362(00)00057-6

18. Carpenter MG, Frank JS, Silcher CP, Peysar GW. The influence of postural

threat on the control of upright stance. Exp Brain Res. (2001) 138:210–8.

doi: 10.1007/s002210100681

19. Winter DA, Patla AE, Prince F, Ishac M, Gielo-Perczak K. Stiffness

control of balance in quiet standing. J Neurophysiol. (1998) 80:1211–21.

doi: 10.1152/jn.1998.80.3.1211

20. Winter DA. Human balance and posture control during standing and walking.

Gait Posture (1995) 3:193–214. doi: 10.1016/0966-6362(96)82849-9

21. Lepicard EM, Venault P, Perez-Diaz F, Joubert C, Berthoz A, Chapouthier

G. Balance control and posture differences in the anxious BALB/cByJ mice

compared to the non- anxious C57BL/6J mice. Behav Brain Res. (2000)

117:185–95. doi: 10.1016/S0166-4328(00)00304-1

22. Nakahara H, Takemori S, Tsuruoka H. Influence of height on the spatial

orientation and equilibrium of the body. Otolaryngol Head Neck Surg. (2000)

123:501–4. doi: 10.1067/mhn.2000.107316

23. Simeonov P, Hsiao H. Height, surface firmness, and visual reference effects on

balance control. Inj Prev. (2001) 7:i50–3. doi: 10.1136/ip.7.suppl_1.i50

24. Brown LA, Polych MA, Doan JB. The effect of anxiety on the regulation

of upright standing among younger and older adults. Gait Posture (2006)

24:397–405. doi: 10.1016/j.gaitpost.2005.04.013.

25. Carpenter MG, Adkin AL, Brawley LR, Frank JS. Postural, physiological and

psychological reactions to challenging balance: does age make a difference?

Age Ageing (2006) 35:298–303. doi: 10.1093/ageing/afl002

26. Laufer Y, Barak Y, Chemel I. Age-related differences in the effect of a perceived

threat to stability on postural control. J Gerontol A Biol Sci Med Sci. (2006)

61:500–4. doi: 10.1093/gerona/61.5.500

27. Alpers GW, Adolph D. Exposure to heights in a theme park: fear,

dizziness, and body sway. J Anxiety Disord. (2008) 22:591–601.

doi: 10.1016/j.janxdis.2007.05.008

28. Hauck LJ, Carpenter MG, Frank JS. Task-specific measures of balance efficacy,

anxiety, and stability and their relationship to clinical balance performance.

Gait Posture (2008) 27:676–82. doi: 10.1016/j.gaitpost.2007.09.002

29. Davis JR, Campbell AD, Adkin AL, Carpenter MG. The relationship between

fear of falling and human postural control. Gait Posture (2009) 29:275–9.

doi: 10.1016/j.gaitpost.2008.09.006

30. Huffman JL, Horslen BC, Carpenter MG, Adkin AL. Does increased postural

threat lead to more conscious control of posture? Gait Posture (2009) 30:528–

32. doi: 10.1016/j.gaitpost.2009.08.001

31. Stins JF, Roerdink M, Beek PJ. To freeze or not to freeze? Affective and

cognitive perturbations have markedly different effects on postural control.

HumMov Sci. (2011) 30:190–202. doi: 10.1016/j.humov.2010.05.013

32. Cleworth TW, Horslen BC, Carpenter MG. Influence of real and

virtual heights on standing balance. Gait Posture (2012) 36:172–6.

doi: 10.1016/j.gaitpost.2012.02.010

33. Wuehr M, Kugler G, Schniepp R, Eckl M, Pradhan C, Jahn K, et al. (2014).

Balance control and anti-gravity muscle activity during the experience of fear

at heights. Physiol Rep. 2:e00232. doi: 10.1002/phy2.232

34. Zaback M, Cleworth TW, Carpenter MG, Adkin AL. Personality traits and

individual differences predict threat-induced changes in postural control.

HumMov Sci. (2015) 40:393–409. doi: 10.1016/j.humov.2015.01.015

35. Cleworth TW, Carpenter MG. Postural threat influences conscious

perception of postural sway. Neurosci Lett. (2016) 620:127–31.

doi: 10.1016/j.neulet.2016.03.032

36. Sturnieks DL, Delbaere K, Brodie MA, Lord SR. The influence of age, anxiety

and concern about falling on postural sway when standing at an elevated level.

HumMov Sci. (2016) 49:206–15. doi: 10.1016/j.humov.2016.06.014

37. Young LR, Bernard-Demanze L, Dumitrescu M, Magnan J, Borel L, Lacour

M. Postural performance of vestibular loss patients under increased postural

threat. J Vestib Res. (2012) 22:129–38. doi: 10.3233/VES-2012-0449

38. Brown LA, Doan JB, Whishaw IQ, Suchowersky O. Parkinsonian deficits

in context-dependent regulation of standing postural control. Neurosci Lett.

(2007) 418:292–7. doi: 10.1016/j.neulet.2007.03.040

39. Pasman EP, Murnaghan CD, Bloem BR, Carpenter MG. Balance problems

with Parkinson’s disease: are they anxiety-dependent? Neuroscience (2011)

177:283–91. doi: 10.1016/j.neuroscience.2010.12.050

Frontiers in Neurology | www.frontiersin.org 6 September 2018 | Volume 9 | Article 78938

https://doi.org/10.1093/ptj/82.3.264
https://doi.org/10.1093/ageing/afm169
https://doi.org/10.1007/s004150170047
https://doi.org/10.1002/mds.10396
https://doi.org/10.1097/00004356-200506000-00008
https://doi.org/10.1016/j.apmr.2006.06.002
https://doi.org/10.5014/ajot.2011.000737
https://doi.org/10.3233/VES-150564
https://doi.org/10.1093/gerona/55.5.M299
https://doi.org/10.1046/j.1532-5415.2002.50352.x
https://doi.org/10.1093/geronj/46.4.M123
https://doi.org/10.1097/00006842-199705000-00016
https://doi.org/10.1016/j.janxdis.2006.09.002
https://doi.org/10.1016/S0966-6362(96)01106-X
https://doi.org/10.1016/0091-3057(95)02126-4
https://doi.org/10.1016/S0966-6362(00)00057-6
https://doi.org/10.1007/s002210100681
https://doi.org/10.1152/jn.1998.80.3.1211
https://doi.org/10.1016/0966-6362(96)82849-9
https://doi.org/10.1016/S0166-4328(00)00304-1
https://doi.org/10.1067/mhn.2000.107316
https://doi.org/10.1136/ip.7.suppl_1.i50
https://doi.org/10.1016/j.gaitpost.2005.04.013.
https://doi.org/10.1093/ageing/afl002
https://doi.org/10.1093/gerona/61.5.500
https://doi.org/10.1016/j.janxdis.2007.05.008
https://doi.org/10.1016/j.gaitpost.2007.09.002
https://doi.org/10.1016/j.gaitpost.2008.09.006
https://doi.org/10.1016/j.gaitpost.2009.08.001
https://doi.org/10.1016/j.humov.2010.05.013
https://doi.org/10.1016/j.gaitpost.2012.02.010
https://doi.org/10.1002/phy2.232
https://doi.org/10.1016/j.humov.2015.01.015
https://doi.org/10.1016/j.neulet.2016.03.032
https://doi.org/10.1016/j.humov.2016.06.014
https://doi.org/10.3233/VES-2012-0449
https://doi.org/10.1016/j.neulet.2007.03.040
https://doi.org/10.1016/j.neuroscience.2010.12.050
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Adkin and Carpenter Emotions and Postural Control

40. Adkin AL, Frank JS, Carpenter MG, Peysar GW. Fear of falling

modifies anticipatory postural control. Exp Brain Res. (2002) 143:160–70.

doi: 10.1007/s00221-001-0974-8

41. Yiou E, Deroche T, Do MC, Woodman T. Influence of fear of falling on

anticipatory postural control ofmedio-lateral stability during rapid leg flexion.

Eur J Appl Physiol. (2011) 111:611–20. doi: 10.1007/s00421-010-1680-7

42. Gendre M, Yiou E, Gélat T, Honeine J, Deroche T. Directional specificity of

postural threat on anticipatory postural adjustments during lateral leg raising.

Exp Brain Res. (2016) 234:659–71. doi: 10.1007/s00221-015-4471-x

43. Carpenter MG, Frank JS, Adkin AL, Paton A, Allum JHJ. Influence of

postural anxiety on postural reactions to multi-directional surface rotations. J

Neurophysiol. (2004) 92:3255–65. doi: 10.1152/jn.00724.2004

44. Adkin AL, Campbell AD, Chua R, Carpenter MG. The influence

of postural threat on the cortical response to unpredictable and

predictable postural perturbations. Neurosci Lett. (2008) 435:120–5.

doi: 10.1016/j.neulet.2008.02.018

45. Brown LA, GageWH, Polych MA, Sleik RJ, Winder TR. Central set influences

on gait: Age-dependent effects of postural threat. Exp Brain Res. (2002)

145:286–96. doi: 10.1007/s00221-002-1082-0

46. Gage WH, Sleik RJ, Polych MA, McKenzie NC, Brown LA. The allocation

of attention during locomotion is altered by anxiety. Exp Brain Res. (2003)

150:385–94. doi: 10.1007/s00221-003-1468-7

47. McKenzie NC, Brown LA. Obstacle negotiation kinematics: age-

dependent effects of postural threat. Gait Posture (2004) 19:226–34.

doi: 10.1016/S0966-6362(03)00060-2

48. Brown LA, Doan JB, McKenzie NC, Cooper SA. Anxiety-mediated gait

adaptations reduce errors of obstacle negotiation among younger and

older adults: implications for fall risk. Gait Posture (2006) 24:418–23.

doi: 10.1016/j.gaitpost.2005.09.013

49. Delbaere K, Sturnieks DL, Crombez G, Lord SR. Concern about falls elicits

changes in gait parameters in conditions of postural threat in older people.

J Gerontol A Biomed Sci Med Sci. (2009) 64:237–42. doi: 10.1093/gerona/

gln014

50. Caetano MJD, Gobbi LTB, del Rosario Sánchez-Arias M, Stella F, Gobbi S.

Effects of postural threat on walking features of Parkinson’s disease patients.

Neurosci Lett. (2009) 452:136–40. doi: 10.1016/j.neulet.2009.01.053

51. Tersteeg MCA, Marple-Horvat DE, Loram ID. Cautious gait in relation to

knowledge and vision of height: is altered visual information the dominant

influence? J Neurophysiol. (2012) 107:2686–91. doi: 10.1152/jn.00875.2011

52. Schniepp R, Kugler G, Wuehr M, Eckl M, Huppert D, Huth S,

et al. Quantification of gait changes in subjects with visual height

intolerance when exposed to heights. Front Hum Neurosci. (2014) 8:963.

doi: 10.3389/fnhum.2014.00963

53. Hackney AL, Cinelli ME, Denomme LT, Frank JS. The effects of narrow and

elevated path walking on aperture crossing.HumMov Sci. (2015) 41:295–306.

doi: 10.1016/j.humov.2015.04.002

54. Sibley KM, Carpenter MG, Perry JC, Frank JS. Effects of postural

anxiety on the soleus H-reflex. Hum Mov Sci. (2007) 26:103–12.

doi: 10.1016/j.humov.2006.09.004

55. Sibley KM, Mochizuki G, Frank JS, McIlroy WE. The relationship between

physiological arousal and cortical and autonomic responses to postural

instability. Exp Brain Res. (2010) 203:533–40. doi: 10.1007/s00221-010-2257-8

56. Davis JR, Horslen BC, Nishikawa K, Fukushima K, Chua R, Inglis JT, et al.

Human proprioceptive adaptations during states of height-induced fear and

anxiety. J Neurophysiol. (2011) 106:3082–90. doi: 10.1152/jn.01030.2010

57. Horslen BC, Murnaghan CD, Inglis JT, Chua, R, Carpenter MG.

Effects of postural threat on spinal stretch reflexes: evidence for

increased muscle spindle sensitivity? J Neurophysiol. (2013) 110:899–906.

doi: 10.1152/jn.00065.2013

58. Osler CJ, TersteegMCA, Reynolds RF, Loram ID. Postural threat differentially

affects the feedforward and feedback components of the vestibular-evoked

balance response. Eur J Neurosci. (2013) 38:3239–47. doi: 10.1111/ejn.12336

59. Tanaka T, Matsugi A, Kamata N, Hiraoka K. Postural threat increases

corticospinal excitability in the trunk flexor muscles in the upright stance. J

Psychophysiol. (2013) 27:165. doi: 10.1027/0269-8803/a000101

60. Horslen BC, Dakin CJ, Inglis JT, Blouin JS, Carpenter MG. Modulation of

human vestibular reflexes with increased postural threat. J Physiol. (2014)

592:3671–85. doi: 10.1113/jphysiol.2014.270744

61. Naranjo EN, Allum JHJ, Inglis JT, Carpenter MG. Increased gain of

vestibulospinal potentials evoked in neck and leg muscles when standing

under height-induced postural threat. Neuroscience (2015) 293:45–54.

doi: 10.1016/j.neuroscience.2015.02.026

62. Naranjo EN, Cleworth TW, Allum JHJ, Inglis JT, Lea J, Westerberg BD,

et al. Vestibulo-spinal and vestibulo-ocular reflexes are modulated when

standing with increased postural threat. J Neurophysiol. (2015) 115:833–42.

doi: 10.1152/jn.00626.2015

63. Lim SB, Cleworth TW, Horslen BC, Blouin JS, Inglis JT, Carpenter

MG. Postural threat influences vestibular-evoked muscular responses. J

Neurophysiol. (2016) 117:604–11. doi: 10.1152/jn.00712.2016

64. Zaback M, Carpenter MG, Adkin AL. Threat-induced changes in attention

during tests of static and anticipatory postural control. Gait Posture (2016)

45:19–24. doi: 10.1016/j.gaitpost.2015.12.033

65. Horslen BC, Inglis JT, Blouin JS, Carpenter MG. Both standing and postural

threat decrease Achilles’ tendon reflex inhibition from tendon electrical

stimulation. J Physiol. (2017) 595:4493–506. doi: 10.1113/JP273935

66. Naranjo EN, Cleworth TW, Allum JHJ, Inglis JT, Lea J, Westerberg BD,

et al. Threat effects on human oculo-motor function. Neuroscience (2017)

359:289–98. doi: 10.1016/j.neuroscience.2017.07.024

67. Cleworth TW, Chua R, Inglis JT, Carpenter MG. Influence of

virtual height exposure on postural reactions to support surface

translations. Gait Posture (2016) 47:96–102. doi: 10.1016/j.gaitpost.2016.

04.006

68. Le Clair K, Riach C. Postural stability measures: what to measure and for how

long. Clin Biomech. (1996) 11:176–8. doi: 10.1016/0268-0033(95)00027-5

69. Carpenter MG, Frank JS, Winter DA, Peysar GW. Sampling duration effects

on centre of pressure summary measures. Gait Posture (2001) 13:35–40.

doi: 10.1016/S0966-6362(00)00093-X

70. van der Kooij H, Campbell AD, Carpenter MG. Sampling duration effects

on centre of pressure descriptive measures. Gait Posture (2011) 34:19–24.

doi: 10.1016/j.gaitpost.2011.02.025

71. Brandt T, Bles W, Arnold F, Kapteyn TS. Height vertigo and human posture.

Adv Otorhinolaryngol. (1979) 25:88–92.

72. Bles W, Kapteyn TS, Brandt T, Arnold F. The mechanism of physiological

height vertigo: II. Posturography Acta Otolaryngol. (1980) 89:534–40.

73. Shaw JA, Stefanyk LE, Frank JS, Jog MS, Adkin AL. Effects of age and

pathology on stance modifications in response to increased postural threat.

Gait Posture (2012) 35:658–61. doi: 10.1016/j.gaitpost.2011.12.020

74. Phanthanourak AL, Cleworth TW, Adkin AL, Carpenter MG, Tokuno CD.

The threat of a support surface translation affects anticipatory postural

control. Gait Posture (2016) 50:145–50. doi: 10.1016/j.gaitpost.2016.08.031

75. Johnson KJ, Zaback M, Tokuno CD, Carpenter MG, Adkin AL. Exploring the

relationship between threat-related changes in anxiety, attention focus, and

postural control. Psychol Res. (2017). doi: 10.1007/s00426-017-0940-0. [Epub

ahead of print].

76. Johnson KJ, Zaback M, Tokuno CD, Carpenter MG, Adkin AL. Cognitive,

emotional, and postural adaptations to repeated postural threat exposure.

In: 12th Annual Canadian Neuroscience Meeting (2018). Available online at:

https://can-acn.org/documents/2018/CAN2018-final-program.pdf

77. Zaback M, Adkin AL, Carpenter MG. Repeated exposure to height-related

postural threat: how do humans adapt? In: International Society of Posture and

Gait Research World Congress (2017). Available online at: https://silkstart.s3.

amazonaws.com/59415e0f68621305b714ddfc.pdf

78. Geh CL, Beauchamp MR, Crocker PR, Carpenter MG. Assessed and

distressed: white-coat effects on clinical balance performance. J Psychosom

Res. (2011) 70:45–51. doi: 10.1016/j.jpsychores.2010.09.008

79. Horslen BC, Carpenter MG. Arousal, valence and their relative

effects on postural control. Exp Brain Res. (2011) 215:27.

doi: 10.1007/s00221-011-2867-9

80. Maki BE, Mcllroy WE. Influence of arousal and attention on the control of

postural sway. J Vestib Res. (1996) 6:53–9.

81. Doumas M, Morsanyi K, Young WR. Cognitively and socially induced

stress affects postural control. Exp Brain Res. (2018) 236:305–14.

doi: 10.1007/s00221-017-5128-8

82. Young WR, Williams AM. How fear of falling can increase fall-risk in older

adults: applying psychological theory to practical observations. Gait Posture

(2015) 41:7–12. doi: 10.1016/j.gaitpost.2014.09.006

Frontiers in Neurology | www.frontiersin.org 7 September 2018 | Volume 9 | Article 78939

https://doi.org/10.1007/s00221-001-0974-8
https://doi.org/10.1007/s00421-010-1680-7
https://doi.org/10.1007/s00221-015-4471-x
https://doi.org/10.1152/jn.00724.2004
https://doi.org/10.1016/j.neulet.2008.02.018
https://doi.org/10.1007/s00221-002-1082-0
https://doi.org/10.1007/s00221-003-1468-7
https://doi.org/10.1016/S0966-6362(03)00060-2
https://doi.org/10.1016/j.gaitpost.2005.09.013
https://doi.org/10.1093/gerona/gln014
https://doi.org/10.1016/j.neulet.2009.01.053
https://doi.org/10.1152/jn.00875.2011
https://doi.org/10.3389/fnhum.2014.00963
https://doi.org/10.1016/j.humov.2015.04.002
https://doi.org/10.1016/j.humov.2006.09.004
https://doi.org/10.1007/s00221-010-2257-8
https://doi.org/10.1152/jn.01030.2010
https://doi.org/10.1152/jn.00065.2013
https://doi.org/10.1111/ejn.12336
https://doi.org/10.1027/0269-8803/a000101
https://doi.org/10.1113/jphysiol.2014.270744
https://doi.org/10.1016/j.neuroscience.2015.02.026
https://doi.org/10.1152/jn.00626.2015
https://doi.org/10.1152/jn.00712.2016
https://doi.org/10.1016/j.gaitpost.2015.12.033
https://doi.org/10.1113/JP273935
https://doi.org/10.1016/j.neuroscience.2017.07.024
https://doi.org/10.1016/j.gaitpost.2016.04.006
https://doi.org/10.1016/0268-0033(95)00027-5
https://doi.org/10.1016/S0966-6362(00)00093-X
https://doi.org/10.1016/j.gaitpost.2011.02.025
https://doi.org/10.1016/j.gaitpost.2011.12.020
https://doi.org/10.1016/j.gaitpost.2016.08.031
https://doi.org/10.1007/s00426-017-0940-0
https://can-acn.org/documents/2018/CAN2018-final-program.pdf
https://silkstart.s3.amazonaws.com/59415e0f68621305b714ddfc.pdf
https://silkstart.s3.amazonaws.com/59415e0f68621305b714ddfc.pdf
https://doi.org/10.1016/j.jpsychores.2010.09.008
https://doi.org/10.1007/s00221-011-2867-9
https://doi.org/10.1007/s00221-017-5128-8
https://doi.org/10.1016/j.gaitpost.2014.09.006
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Adkin and Carpenter Emotions and Postural Control

83. Staab JP, Balaban CD, Furman JM. Threat assessment and locomotion: clinical

applications of an integrated model of anxiety and postural control. Semin

Neurol. (2013) 33:297–306. doi: 10.1055/s-0033-1356462

84. Avanzino L, Lagravinese G, Abbruzzese G, Pelosin, E. Relationships between

gait and emotion in Parkinson’s disease: A narrative review. Gait Posture

(2018) 65:57–64. doi: 10.1016/j.gaitpost.2018.06.171

85. Balaban CD, Thayer JF. Neurological bases for balance-anxiety links. J Anxiety

Disord. (2001) 15:53–79. doi: 10.1016/S0887-6185(00)00042-6

86. Balaban CD. Neural substrates linking balance control and anxiety. Physiol

Behav. (2002) 77:469–75. doi: 10.1016/S0031-9384(02)00935-6

87. Horslen BC, Zaback M, Inglis JT, Blouin JS, Carpenter MG. Static

and Dynamic Soleus Stretch Reflex Responses in Standing Humans are

Independently Modulated by Postural Threat. San Diego, CA: Society for

Neuroscience (2016).

88. Horslen, B. C. Vestibular, Proprioceptive, and Cutaneous Reflex Modulation

Explored Through a Height-Induced Postural Threat. Doctoral dissertation,

University of British Columbia (2016).doi: 10.14288/1.0319265

89. Popkirov S, Staab JP, Stone J. Persistent postural-perceptual dizziness (PPPD):

a common, characteristic and treatable cause of chronic dizziness. Pract

Neurol. (2018) 18:5–13. doi: 10.1136/practneurol-2017-001809

90. Wuehr M, Brandt T, Schniepp R. Distracting attention in phobic postural

vertigo normalizes leg muscle activity and balance. Neurology (2016).

88:284–8. doi: 10.1212/WNL.0000000000003516

91. Dieterich M, Staab JP. Functional dizziness: from phobic postural vertigo and

chronic subjective dizziness to persistent postural-perceptual dizziness.

Curr Opin Neurol. (2017) 30:107–13. doi: 10.1097/WCO.000000000

0000417

92. Holmberg J, Tjernstrom F, Karlberg M, Fransson PA, Magnusson

M. Reduced postural differences between phobic postural

vertigo patients and healthy subjects during a postural

threat. J Neurol. (2009) 256:1258–62. doi: 10.1007/s00415-009-

5110-x

93. Huppert D, Grill E, Brandt T. Down on heights? One in three has visual

height intolerance. J Neurol. (2013) 260:597–604. doi: 10.1007/s00415-012-

6685-1

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Adkin and Carpenter. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 8 September 2018 | Volume 9 | Article 78940

https://doi.org/10.1055/s-0033-1356462
https://doi.org/10.1016/j.gaitpost.2018.06.171
https://doi.org/10.1016/S0887-6185(00)00042-6
https://doi.org/10.1016/S0031-9384(02)00935-6
https://doi.org/10.14288/1.0319265
https://doi.org/10.1136/practneurol-2017-001809
https://doi.org/10.1212/WNL.0000000000003516
https://doi.org/10.1097/WCO.0000000000000417
https://doi.org/10.1007/s00415-009-5110-x
https://doi.org/10.1007/s00415-012-6685-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


ORIGINAL RESEARCH
published: 10 October 2018

doi: 10.3389/fneur.2018.00850

Frontiers in Neurology | www.frontiersin.org 1 October 2018 | Volume 9 | Article 850

Edited by:

Emily Keshner,

Temple University, United States

Reviewed by:

Patrick Sparto,

University of Pittsburgh, United States

Taishin Nomura,

Osaka University, Japan

*Correspondence:

John F. Stins

j.f.stins@vu.nl

Specialty section:

This article was submitted to

Movement Disorders,

a section of the journal

Frontiers in Neurology

Received: 29 June 2018

Accepted: 21 September 2018

Published: 10 October 2018

Citation:

Stins JF and Roerdink M (2018)

Unveiling Intermittency in the Control

of Quiet Upright Standing: Beyond

Automatic Behavior.

Front. Neurol. 9:850.

doi: 10.3389/fneur.2018.00850

Unveiling Intermittency in the Control
of Quiet Upright Standing: Beyond
Automatic Behavior
John F. Stins* and Melvyn Roerdink

Department of Human Movement Sciences, Faculty of Behavioural and Movement Sciences, Vrije Universiteit Amsterdam,

Amsterdam Movement Sciences, Amsterdam, Netherlands

The control of posture, as in quiet upright standing, is distributed among postural

reflexes and higher (cortical) centers. According to the theory of “intermittent control,”

the control of posture involves a rapid succession of brief periods of postural stability,

during which the body dwells relatively motionless in a particular posture, and postural

instability, during which the body rapidly transits to a new stable point. This theory

assumes a combination of stiffness control, keeping the body in the same position, and

top-down ballistic control, moving the body to a new reference position. We tested the

prediction that exerting ballistic control consumes more attention, relative to stiffness

control, using variations in reaction time as our index of attention load. Slower reactions to

external stimulus events were expected if these events happen to coincide with ballistic

control regimes compared to stiffness regimes, as unveiled from local features of the

posturogram. Thirty-two participants stood on a force plate, and were instructed to

press a hand-held button as soon as they heard a stimulus tone. About 40 stimuli

were presented at random instances during a 3-min trial. Postural control regimes

were characterized using sway-density analysis for each stimulus-response interval, by

computing local dwell times from the corresponding center-of-pressure samples. We

correlated stimulus-response durations with the corresponding local dwell times, and

also with local velocity and local eccentricity (distance from the origin). As predicted,

an overall negative correlation was observed, meaning that shorter dwell times are

associated with longer stimulus-response intervals, as well as a positive correlation

with local center-of-pressure velocity. The correlation between reaction times and local

eccentricity was not significant. Thus, by mapping stimulus-response intervals to local

center-of-pressure features we demonstrated attentional fluctuations in the control of

quiet upright standing, thereby validating a core assumption underlying the notion of

intermittent postural control.

Keywords: postural control, intermittency, dual-tasking, postural sway, attention, reaction time, sway density

curve
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INTRODUCTION

Body sway during quiet upright standing reflects attempts of the
actor to control the unstable “inverted pendulum,” i.e., the erect
human body. In theory, it would be possible to apply a constant
mechanical stiffness of themuscle-tendon complex acting around
the ankle joint. If stiffness is sufficiently high, then the inverted
pendulum will stay in place. However, empirical measurements
performed by Loram and Lakie (1) showed that ankle stiffness
was lower than the gravitational toppling torque, implying that
an additional mechanism was required to maintain quiet upright
standing.

This mechanism arguably involved serial ballistic, neurally
generated, torques that “kick” the body center of mass in
a particular direction. This form of postural control has
been labeled intermittent or “saccadic” control [e.g., (2)]. An
important characteristic of intermittent control is its anticipatory
nature. Phasic neural commands, sent out to the muscles,
generate anticipatory torques based on a prediction of imminent
destabilization, and bring the center of mass back to a stable
state. Intermittent control thus implies a neural representation
of the “inverted pendulum” dynamics that predicts the postural
consequences of phasic applied torques.

Is it possible to identify such intermittent or discrete instances

of control in the trajectory of the center of pressure (COP)

during an actual quiet standing episode? Yes, according to an
inventive sway-density analysismethod proposed by Baratto et al.
(2), and adopted by others since then [e.g., (3–5)]. This method
involves constructing so-called sway-density curves, unveiling
instances when the COP is relatively stationary or transient (see
section Materials and Methods for details). Briefly, the approach
assumes a “waxing and waning” between episodes wherein the
center of mass (and the COP) is relatively motionless (i.e.,
high density, long dwell times) and episodes wherein the COP
quickly shifts position (i.e., low density, short dwell times). This
process has been likened to sequences of saccades and fixations,
which alternate and repeat in quick succession (3). During
the “fixations” the COP shows little activity, likely representing
the contribution of ankle stiffness. On the other hand, the
“saccades” involve quick displacements of the COP, likely
representing phasic neural commands generating anticipatory
torques to bring the erect body back to a stable state, which
is then again followed by a period of postural inactivity, ad
infinitum.

In a recent paper, Villarrasa-Sapiña et al. (4) described
intermittent control as consisting of two control mechanisms;
one involving the mechanical properties of the ankle muscles
(a.k.a. intrinsic feedback, or “passive control”), and one involving
anticipatory activation of the muscles (feedforward control, or
“active control”). It is assumed that episodes in the posturogram
with short dwell times represent anticipatory top-down balance
control that drive the COP (and hence the center of mass) back
to a stable state (4). According to Baratto et al. (2), these episodes
represent complex sensory processing, for example estimating a
stable future (intended) state of the center-of-mass. The sway-
density analysis has been successfully applied to demonstrate
that the sensory regulation of postural control is affected in

individuals with idiopathic scoliosis (6) and in individuals with
obesity (4, 7).

Despite the promising empirical and theoretical embedding
of this analysis [but see (5)], there has been no independent
test of one of its core assumptions, namely that during quiet
standing there is a quick back-and-forth of two control regimes;
the passive feedback control and active feedforward control, as
outlined above. In this paper we argue that the two control
strategies likely differ in their computational and attentional
complexity. More specifically, feedforward control is applied
by the central nervous system based on an internal model
of the body dynamics, which likely comes with an associated
computational cost. In contrast, stiffness control is peripheral by
nature and is likely not—or considerably less—computationally
demanding. If this holds, then it should be possible to observe
differences in computational cost using a concurrent stimulus-
response reaction-time task, thereby taxing the differential
attentional demands of the respective control modes, represented
by specific local posturographic state variables (i.e., position,
velocity, dwell times).

To this end, we first briefly describe a study by Teasdale et al.
(8) which served as inspiration for our current study. That study
asked whether young and older (otherwise healthy) participants
differed in their attentional requirements to maintain static
balance. During the quiet standing task, participants heard a
tone at unpredictable instances upon which they had to press
a handheld button as quickly as possible. Stimulus-response
reaction times (RT) served as an index of the attentional
requirements needed to perform the task, i.e., upright standing
while responding to the tone. Teasdale et al. (8) reasoned that if
the COP happened to be in a more eccentric position (relative
to the origin of the posturogram), posture was presumably less
stable, requiring deployment of attentional resources to bring
the COP toward a more central (and putatively more stable)
position. Thus, if an auditory stimulus happened to coincide
with a more eccentric COP position, then—following Teasdale et
al.’s (8) reasoning—this should give rise to longer RTs. This was
indeed the case, but only for the group of older participants (8).

Teasdale et al. (8) focused exclusively on postural eccentricity.
However, they did not consider the possibility that episodes
of relatively stationary and transient COP excursions may
occur anywhere in the posturogram, that is, at eccentric
and central positions alike. As argued above, some episodes
involve rapid, self-generated anticipatory COP displacements
and likely reflect attention-demanding postural computations,
whereas other episodes are relatively stationary and not (or
less) computationally demanding. We adopted the experimental
paradigm developed by Teasdale et al. (8) to test the
hypothesis that the attentional requirements of postural control
“wax and wane” during quiet upright standing, with greater
requirements for active compared to passive control regimes.
We used stimulus-response RTs as an index for the required
attentional involvement (higher RTs represent greater attentional
requirements) and related them to local posturographic state
features like local COP eccentricity, local COP velocity and
local dwell times derived from sway-density curves. Local COP
eccentricity was included to replicate Teasdale et al.’s (8) findings.
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Local COP velocity and local dwell times were included to
unveil passive and active control episodes. Episodes in which
the COP is relatively stationary are characterized by low velocity
and high dwell times, which are assumed to reflect episodes
of passive control. Vice versa, COP episodes with high velocity
and low dwell times are assumed to reflect episodes of active
control. By correlating RT values to local COP velocities and
local dwell times, we could evaluate the hypothesis that the
attentional requirement for controlling upright quiet stance
fluctuates depending on the relative contribution of the two
control regimes. More precisely, we predict (a) an overall positive
association between RT and local COP velocity and (b) an overall
negative association between RT and local dwell times.

MATERIALS AND METHODS

Participants
We tested 32 healthy young participants (15 females and 17
males). Their mean (±SD) age was 21.7 (±2.1) years. The
study was approved by the local ethics committee and informed
consent was obtained from all participants.

Procedure
Participants were instructed to stand still on a force plate (1
× 1m, custom made) and to pay attention to a sequence of
tones that was presented over computer loud speakers, positioned
behind the participant at a distance of 1.5m. Tones (8 kHz)
were presented at random intervals ranging between 2 and
6 s. Participants had to press a small response key that was
held in the right hand, as soon as they heard the tone. The
computer sampled the stimulus tones, the response events, and
the anterior-posterior (AP) and mediolateral (ML) COP data at
1 kHz.

The experiment was divided into four trials; (1) standing on a
firm surface (i.e., themetal surface of the force plate), (2) standing
on a piece of foam (40 × 40 × 8 cm, medium density) laying
atop the force plate, (3) standing on a firm surface again, and
(4) standing again on foam. Each trial lasted 181 s, thus yielding
181.000 data samples per trial. During each trial there were about
40 stimuli. Between trials there was a break of ∼1min, during
which the experimenter attached or removed the piece of foam.

Data Analysis
Stimulus-Response Reaction Times
We had to exclude three participants from the analyses because
of a measurement error (i.e., failure to record the responses).
For the 29 remaining participants, we ensured that the recorded
stimulus-response pairs were valid by (1) excluding responses
faster than 100ms, (2) excluding responses slower than 600ms,
and (3) by excluding stimuli without a recorded response. Two
participants exhibited RTs that were considerably slower than the
rest with responses lasting well over 600ms on many occasions.
We decided to discard these participants from further analyses.
For the remaining 27 participants (our final sample) we found
that (1) there were never responses below 100ms, (2) there
were twelve responses slower than 600ms, and (3) there was
one stimulus without a recorded response. These events were

discarded from further analyses. Furthermore, we discarded
stimulus-response pairs falling in the first 5 or final 5 s of a trial
to prevent the influence of starting or stopping the trials. From
the remaining 4,515 valid stimulus-response pairs (yielding on
average 42 valid pairs per trial, range 37–44), the mean stimulus-
response reaction-time interval was determined, separately for
each trial.

Global Posturographic Outcomes: Eccentricity,

Velocity, and Dwell Time
AP and ML COP time series were filtered with a bi-directional,
second-order low-pass Butterworth filter with a cut-off frequency
of 12.5Hz. We then removed the first and last 5 s of each trial
(see above). For each trial, themean eccentricity (defined asmean
distance to the origin of the posturogram, in mm) and the mean
sway velocity (traveled distance in the posturogram per unit time,
inmm/s) were determined. Greater eccentricity and velocity were
expected for standing on foam. Dwell times were determined
from sway-density curves derived by counting, for each sample
i, the number of consecutive samples on the posturogram falling
inside a circle of given radius R, yielding, for each sample i, the
duration in ms that the COP remained inside that circle [see, for
example, (4) for a graphical illustration of the method]. These
durations, also known as dwell times, critically depend on the
overall magnitude of the posturogram (i.e., shorter durations
for larger posturograms, thus supposedly shorter dwell times for
foam than firm surfaces) and the size of the radius R (i.e., longer
dwell times for larger radii). Although not the main topic of our
research, we decided to investigate the effect of choice of radius
on overall dwell times. The default setting for the radius in the
literature is 2.5mm [e.g., (2)], but some studies [e.g., (9)] have
manipulated the size of R and examined its effect on the number
of peaks and associated heights (i.e., peak dwell times) of the sway
density curve. Since we were particularly interested in episodes
at a specific time scale, namely episodes similar to the stimulus-
response reaction times, we computed sway-density curves for
ten different radii (0.25, 0.50, . . . , 2.50mm), fromwhich themean
dwell times were determined. The radius yielding dwell times
similar to the stimulus-response durations will be used for the
subsequent relational analyses, as described next.

Local Posturopgraphic Outcomes and Their Relation

to Stimulus-Response Reaction Times
Figure 1 shows two individual posturograms (firm and foam),
in which the red traces represent segments in the posturogram
corresponding to the stimulus-response intervals. Our main
interest was in the relationship between local posturographic
outcomes (i.e., computed over segments in the posturogram
corresponding to the stimulus-response intervals, i.e., the red
traces in Figure 1) and stimulus-response reaction times, because
this may reveal whether certain episodes within the posturogram
have heightened attentional costs. To this end, we determined
eccentricity, velocity and dwell times locally from COP episodes
corresponding to individual stimulus-response intervals. If, for
example, a given stimulus-response pair had a RT value of
200ms, we used the posturographic data spanning this interval
to determine local eccentricity, velocity and dwell times (thus
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FIGURE 1 | Posturograms for firm (Left) and foam (Right) surface conditions.

Trials lasted 181 s. Anterior-posterior (AP) vs. mediolateral (ML)

center-of-pressure trajectories are depicted in gray, while superimposed red

traces represent the 42 or so stimulus-response episodes during a trial.

based on 200 posturographic samples, starting with the sample
corresponding to stimulus onset and ending with the sample
corresponding to key press). We did this for each valid stimulus-
response pair (see above), resulting in 37–44 values for local
eccentricity, velocity, and dwell time per trial.

For each trial, Pearson’s correlation coefficients and the slopes
of the linear fits among these local posturographic values, as well
as between local posturographic values and stimulus-response
reaction times were determined and used for further statistical
analyses (see below). The method of determining local dwell
times and its association with stimulus-response reaction times
(from which the slope was taken) is shown in Figure 2, for a
representative trial (i.e., data corresponds to the left posturogram
of Figure 1).

Statistical Analyses
We first tested the effect of surface (firm vs. foam) on stimulus-
response reaction times and on the posturographic outcomes
eccentricity and velocity. We performed two statistical analyses
contrasting the two surface conditions, namely (1) a paired-
samples t-test (alpha = 0.05) and (2) a Bayesian comparison
of means (with default Cauchy prior of 0.707) performed in
JASP (Version 0.8.6). The tests were performed on the average
over the two trial repetitions per surface condition, except for
one participant for which we used the second firm surface trial
to represent the firm condition because of an error in data
collection for the first firm trial. Bayesian hypothesis testing is
rapidly gaining popularity [e.g., (10)]. It can be used to quantify
the relative predictive value of two competing hypotheses,
operationalized with so-called Bayes factors (BF) quantifying the
relative evidence for the null hypothesis vis-à-vis the alternative

hypothesis. The BF01 indicates how much more likely the data
support the null-hypothesis (the means do not differ) compared
to the alternative hypothesis (the means differ). BF10 equals
1/BF01, and quantifies howmuchmore likely the data support the
alternative hypothesis. It has been suggested to treat BFs between
1 and 3 as anecdotal (hence, inconclusive) evidence, BFs between
3 and 10 as moderate evidence, and BFs > 10 as strong evidence
(11); we regard these qualifications as convenient shorthands to
an underlying continuum of evidence.

With regard to the dwell times derived from the sway density
analysis, we conducted a 2 (surface: firm, foam) by 10 (radius:
0.25, 0.50, . . . , 2.50mm) repeated-measures ANOVA to (1)
confirm the effects of magnitude of the posturogram and radius
on the overall dwell times (smaller posturograms and larger
radii would result in longer dwell times) and (2) to identify the
radius yielding overall dwell times representative of the time
scale of interest (i.e., dwell times similar to stimulus-response
reaction-time intervals).

Third, we analyzed the statistical relationships among our
local posturographic outcomes (local eccentricity, local velocity
and local dwell times) as well as between these local outcomes
and reaction times. We did this by analyzing the sign, magnitude
and significance of the correlation coefficient as well as the
slope of the linear fit. Since we were primarily interested in the
nature and direction of the effect (positive, zero or negative), we
entered the values of the correlation coefficient and the slope
(averaged over the two trial repetitions) into one-sample t-tests
against 0; correlations and slopes significantly different from
zero would indicate an overall consistent positive or negative
relationship. We likewise computed Bayes factors to quantify
how much more likely the data supports the null hypothesis
(correlations and slopes do not differ from 0, BF01) or the
alternative hypothesis (correlations and slopes differ from 0;
BF10). We did this separately for the firm and foam conditions.

RESULTS

Reaction Times
For the RTs we found no significant difference between
responding on a firm surface (210± 25ms) and on a foam surface
[208 ± 28ms; t(26) = 0.531, p = 0.60, d = 0.102; Figure 3, top
left panel]. The Bayesian analysis yielded a BF01 of 4.31, thus
indicating moderate evidence in favor of the null hypothesis, i.e.,
no effect of the foam manipulation on RT.

Global Posturography
Figure 3 further summarizes the effects of support surface on
global posturographic outcomes. As predicted, standing on foam
had very strong effects, in expected directions, with greater
eccentricity, faster velocity and shorter dwell times on foam
compared to standing on the firm surface. Specifically, significant
effects were found for eccentricity [firm: 4.5 ± 1.6mm, foam 6.1
± 1.2mm; t(26) = −5.913, p < 0.001, d = −1.138; BF10 > 1,000)
and velocity (firm: 8.8 ± 1.6 mm/s, foam: 12.1 ± 2.9 mm/s; t(26)
= −8.578, p < 0.001, d = −1.651; BF10 > 1,000). Furthermore,
both surface and radius significantly affected the overall dwell
time of the sway density analysis. That is, the 2 (surface: firm,
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FIGURE 2 | Procedure outlining the posturographic analyses from global to local dwell-time estimation, and their relation to stimulus-response reaction times. The top

panel displays the sway density curve, with in red the 41 episodes corresponding to stimulus-response intervals. Over the whole trial, the dwell time was on average

248ms, but dwell times clearly fluctuate throughout the trial, with peaks up to 1,000ms. In the lower-right panel, the sway-density curve is depicted for a period of

about 10 s, containing three stimulus-response pairs (numbers 33, 34, and 35). As can be seen, the local dwell times taken over the stimulus-response intervals, as

well as the reaction-time values, vary. This is confirmed by the negative correlation between local dwell times and reaction times, as depicted in the lower-left panel,

with the linear fit (red line) and its regression equation yielding an overall negative slope (presented in bold font) for this trial.

foam) by 10 (radius: 0.25, . . . , 2.50mm) repeated-measures
ANOVA revealed shorter dwell times for foam (528ms) than
firm (1,063ms) surfaces [main effect of Surface; F(1,26) = 89.77,
p < 0.001, ES = 0.775]. Dwell times increased with increasing
radii [main effect of radius; F(9, 234) = 225.74, p < 0.001, ES =

0.897], with significant post-hoc differences between all radii (all
p’s < 0.001). The interaction between surface and radius was
also significant [F(9, 234) = 72.42, p < 0.001, ES = 0.736], with
significant between-surface differences growing with increasing
radii (Figure 3, lower panel). Note that the average dwell times
observed for a radius of 0.5mm (198ms) best corresponded to
the average stimulus-response reaction times (209ms), and hence
to the time scale of interest. Consequently, we determined local
dwell times based on a fixed radius value of 0.50mm for the
remainder of the analysis.

Relationships Among Local
Posturographic Outcomes
Table 1 shows the correlations, slopes and statistics among
the three local posturographic outcomes: local eccentricity,
local velocity and local dwell times. As can be seen, there
were consistent associations among all local posturographic
outcomes (i.e., correlations and slopes differed significantly
from zero), with higher velocity at greater eccentricity, shorter
dwell times at greater eccentricity and particularly shorter
dwell times at higher velocity, for firm and foam surfaces
alike.

Relationships Between Local
Posturographic Outcomes and Reaction
Times
Table 2 shows the correlations, slopes, and statistics between
the three local posturographic outcomes and RT. While
the correlation and slope for the relationship between local
eccentricity and RT was not significantly different from zero, and
anecdotal (BF10 between 1/3 and 1), the values of the correlations
and of the slopes between RT and local velocity, and between
RT and local dwell times, differed significantly from zero. The
correlations were overall weak and mostly not significant at the
level of a single trial. Nevertheless, as predicted, the relationship
between velocity and RT was consistently positive, implying
longer RTs for sway episodes of greater velocity. In addition, the
association between local dwell times and RT was consistently
negative, implying longer RTs for episodes with lower local dwell
times. This set of results is in agreement with the abovementioned
strong negative correlation between local velocity and local
dwell times (Table 1). The significant effects (in terms of both
frequentist and Bayesian analyses) point to highly consistent
behavior across participants, for firm and foam surfaces alike.

DISCUSSION

The aim of this study was to test a key prediction that
could be derived from the intermittent control theory of quiet
upright standing. Based on biomechanical measurements it has
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TABLE 1 | Mean slopes (slope), Pearson correlation coefficients (r), and their standard deviations (SD) as well as the number of significant positive (+) and negative (-)

correlations of all trials n among local eccentricity, local velocity and local dwell times, separately for firm and foam surfaces.

Mean ± SD t(26) p d BF10

Eccentricity—velocity (firm) slope 0.20 ± 0.30 3.496 0.002 0.673 21.3

r 0.13 ± 0.17 3.935 <0.001 0.757 57.4

+/−/n 14/0/53

Eccentricity—velocity (foam) slope 0.15 ± 0.23 3.465 0.002 0.667 19.8

r 0.10 ± 0.12 4.164 <0.001 0.801 97.7

+/−/n 7/0/54

Eccentricity—dwell times (firm) slope −6.64 ± 8.46 −4.080 <0.001 −0.785 80.3

r −0.11 ± 0.14 −4.023 <0.001 −0.774 70.4

+/−/n 1/7/53

Eccentricity—dwell times (foam) slope −2.17 ± 3.01 −3.746 <0.001 −0.721 37.3

r −0.09 ± 0.10 −4.271 <0.001 −0.822 125.6

+/−/n 0/3/54

Velocity—dwell times (firm) slope −29.56 ± 11.71 −13.122 <0.001 −2.525 >1,000

r −0.68 ± 0.06 −55.078 <0.001 −10.600 >1,000

+/−/n 0/53/53

Velocity—dwell times (foam) slope −14.89 ± 7.65 −10.107 <0.001 −1.945 >1,000

r −0.72 ± 0.05 −82.504 <0.001 −15.878 >1,000

+/−/n 0/54/54

Statistics pertain to the one-sample t-tests against 0, with Cohen’s d as effect size. BF10 represents the Bayes factor, with values > 10 quantifying strong evidence for the alternative

hypothesis (slope differs from zero) relative to the null hypothesis (slope does not differ from zero).

been argued [e.g., (1)] that quiet standing is accomplished
by a dual system, involving stiffness control, and feedforward
control (based on anticipatory top-down regulation). Various
papers (see Introduction) have emphasized that these control
mechanisms seem to alternate in rapid succession, akin to eye
movements consisting of saccades and fixations. We reasoned
that passive stiffness control during quiet standing would
be less computationally demanding than episodes involving
“intermittent stabilization bursts” (9). In other words, the
attentional load of maintaining stable upright stance was
supposed to fluctuate during quiet standing, depending on
which of the two control mechanisms happened to be
at play. If this holds, then attentional load (as indexed
using stimulus-response reaction time) should vary with
local posturographic features reflecting active and passive
control.

Our findings were as follows. First, we found that the mean
reaction time did not differ between support surface conditions
(i.e., firm vs. foam; Figure 3). A comparable study by Vuillerme
and Nougier (12) found evidence for increased attentional
requirements when standing on foam, but the effect (i.e., longer
reaction times for foam than firm surfaces) was only found in
a group of non-gymnasts, whereas gymnasts (with presumably
superior balance abilities) showed no effect of standing on foam
on RT. Our finding that RT did not differ between the two
surface conditions suggests that our subjects had very good
balance abilities, requiring very little attentional resources [as in
(12)], and/or prioritized the reaction-time task over the balance
task, focusing predominantly on RT performance, which is
not unlikely given the observed posturographic changes when

standing on foam (greater overall eccentricity, greater overall
velocity and lower overall dwell time; Figure 3).

Second, when focusing exclusively on COP segments
encompassing the stimulus-response intervals, we found
a consistent statistical association among our three local
posturographic features (Table 1). That is, we found that COP
segments with relatively high local eccentricity (i.e., far removed
from the center of the posturogram) also had relatively high
local velocity and relatively low local dwell times. Although these
correlations are relatively weak in magnitude and mostly not
significant at the level of a single trial, the consistent positive
and negative relationships over trials and participants reflect that
the COP generally moves faster and dwells shorter, the further
away it is from the origin, and vice versa. Such faster movements
in more eccentric positions could signal an imminent loss of
stability near the periphery (i.e., the onset of falling due to an
accelerating center of mass) and/or postural adjustments to
bring the eccentric center of mass back to the relative safety of
the origin. Note that the negative correlation between local COP
velocity and local dwell times was significant for all trials and
quite strong in magnitude (Table 1), as it should be by definition.

Third, and this was the core finding of the study, we found
consistent associations between attentional load (RT) and local
velocity and local dwell times, but not between RT and postural
eccentricity (Table 2). Participants generally took more time to
respond to an auditory stimulus when their COP happened
to move fast, and vice versa. Likewise, participants generally
responded slower to the stimuli in COP episodes with lower
dwell times (see also lower-left panel of Figure 2). In contrast,
stimulus-response reaction times did not vary systematically
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TABLE 2 | Mean slopes (slope), Pearson correlation coefficients (r), and their standard deviations (SD) as well as the number of significant positive (+) and negative (–)

correlations of all trials n between the three local posturographic outcomes and reaction times (RT), separately for firm and foam surfaces.

Mean ± SD t(26) P d BF10

Eccentricity—RT, firm slope 1.04 ± 3.01 1.801 0.083 0.347 0.8

r 0.04 ± 0.16 1.342 0.191 0.258 0.4

+/−/n 5/1/53

Eccentricity—RT, foam slope 0.46 ± 1.87 1.267 0.216 0.244 0.4

r 0.04 ± 0.12 1.790 0.085 0.344 0.8

+/−/n 5/0/54

Velocity—RT, firm slope 2.03 ± 2.18 4.843 <0.001 0.932 487.9

r 0.13 ± 0.12 5.516 <0.001 1.062 >1000

+/−/n 8/0/53

Velocity—RT, foam slope 0.82 ± 0.95 4.470 <0.001 0.860 201.0

r 0.11 ± 0.10 5.658 <0.001 1.089 >1000

+/−/n 7/0/54

Dwell times—RT, firm slope −0.051 ± 0.073 −3.656 0.001 −0.704 30.4

r −0.10 ± 0.12 −4.633 <0.001 −0.892 295.4

+/−/n 1/4/53

Dwell times—RT, foam slope −0.042 ± 0.050 −4.368 <0.001 −0.841 157.8

r −0.07 ± 0.09 −4.077 <0.001 −0.785 79.8

+/−/n 0/3/54

Statistics pertain to the one-sample t-test against 0, with Cohen’s d as effect size. BF10 represents the Bayes factor, with values > 10 quantifying strong evidence for the alternative

hypothesis (slope differs from zero) relative to the null hypothesis (slope does not differ from zero).

with how far away from the origin the COP was. These main
findings have several implications. To start with, the increase
in RT with lower local dwell times and faster COP velocity
is in line with our main prediction. It suggests that phases in
the COP trajectory with high velocity and low dwell times are
associated with an elevated attentional cost, presumably because
these posturographic features reflect instances of active control.
Comparable findings have been reported in the literature on
rhythmic arm movements [e.g., (13–15)], where it is found that
RT is slowed down in certain phases in the movement cycle,
possibly due to attentional engagement during “anchoring” [i.e.,
discrete instances in the continuous movement cycle during
which control is exerted over the oscillator; see also (16, 17)].
In the context of locomotion, Lajoie et al. (18) found that
reaction times to an auditory stimulus also varied systematically
over the gait cycle; RTs were higher during the single-support
phase compared to the double-support phase. These findings
suggest that classical cognitive-motor dual-tasking effects [e.g.,
(19)] are visible not only across groups and conditions (e.g.,
comparing single task to dual-task performance), but also within
a single continuous movement trajectory, such as a COP trace
or cyclic movements. Classical dual-tasking studies typically
compute average performance scores of the component tasks
across the entire measurement, to assess the overall attentional
requirements of the dual task at various difficulty levels. Our
approach, in contrast, revealed that the attentional requirements
of the continuous motor task of quiet standing exhibit an “ebb
and flow”, as evidenced by variations in reaction time that varied
weakly but consistently with local posturographic features. This
finding may help develop theorizing about the hypothesized

dualistic nature of postural control, for example as regards the
relative contribution of each mechanism and their respective
time courses.

Two other implications follow from our main findings. First,
the finding that local dwell times and local COP velocity are
strongly interrelated (Table 1), while both correlate weakly but
consistently with RT intervals (Table 2), implies that local COP
velocity may yield the same information as local dwell times
derived from sway density analysis. We would like to stress,
however, that this redundancy only holds for our analysis
approach where we correlated selected segments in the COP, and
not necessarily applies to the entire time series. After all, several
other parameters can be deduced from sway density curves (e.g.,
number of peaks, peak height, distance or time between peaks)
that proved quite useful for between-task or between-group
comparisons in the study of postural control [e.g., (7)]. If and
when future studies find that, across different task conditions and
populations, local COP velocity gives identical results as the local
dwell times derived from sway density curves, then one might
consider sticking to local COP velocity, as it is conceptually and
computationally more straightforward. Second, our finding that
RT was not associated with postural eccentricity in our sample of
27 young adults is in line with the original finding of Teasdale
et al. (8), who found an effect only for older participants and
not the young. It should be noted that their results were based
on nine elderly and eight young, and that they did not employ
Bayesian statistics to provide evidence in favor of the null. In
combination with our results, it seems fair to conclude that the
attentional demands of maintaining quiet upright standing in
young adults are not related to eccentricity but instead to local
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FIGURE 3 | Effect of support surface (firm, white bars and foam, black bars)

on reaction times and the global posturographic outcomes eccentricity,

velocity and dwell times, the latter presented for a range of radius values. Error

bars represent standard deviations. Asterisks in the top panels denote a

significant difference between firm and foam conditions. The difference

between firm and foam was significant across all radii (bottom panel).

velocity and local dwell time, regardless of their position in the
posturogram.

All in all, our results support a key prediction from the
intermittent control theory of quiet standing by showing
longer RTs for episodes containing local posturographic features
indicative of active control (i.e., lower local dwell times, higher
local velocity). Although the slopes and correlation coefficients
of these associations were consistently and convincingly different
from zero, it must be stressed that the correlation values were
overall relatively low (roughly between 0.1 and 0.2) and mostly
not significant at the level of a single trial (Table 2). These low
correlations could partly be explained by the adopted approach
for stimuli presentation. That is, we presented stimuli at random
instances during a quiet standing trial, and we later correlated
reaction times to local posturographic features that happened to
be present at that moment in time. As can be appreciated from
Figure 2, our stimuli generally missed the brief episodes with
very high dwell times, that is, the episodes where the COP is
relatively stationary and assumed to reflect passive control. We
further noticed that episodes with high dwell time (peaks in the

sway density curve) are typically quite short in duration, and
notably shorter than the duration of a typical stimulus-response
event. Looking again at the dwell times over a representative
trial shown in the top panel of Figure 2, one can clearly see
that the peaks (representing little COP movement) are shorter in
duration than the intermediate episodes with lower dwell times
(faster COPmovement). As a consequence, most stimulus events
will occur during such episodes of high postural activity. The
typical short duration of episodes with high dwell times also
implies that local dwell time estimates may reflect a mixture of
passive and active control, such as for stimulus 34 in Figure 2.
These three factors all reduce the explained variance of RT
as a function of local dwell time and local velocity, and may
hence explain why, despite the overall consistent directional
trends, the magnitude of the correlations tends to be relatively
low.

The observed slowing of reaction time with fast postural
adjustments could point to the presence of a refractory period.
This notion is quite common in the psychological literature
and states that responding to a second event is slowed down
if the event is in close temporal proximity to an immediately
preceding stimulus-response event. Information processing of
the first event takes some time to complete, which interferes
with processing the following event, as demonstraded by delayed
reaction times. The notion of refractoriness has recently been
applied to the field of motor control by a study of van de Kamp
et al. (20). In that study subjects had to manually control an
unstable (virtual) inverted pendulum using a continuous joystick
task. The pendulums varied in stability and system order. It was
found that stabilization of the pendulum could be described by
a series of brief ballistic control episodes, instead of continuous
control. According to the authors, their data suggest a refractory
period during which open loop control is not possible due to
a hypothesized single-channel processing bottleneck. Moreover,
continuous control was also unnecessary, since intermittent
(serial ballistic) control was capable of stabilizing the unstable
system. It could very well be that refractoriness is a general
physiological mechanism that operates to control a wide range
of homeostatic systems, including maintaining upright standing
posture. We speculate that our observation of longer reaction
times with shorter dwell times is compatible with the notion
of such a general (cross-modal) bottleneck. More specifically,
such an active intermittent postural control episode causes
a brief temporal interference (i.e., refractoriness), blocking
further response processing, such as responding to the auditory
stimulus.

In conclusion, by mapping stimulus-response intervals to
local posturographic features we demonstrated attentional
fluctuations in the control of quiet upright standing, thereby
validating core assumptions underlying the sway-density analysis
and the theoretical notion of intermittent postural control.
Future studies are recommended to control the presentation
of the stimuli in a movement-dependent manner, such as
successfully done in the context of cyclic tasks (15, 21, 22), in
order to increase the likelihood of obtaining episodes with high
dwell times. This may also be instrumental in identifying the
method (i.e., local dwell times or some other local posturographic
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parameter) that best parameterizes intermittent postural control,
which seems relevant given the lowmagnitude of the correlations
between local dwell times and reaction times. Furthermore,
future studies are recommended to record EMG data of a
set of muscles relevant to postural control. Complementing
local posturographic features and associated stimulus-response
intervals with recordings of neural activity could help unveil the
neural circuitry driving the musculoskeletal control of posture
(23–25). Moreover, when adopting an event-based approach, it
could perhaps even pinpoint differences therein for the hitherto
identified active and passive control regimes. To our knowledge,
this has never been directly tested, despite offering a potentially
informative window into the control processes underlying
intermittency.
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Standing balance relies on the integration of multiple sensory inputs to generate themotor

commands required to stand. Mechanical and sensory perturbations elicit compensatory

postural responses that are interpreted as a window into the sensorimotor processing

involved in balance control. Popular methods involve imposed external perturbations

that disrupt the control of quiet stance. Although these approaches provide critical

information on how the balance system responds to external disturbances, the control

mechanisms involved in correcting for these errors may differ from those responsible

for the regulation of quiet standing. Alternative approaches use manipulations of the

balance control loop to alter the relationship between sensory and motor cues. Coupled

with imposed perturbations, these manipulations of the balance control loop provide

unique opportunities to reveal how sensory andmotor signals are integrated to control the

upright body. In this review, we first explore imposed perturbation approaches that have

been used to investigate the neural control of standing balance. We emphasize imposed

perturbations that only elicit balance responses when the disturbing stimuli are relevant

to the balance task. Next, we highlight manipulations of the balance control loop that,

when carefully implemented, replicate and/or alter the sensorimotor dynamics of quiet

standing. We further describe how manipulations of the balance control loop can be

used in combination with imposed perturbations to characterize mechanistic principles

underlying the control of standing balance. We propose that recent developments in the

use of robotics and sensory manipulations will continue to enable new possibilities for

simulating and/or altering the sensorimotor control of standing beyond compensatory

responses to imposed external perturbations.

Keywords: imposed perturbations, ongoing human in the loop manipulations, balance control, quiet standing,

robotics, sensory stimulation
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INTRODUCTION

Our ability to stand upright requires accurate estimation
about the orientation of the body with respect to gravity
as well as the relative relationships between body segments.
These estimates are formed through multisensory integration
of information arising from visual, vestibular, somatosensory
and auditory sensory systems. Imposed perturbations of the
sensory/motor systems and manipulations of the balance control
loop provide methods of disrupting and/or modifying the
balance controller. These approaches, however, differ. Imposed
perturbations (transient or continuous) evoke external error
signal inputs while manipulations of the balance control loop
are designed to modify the sensorimotor relationships required
to control quiet stance. Both approaches have proven critical
in unraveling fundamental sensorimotor principles underlying
standing balance. In this review, we explore perturbation and
manipulation approaches used to probe the balance system. We
first provide an overview of the sensorimotor and mechanical
characteristics that are relevant for the control of standing
balance. Then, we discuss imposed external perturbations
that have enabled researchers to investigate how the balance
system responds to these unexpected disturbances. Here, we
operationally define imposed perturbations as methods which
disrupt quiet standing behavior and represent external error
signals for the balance system. As such, the parameters of
the imposed external perturbations are designed exclusively by
the experimenter. We subsequently present manipulations of the
balance control loop that can be implemented to alter sensory
feedback and/or their relationships with motor outputs during
the ongoing control of quiet standing balance. Importantly,
although these techniques can involve physical and/or sensory
alterations, we define them as manipulations (rather than
perturbations) as they are designed to modify relationships
within the balance control loop such that their effects are a
function of the action of the subject (i.e. human in the loop
manipulations). Finally, we emphasize how manipulations of the
balance control loop altering ongoing feedback can be combined
with imposed perturbations to reveal sensorimotor principles
of standing balance. Throughout this review, we prioritize
information gained from experimental approaches applied to
healthy human volunteers. Where appropriate, we relate these
findings to observations gathered from clinical populations (e.g.,
persons with vestibular loss), whose behavior may complement
our insight into the control of standing balance.

SENSORIMOTOR AND MECHANICAL
ASPECTS OF STANDING BALANCE

The upright bipedal posture adopted for standing balance is
mechanically unstable. When the vertical projection of the
whole-body deviates from the ankle joint center of rotation,
gravity acting on the body increases the magnitude of the
toppling torque and must be compensated by active and passive
forces. Consequently, although standing may be referred to as
quiet stance or static balance, the acceleration of the whole-body
center of mass is constantly varying in three-dimensional space.

The mechanics of standing balance involve both large and fine
adjustments used to stabilize the whole-body and the relative
orientation of body segments (1–4). The mechanics of standing
balance are often simplified by assuming that movement only
occurs around a limited number of joints. In the anteroposterior
direction, the standing body is commonly represented using
a single-link inverted pendulum model where whole-body
movements occur mainly around the ankle joints (5–8). In the
mediolateral direction, an inverted pendulum with dual links
(i.e., both limbs) has been proposed (9–11), with whole-body
motion occurring around both the ankle and hip joints. The
differential equation of an inverted pendulum is therefore used
to describe the relationship between the net torque and whole-
body angle when a person stands; explaining how body inertia
mechanically filters muscle activation during standing, resulting
in low frequency movements of the whole-body (typically below
0.5Hz for quiet standing sway) (8, 12–14).

Given that forces are developed when musculoskeletal tissues
are deformed, it has been proposed that tonic muscle activity
may be sufficient to maintain standing balance passively (11,
15). For balancing along the anteroposterior direction, however,
the toppling gravito-inertial torque associated with whole-body
movements exceeds the intrinsic stabilizing torque developed
by the viscoelastic forces during deformation of ankle tissues
(16, 17). Consequently, active neural control of the ankle and
hip muscles (as well as those acting at other joints) is required
to stabilize the body and modulate the net forces and torques
delivered through the feet onto the support surface (18–23). The
active maintenance of standing balance involves a sensorimotor
control loop that detects body orientation/motion and generates
the stabilizing forces and torques required to remain upright
(Figure 1). Information regarding the orientation of the body
with respect to gravity and the relative relationship between body
segments is provided by integrating multiple cues from sensors
located throughout the body. In the following paragraphs, we
describe briefly the balance-relevant sensory code provided by
these sensors as they relate to the frequency characteristics of
standing balance.

Balance-Relevant Sensory Code
Sensory inputs from the visual, vestibular, somatosensory and
auditory systems all contribute to the control of standing balance.
The information provided by individual sensory cues is shaped by
the dynamics of each sensor and the coordinate system in which
they are referenced [for a review of sensory dynamics related to
standing balance, see (24)]. To be relevant for standing balance, a
sensor must be capable of encoding frequencies up to and beyond
those comprising the dynamics of the standing body; i.e., the
dynamics of a sensor must be greater than the actuator, which
must be greater than the mechanical system being controlled
(25–27). Therefore, sensors that primarily encode low frequency
(and static) information may be more likely to contribute to the
low frequency control of quiet standing balance whereas those
encoding higher frequencies may be more helpful in responding
to imposed external perturbations.

The somatosensory system refers to a group of receptors
found throughout the muscles, joints, and skin of the body.
Several of these mechanoreceptors relay position and motion
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FIGURE 1 | Schematic of the balance control loop depicting the relationship between motor command, sensory feedback and multisensory integration. Sensory cues

convey information about the external world and the body’s orientation within it. This information is integrated with motor commands to estimate sensory prediction

errors. Because these aspects of the balance control loop are not the focus of this review, they have been grayed out in the figure [see (24) for a more detailed

exploration of these principles]. Mechanical and sensory inputs to the control loop illustrate a conceptual representation of imposed perturbations or manipulations of

the balance control loop applied to understand the control of standing balance. Details on the implementation of imposed perturbations or manipulations of the

balance control loop are presented in Figure 2. Portions of this figure were adapted from Forbes et al. (24).

cues referenced to the body and its different segments, also

known as proprioception [(28–33); for a comprehensive review,

see (34)]. Collectively, muscle and joint receptors encode

static and dynamic joint angle and/or muscle force. Although

cutaneous receptors may also encode joint angle (35), those
located in the glabrous skin of the foot sole act as an interface
between the external world and the body. They can sense
contact forces and texture of the support surface that may be
used for standing balance (36, 37). The visual system encodes
cues referenced to the external world derived from our field
of view. From visual inflow, motion signals of the surrounding
world (object-motion) and of the body within the world (self-
motion) are extracted and provide cues to stabilize the upright
body (38). The accessory optic system (a series of nuclei in
the midbrain with efferent connections to the brainstem and
cerebellum) likely plays an important role for balance control
given its preference for low frequency stimuli and interaction
with vestibular inputs (39, 40). Visual signals further provide
cues on the spatial orientation of objects in our surroundings
that may be used for controlling posture and responding to
disturbances (41, 42). The vestibular end organs, which are
fixed within the inner ears, sense three dimensional orientation
and inertial cues of the head-in-space (43). Two subtypes of
end organs, the otoliths and the semicircular canals, allow the
vestibular apparatus to encode translational and angular motion,
respectively (44). Because otoliths also encode head orientation
relative to gravity, the distinction between head orientation with
respect to gravity and head acceleration signals can be achieved
by the integration of otolith and canal cues along with visual and
somatogravic ones (45–49). Hence, information derived from the

peripheral vestibular apparatus provides important cues needed
for the control of standing balance. The auditory system, often
overlooked for its role in balance control, is situated alongside the
vestibular apparatus in the inner ear. Auditory cues can be used
for spatial localization of the head-in-space and produce illusions
of self-motion (50, 51), most prominently in the absence of vision
(52). When standing, stationary sound cues that are coherent
with other sensory signals of balance allow subjects to construct
spatial auditory maps that improve postural stability [see review
by Campos et al. (53)].

Various imposed stimuli or sensory manipulations of the
balance control loop can be used to investigate the role of sensory
cues in balance control. In the following sections, we first describe
imposed external perturbations that have been used to study the
reactive control of standing balance. We emphasize that stimuli
of this type evoke compensatory postural responses to external
disturbances. Therefore, a particular focus is put on stimuli that
specifically target balance control as opposed to methods that
evoke responses irrespective of the need to balance upright (e.g.,
stretch reflexes). We subsequently present and propose methods
that alter the ongoing control of quiet standing balance in order
to assess the organization and potential adaptability of the neural
control of standing balance.

IMPOSED EXTERNAL PERTURBATIONS
TO CHARACTERIZE STANDING BALANCE

Imposed perturbations have been applied extensively to assess
the control of standing balance. These perturbations are
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often designed by experimenters to be similar to disturbances
experienced during daily activities (e.g., standing on a bus
that suddenly accelerates) and can have a range of amplitudes,
velocities and/or accelerations. Carefully applied perturbations
have been used to reveal important aspects of standing
balance. For example, using imposed external perturbations
researchers have estimated the passive and active mechanisms
underlying standing balance and revealed how error signals
are integrated and transformed to maintain upright stance
(see subsections below). A point to consider, however, is that
imposed perturbations represent an external error signal that
is independent from the quiet standing balancing task (see
Figure 2A). Quiet standing balance behaviors can be described
using numerical models that also characterize responses to
imposed perturbations (54, 55), but it cannot be assumed that
the neural processes involved in these two scenarios are identical.
Consequently, perturbations imposed on standing participants
inform a researcher on how individuals respond to an external
disturbance as opposed to how they integrate and combine
multisensory cues to maintain quiet stance. Specifically, imposed
perturbations may evoke responses originating from sensory
cues activated by the perturbation that may not contribute
to the control of quiet upright stance. Furthermore, it is
currently not possible to estimate the contributions of ongoing
sensory feedback involved in maintaining quiet standing balance
by introducing additional sensory inputs through imposed
perturbations [see (56) for locomotor analogy]. Nevertheless,
there are certain imposed perturbations that only evoke whole-
body responses when participants are engaged in standing
balance and these may reveal fundamental principles underlying
its control. We will discuss these different approaches in the
following paragraphs but the reader is invited to consult (57–59)
for comprehensive reviews of imposed perturbation approaches.

Mechanical Perturbations
A wide variety of mechanical perturbations have been used to
study compensatory responses during standing balance. Popular
approaches include rotating (60–63) or translating (64–67) the
support surface of standing subjects, while others use forces
or torques applied to specific points on the body (68–70).
When applied as discrete physical perturbations to standing
participants, mechanical perturbations evoke stereotypical
transient muscle and whole-body responses (71–76). To align
better with the continuous control of standing balance and
to characterize muscle and whole-body responses to ongoing
disturbances, other researchers have used prolonged mechanical
oscillations to study standing balance (20, 77–79). Using specific
perturbation frequencies and magnitudes, the relationship
between oscillatory perturbations and muscle/postural responses
can be estimated (80–82). Coupled with sensorimotor modeling,
the input/output estimates from prolonged perturbations can
reveal fundamental properties of upright stance such as stiffness,
damping and time delays of the balance control loop. In animal
models, mechanical support surface perturbation approaches
have also led to the characterization of synergistic muscle
responses in balance control (83–86). Coordinated patterns
of muscle activity (i.e. “synergies” or “motor modules”) are

thought to be flexibly combined by the nervous system to
facilitate functional motor control, and account for spatial,
temporal and postural strategy variability in human responses
to multidirectional imposed perturbations (87, 88). Mechanical
perturbations can also be applied to perturb somatosensory
cues of motion without physically moving the whole-body or
its support surface. For instance, in “light touch” experiments,
perturbations are provided through motion of an external
reference that a subject is in contact with (often with a finger)
that does not provide mechanical support (89–91). Recently,
Asslander et al. (92) perturbed the touch surface that subjects
contacted with a finger at different positions with respect to their
body. The authors proposed that the brain transforms sensory
information derived from light touch into a reference frame
for standing balance by estimating the distance between the
whole-body center of mass and the finger.

Mechanical stimuli can also be applied to activate cutaneous
or muscle receptors. For example, vibration stimuli can be
delivered at the foot soles or muscle tendons and adjusted
(amplitude and frequency) to elicit responses in cutaneous
(primarily fast-adapting) and muscle spindle (primarily Ia)
afferents (93–95). When applied to standing participants, these
stimuli evoke well-defined and direction-specific whole-body and
muscle responses (96–99). Simultaneous vibration of cutaneous
and muscle receptors elicits body tilts equal to the vector
summation of individual responses (100), suggesting a linear
combination of these specific stimuli. However, vibration and
stretch stimuli are unspecific to balance control because they can
elicit muscle responses in participants not maintaining standing
balance (101–103). Consequently, it is not clear what (if any)
principles specific to the control of quiet standing can be gained
from mechanical vibrations targeting muscle(s) or cutaneous
receptors.

Visual Perturbations
Visual perturbations can induce illusions of self-motion (i.e.,
vection) because retinal signals encode motion of the body
and/or the environment. The brain must disambiguate these
visual signals in order to control standing balance. For example,
when standing on an idle train and viewing another train
moving slowly, a perception that your train is moving may
emerge. Researchers have exploited this ambiguity to investigate
the role of visual cues on postural orientation and control
of standing balance by imposing discrete translation or rotary
visual perturbations (e.g., movements of the walls within a
room or projected image). Standing participants exhibit well-
defined compensatory balance responses (and illusions of self-
motion) to discrete visual perturbations (104–109). The whole-
body responses occur in the same direction as the visual
motion (104, 110, 111). One explanation for this response
is that the imposed visual stimuli are partially interpreted
as a consequence of body motion. Hence, when the visual
surround moves backwards (i.e., toward a subject), the balance
system interprets the perturbation as self-motion in a forward
direction which is corrected by leaning backwards. Consequently,
visual perturbations provide a window into how visual signals
of self-motion contribute to the control of standing balance.
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of the control loop to produce external error signals independent from the ongoing control of quiet standing. Imposed perturbations can be delivered as discrete (e.g.,

square wave signal) or continuous (oscillatory signal) disturbances to evoke compensatory postural responses. (B) Manipulations of the balance control loop aim to

simulate and/or modify the relationship between sensory and motor cues of ongoing balance control (i.e. human in the loop manipulations). These manipulations can

be used to mimic or alter the dynamics of different components of the balance system through the use of robotic systems and sensory stimulation techniques. Transfer

functions characterizing muscle contraction (electromyography [EMG], muscle length [Lm] and muscle velocity [Vm]) to torque output can be used to manipulate the

ongoing effect of motor command (left). Similarly, a robotic balance simulator can be used to mimic and manipulate balance mechanics (middle). Torque delivered by

the subject is used to control platform motion: this places the subject in-the-loop and allows for ongoing manipulation of standing balance. In addition, manipulations

to sensor dynamics can be achieved, for example, by using instantaneous head velocity and transfer functions of the vestibular system to deliver an electrical

vestibular stimulus that modulates the ongoing vestibular afferent firing rates (right). ωhead, head rotational velocity; EVS, electrical vestibular stimulation.

Visually-induced balance responses decrease as the amplitude
of visual motion increases (20, 112–115). Dokka et al. (114)
proposed that because slow visual signals of whole-body
motion are more probable than faster motion, the slower
visual signals are more likely to be interpreted as originating
from self-motion. Day et al. (115) further reported a later
visually-evoked balance response (∼0.7 s latency) that increases
with stimulus velocity. They suggested that the later visually-
evoked balance response is related to the alignment of the
body to the erroneous estimate of gravity, an estimate that
is biased by a prolonged stimulus of visual motion (107,
110, 115). This concept is reminiscent of the multisensory
integration processes required to estimate the orientation of
gravity from the otolith signals that can lead to an erroneous
interpretation of translation (49, 116–119). It further highlights
the usefulness of visual perturbations to explore and reveal
physiological principles underlying the control of standing
balance.

Vestibular Perturbations
Natural activation of the vestibular system requires movements
of the head-in-space. Imposed head movements to examine
the role of vestibular inputs on standing balance, however,
have a limited use because head motion typically results in
concomitant activation of other sensory signals. An isolated
vestibular perturbation can be achieved by delivering electrical
vestibular stimuli (EVS) through electrodes applied over the
mastoid processes (assuming subjects keep their eyes closed).
Application of such electrical stimuli modulates the activity of
all vestibular afferents (increasing firing rates of all afferents
under the cathodal electrode and decreasing under the anodal
electrode), without having to move the head in space (120–
124). Based on the anatomy and physiology of the vestibular
system, bilateral binaural EVS is assumed to generate a vestibular
error signal of head roll velocity around an axis pointing
posterior and ∼18◦ up from Reid’s plane (125–128). Although
EVS represents a non-physiological stimulus (i.e., activation of all
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vestibular afferents), responses elicited by EVS are only present
in appendicular muscles when subjects are actively engaged in
the task of balancing the whole-body (129–131). Hence, EVS can
be used to investigate the vestibular control of balance and how
vestibular signals are integrated, processed and relied upon for
balance control [see reviews, (24, 125)]. We note, however, that
this task dependency is not a ubiquitous feature because EVS
evokes vestibulocollic reflexes in neck muscles even when the
head and body are fully supported (132).

In standing participants, EVS evokes an unexpected vestibular
error signal that requires a compensatory balance response to
maintain an upright posture (125, 129, 133). The EVS-evoked
error signal of head motion is head-referenced, such that its
influence on standing balance depends on the orientation of
the head with respect to the feet. Consequently, vestibular-
evoked muscle and whole-body balance responses are spatially
transformed based on head orientation with respect to the
feet (134–137). This indicates that the whole-body responses
evoked by an isolated vestibular perturbation (EVS) involve
multisensory integration of information related to head-on-
feet posture (e.g., via proprioceptive inputs) with vestibular
cues of motion. Furthermore, the direction of the vestibular-
evoked balance responses is influenced by body stability, whereby
muscle and balance responses evoked by EVS are larger in
the direction where postural stability is reduced (138, 139).
This directional modulation of the vestibular-evoked balance
responses based on balance stability without changes in sensory
feedback may confound conclusions regarding sensory up-
weighting of vestibular signals associated with experimental
changes in sensory information (e.g., sway referencing or closing
the eyes). This is because altering sensory information while
balancing may decrease postural stability (i.e., increase sway),
making it difficult to attribute the modulation of vestibular-
evoked responses to changes in relative sensory information
or changes in postural stability and upright position (140).
Finally, the task-dependent characteristics of vestibular-evoked
balance responses further suggest that they are not indicative of
simple reflex arcs but instead reflect organized balance responses
involving the integration of multiple sensory and motor cues
(139, 141, 142).

SENSORIMOTOR MANIPULATIONS
TARGETING THE ONGOING CONTROL
OF STANDING BALANCE

As discussed in section Imposed External Perturbations to
Characterize Standing Balance, imposed perturbations enable
the identification and modeling of fundamental principles
underlying standing balance. But these approaches must be
interpreted within the framework of disturbances external to
ongoing control of quiet standing. An alternative approach
involves continuous sensory and/or mechanical manipulations
of the balance control loop aimed at simulating or modifying
the ongoing control of quiet standing balance (see Figures 2B,
3). In other words, these manipulations are designed to modify
feedback relationships within the balance control loop such

that their effects are a function of the action of the subject
(i.e. human in the loop manipulations). In addition, they
must carefully match the dynamics of the sensory, motor and
mechanical systems involved in standing balance, often requiring
detailed knowledge of the neural code to be mimicked or
elaborated by devices to induce these manipulations. Here, we
review sensory and mechanical manipulations of the balance
control loops that allow participants to experience controlled
aspects of standing balance or altered sensorimotor conditions.
Specifically, we discuss how replicating the sensors dynamics
of standing balance can reveal how a specific cue is integrated
and processed to maintain upright stability. In addition, we
draw parallels between sensorimotor manipulations and specific
clinical populations who can balance in the absence of specific
sensory feedback cues (e.g., large-fiber sensor neuropathy or
vestibular-loss). Where appropriate, we discuss limitations of
sensorimotor manipulations and identify where additional work
is needed.

Somatosensory Cues
The role of somatosensory cues in the control of standing
balance can be partially investigated using ongoing mechanical
manipulation of the support surface. Continuous manipulation
of the support surface can be adjusted based on the participants’
torque production and whole-body postural oscillations to
minimize ankle plantar- and dorsi-flexor movements. This sway-
referencing of the support surface reduces the contribution
of lower limb receptors encoding ankle angle to the control
of standing. The increase of whole-body oscillations observed
under this condition has been interpreted as supporting the
role of ankle somatoreceptors in the control of standing balance
(144–147). Reports from the clinical literature add support to
the importance of somatoreceptors in upright postural control:
patients with large diameter afferent neuropathy (complete
loss of proprioception) are unable to stand or walk without
vision (148, 149). Sway-referencing the support surface to the
postural oscillations, however, has mechanical consequences that
must be taken into account when interpreting the standing
balance behavior to this modified ankle somatosensory feedback.
Because the ankle joint angle remains relatively constant as
the body oscillates back and forth, minimal deformation of the
ankle tissues (muscles, tendons, ligaments, skin) occurs. This
prevents the development of length and velocity dependent
passive forces that normally contribute to the stabilizing
torque required to remain upright (17). Considering that
passive forces are estimated to contribute between 10 and
90% of the net torque required to stand (16, 17, 20, 150),
it is not clear what portion of the postural stability changes
observed during sway-referencing are due to the contribution
of ankle somatosensors versus the modulation of the active
component of standing to compensate for a reduction in
passive forces contributing to standing. A potential approach
to explore these possibilities could involve simulating/altering
the muscle activation to muscle torque transfer functions using
robotic devices replicating the control of standing balance
(13, 151, 152) (see Figure 2B and Mechanical and Sensory
Approaches).
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The isolated contribution of somatosensory cues to standing
balance has been assessed using balance control of a body-
equivalent load (8). Participants supported by a rigid frame with
their head immobile (minimizing visual and vestibular cues)
balanced a load with their feet that mimics the dynamics of
an inverted pendulum (8, 130, 146, 153–155) (see Figure 3B).
To distinguish contributions from muscle proprioceptors and
foot sole cutaneous cues, skin receptors have been minimized
by cooling or anesthetizing the feet (153, 156). The general
consensus from these experiments is that ankle muscle receptors
provide adequate inputs for maintaining standing balance.
Although the range and variability of the body-equivalent load
oscillations were larger than for natural standing balance (where
all cues are available), participants could stabilize the load with
only cues from the ankle muscle proprioceptors (153). The
similar frequency characteristics of “whole-body” sway between
these conditions further supported the conclusion that ankle
muscle receptors are sufficient to maintain standing balance.
Confirmatory findings by other groups provide additional
validation regarding this conclusion (147, 157).

Additional somatosensory information may be incorporated
within the balance control loop through the use of light touch.
When subjects make light contact with a stationary external
reference—typically with a finger—postural sway is reduced
despite the negligible mechanical stabilizing effect of touch (158,
159). This suggests that cues encoded from low contact forces
are incorporated as a sensory signal contributing to the balance
control loop. Improved standing balance stability has also been
observed when two standing subjects make light finger contact
with one another (160–162). Using a simple modeling approach,
Reynolds and Osler (162) suggested that interpersonal contact
while standing is beneficial even if the balance controller does not
distinguish self and partner motion. Taken together, these studies
highlight the potential for light touch to alter sensory feedback
within the balance control loop.

Visual Cues
A simple method to manipulate visual cues is to have subjects
stand with the eyes closed or in the dark. Compared to eyes open,
eyes closed (or darkness) increases quiet whole-body oscillations
(9, 38, 163–165), but the low frequency components require long
sampling durations of stance (>300s) to be captured accurately
(14). The importance of visual information for standing has
also been revealed by manipulating the number of fixation
targets (166, 167), type of lighting (168) and depth cues (169–
171). In a series of experiments, Paulus et al. (38) reported
increases in postural stability under conditions with improved
visual acuity, increased area of the central visual field and
increased retinal displacement (caused by decreasing the eye-
object distance). These observations emphasize that the influence
of vision on standing balance is dependent on the features of the
visual scene. An alternative approach is to keep visual signals
constant on the retina (effectively sway-referencing vision) by
having participants view a scene that moves according to
the motion of the whole-body (144, 145, 154, 172). Under
these conditions, balance was more unstable compared to
when the eyes were closed (145, 173, 174). McCollum et al.

(174) rationalized that this occurs because in the visual sway-
referenced condition, there is a central integration conflict
(or mismatch) between different sensory channels (i.e., vision-
vestibular, vision-somatosensory). Collectively, these studies
suggest that visual cues contribute to standing balance, and are
likely fused with other signals encoding whole-bodywith postural
oscillations.

An alternative approach to determine the role of visual cues
in standing balance involves determining if these cues alone
are sufficient to remain upright (see Figure 3C). Nagata et al.
(157) devised a computer-controlled inverted pendulum allowing
participants to apply forces and moments to the ground but
experiencing only the visual consequences of their motion.
Participants were stable in space while a motor replicated the
visual signals of balance according to their motor actions—
hence subjects attempted to balance an equivalent body load
with sensory feedback limited mostly to visual cues (others
included somatosensory cues of feet pressure changes andmuscle
contractions). Nagata et al. (157) reported that vision only
contributed to the reduction of sway below 0.4Hz. This aligns
with previous suggestions that vision may primarily contribute
to the low frequency (<1Hz) control of standing balance
(170, 175, 176). Although visual perturbations can evoke sway
behavior as high as∼2Hz (20), responses tend to decline rapidly
above 0.8Hz. Nagata et al. (157) argued that the processing
of visual information was too slow such that vision provided
only a minor influence on the control of standing balance. A
limiting factor of their approach, however, was that the rotational
axis of the visual enclosure was not collinear with the ankle
joints (154). Loram and colleagues, in contrast, have shown
that participants standing braced can balance a real or virtual
inverted pendulum with similar mechanics of the standing body
using their hand to move a spring or a joystick with only
visual cues of motion (155, 177, 178). To address this apparent
discrepancy on the role of visual cues to maintain standing
balance, we performed a simple experiment. Ten healthy
subjects participated in this study after giving their written
informed consent. The experiment protocol conformed to the
Declaration of Helsinki and was approved by the University
of British Columbia’s Clinical Research Ethics Board. Similar
to Fukuoka et al. (154), braced upright participants balanced
with the expected visual cues of self-motion programmed to
replicate the motion of an inverted pendulum in the antero-
posterior direction (see Figure 3C). Initially, all participants
(n = 10) exhibited difficulties in keeping the visual cues of
motion within the balance limits (i.e., 6◦ anterior and 3◦

posterior). Sway variability was 5–6 times larger than when
balancing a robotic simulator using all sensory cues (Figure 4A).
After 5 days of training to balance with only visual cues
of motion (∼20min per day), their ability to balance within
the programmed limits improved substantially (Figure 4B).
Participants exhibited a ∼75% decrease in sway variability but
this variability remained twice that observed when balancing with
all sensory cues. These data show that although subjects exhibit
initial difficulties in balancing with only visual cues of motion,
they can adapt and use these cues to control standing balance
with practice.
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FIGURE 3 | Block diagrams of the varying sensory cue combinations that can be simulated using robotic balance platforms or mechanical devices. (A) Normal

standing balance conditions where cues from visual, vestibular and somatosensory signals contribute to upright stance. Under these conditions, the foot is stationary,

the whole-body moves and the head is moving relative to the visual scene. (B) A somatosensory-only balance condition. Subject’s head and body are stationary in

space in front of a stationary visual surround while the feet rotate, requiring subjects to balance a simulated inverted pendulum that mimics the body’s mechanics with

movement limited to their ankle joints. (C) A vision-only balance condition. Subjects are stationary in space while the visual scene is moving relative to the head,

resulting in a balancing task that provides mostly balance-relevant visual cues. This condition was used here to re-examine the potential for standing subjects to use

visual cues of motion (see Figure 4). Additional sensory cues (e.g. auditory) and other cue combinations could be considered. For example, by coupling simulated

head motion with an electrical vestibular stimulus (see Figure 2B) it may be possible to provide dynamic vestibular cues of standing without actual motion. T, ankle

torque; θ, inverted pendulum angle. Portions of this figure were adapted from Shepherd (143).

Vestibular Cues
The contribution of vestibular cues has been inferred by assessing
the standing balance behavior while carefully controlling the
available cues to remain upright. One approach involved
characterizing postural oscillations while sway-referencing vision
as well as the support surface (145, 174). By minimizing
visual and ankle somatosensory cues, Nashner and colleagues
were targeting the role of vestibular signals in maintaining
upright stability. Participants exhibited difficulty in maintaining
upright posture when vision and ankle proprioception were sway
referenced, sometimes experiencing falls (145, 174). However, the
limitation discussed above regarding the lack of passive forces
contributing to upright stability under the sway-referencing
of the support surface also applies to these experiments. A
second approach consisted of comparing postural oscillations
during normal upright stance (including vestibular cues) and
during balancing a body-equivalent load while braced (excluding
vestibular cues). When limiting whole-body movements to the
ankle joints in both conditions, Fitzpatrick et al. (153) showed
that balance stability was similar if vestibular cues contributed

to the control of balance or not, irrespective of visual cues.
Altogether, observations from these two distinct approaches
suggest that vestibular cues provide limited benefit over visual
and somatosensory cues to the control of standing balance. In
support of this idea, vestibular loss patients can maintain upright
stance with vision and somatosensory cues (even at the onset
of the deficit), and over time, the instability is reduced due
to compensation processes (179–182) and possibly from neural
adaptation such as that observed in non-human primates (183–
185).

Ongoing manipulation of vestibular cues according to
postural oscillations was assessed in a different context by
Héroux et al. (186). Participants were standing on foam with
eyes closed while exposed to an electrical vestibular stimulus.
The electrical stimulus was designed to replicate the general
dynamics of primary semicircular afferents modulations during
standing balance and coupled in real-time to the recorded
movements of the head (see Figure 2B). Conceptually, this head-
coupled vestibular stimulus increased or decreased vestibular
gain depending on the polarity of the stimulus with respect to the
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FIGURE 4 | Standing balance using only visual cues. (A) Subjects stood in a robotic balance simulator while either all sensory cues (see Figure 3A) or only visual

cues of balance were provided (see Figure 3C). Angular oscillations of a representative subject (left) when balancing with all cues or only vision show an increase in

angular sway when balancing with only vision. Mean removed root-mean-square (RMS) of angular oscillations of all subjects tested (n = 10, right) exhibited the same

increase when using visual cues to balance (paired t-test; t9 = −13.2, P < 0.001). Squares represent the “all cues” condition and circles represent the “vision only”

condition. (B) Four of the original 10 subjects subsequently went through 5 days of training (∼20min per day) under the vision only condition. Angular oscillations of a

representative subject (left) show a decrease after 100min (5 days) of training compared to the pre-training vision only condition. Mean-removed RMS of angular

oscillations progressively decreased with each session of training (circles), but always remained above the all cues conditions (squares). For illustrative purposes, the

blue line shows the fitting of mean angle RMS to an exponential function (y = 4.4893 e−0.1829 x ) using a least-square method. In both graphs, horizontal lines

represent the mean of standard oscillation across all subjects and *P < 0.001.

measured head motion. When the stimulus was applied, postural
oscillations increased 4-fold. This finding bears some similarity
to the decreased postural stability observed in acute unilateral
vestibular loss patients (181, 187, 188) who are faced with
asymmetric vestibular inputs. Although these results suggest that
altering the gain of vestibular cues during standing influence the
balance behavior, additional work is needed to determine if such
vestibular cues of standing delivered in isolation (i.e., standing
fixed to a rigid backboard) are sufficient to allow humans to
balance upright.

COMBINING MANIPULATIONS
TARGETING THE ONGOING CONTROL OF
QUIET STANDING BALANCE WITH
IMPOSED EXTERNAL PERTURBATIONS

Although manipulations targeting the ongoing control of
standing balance can indicate limits of adaptability in the
controller, there are limitations with interpreting standing
behavior (forces, torques, sway) when sensory cues are
manipulated in isolation. Specifically, while the combination
of sensory cues can be well controlled, manipulations of
the ongoing control of balance do not provide a known
external perturbation signal. Van der Kooij et al. (57) compared

different approaches to assess standing balance and showed
that an external perturbation is needed to characterize the
mechanisms governing balance. Applying imposed perturbations
while controlling specific parameters of the ongoing control of
standing combines the strengths of both approaches, affording
a unique opportunity to reveal operating principles of the
balance system and potentially revealing some of its inherent
limitations. In the following section, we describe how imposed
perturbations during well-controlled sensorymanipulations have
revealed fundamental features of standing balance such as inter-
sensory interactions and re-calibration of sensory feedback loops.
This includes the use of mechanical and robotic balance systems
that allow for the replication of standing balance dynamics and
provide users full control to virtualize parameters of the balance
task. Finally, we briefly present an approach to alter the vestibular
contribution to standing and discuss the resulting adaptation
occurring in the control of standing balance.

Mechanical and Sensory Approaches
Pioneering work using a combination of perturbation approaches
was conducted by Fitzpatrick et al. (130). The authors used
their whole-body equivalent load device to explore how the
vestibular control of standing balance—characterized with EVS-
evoked muscle responses—was modulated by the sensory cues
contributing to postural stability. Fitzpatrick et al. (130) revealed
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strong context-dependency of the vestibular control of standing:
vestibular-evoked muscle responses were absent when subjects
balanced the body-equivalent load using only somatosensory
cues. This suggests that although lower limb somatosensory
cues are sufficient to maintain upright stance, balance-relevant
vestibular feedback is required to engage the response to an
external vestibular perturbation signal (130).

Cenciarini and Peterka (81) combined support surface
perturbations (pseudorandom ankle tilt stimuli and sway-
referenced conditions) with step EVS pulses to test predictions
from their sensory re-weighting hypothesis (20). The authors
showed that the amplitude of vestibular-evoked whole-body
responses increased when concomitant perturbations were
applied to the support surface and were largest when the ankle
joint was sway-referenced. These observations corresponded
well with predictions from their computational model and
were interpreted as providing support for the sensory re-
weighting hypothesis (79, 80, 189, 190). In this case, the
limited balance feedback from the ankle proprioceptors during
sway-referencing was interpreted as requiring an increased
contribution of vestibular signals for standing balance as reflected
by the larger EVS-evoked responses. Note that, as similarly
discussed in section Vestibular Perturbations, support surface
perturbations and sensorimotor manipulations may influence
balance stability which in turn modulates vestibular-evoked
balance responses (138, 139). Carefully designed experiments are
needed to determine the relative contribution of standing balance
state (i.e., angular position and angular velocity) and sensory
re-weighting on the modulation of vestibular-evoked balance
responses.

To take advantage of the possibilities enabled by
manipulations of the balance control loop, our group developed
a robotic system that can replicate and/or modify specific
parameters of the sensorimotor control of standing balance
(Figure 2B) (151). Upright participants are braced to a rigid
backboard mounted atop a six-degree of freedom Stewart
mechanism. Through a computer simulation in which the
mechanics, sensory feedback and environment of standing can
be simulated or altered, the robot rotates the whole-body about
the ankle joints based on the real-time ground reaction forces
and moments applied by the participants. Motion of the robot
can be restricted to the anterior-posterior direction and the
force plates are mounted to an ankle-tilt platform, allowing
independent control of whole-body and ankle movements
(191). When programmed to simulate an inverted pendulum,
movement of the subjects actuating the robot replicates the
torque-angle relationship of the whole-body during unrestricted
standing balance (13). Under these subject-in-the-balance-loop
conditions, a plantar-flexor torque is necessary to maintain the
body in a forward leaning position.

Using this robotic balance simulator, Luu et al. (131)
revisited the hypothesis that balance-relevant vestibular feedback
is required to engage the response to an external vestibular
perturbation signal. First, Luu et al. (131) showed that vestibular
feedback (whole-body sway) independent from the balance task
was not sufficient to elicit muscle responses to vestibular stimuli.
Forbes et al. (139) complemented these findings by allowing

participants to balance only along one plane (anteroposterior
or mediolateral) while controlling the orientation of the head—
and the direction of the vestibular-induced error signal. As the
direction of balance and that of the vestibular error signal rotate
orthogonally to one another, vestibular-evoked muscle responses
are progressively suppressed even though subjects are engaged
in balance. Hence, the vestibular contribution to balance muscle
activity depends not only on the contribution of vestibular
feedback to the ongoing muscle activity but also on the cross-
product of the direction of balance instability and the direction of
the induced vestibular error. Second, Luu et al. (131) addressed
the possibility that balance-relevant vestibular signals must be
temporally and spatially coupled to the motor commands to
engage the vestibular control of standing. Participants stood
atop the robotic balance system under two conditions: (1)
with coupled sensory and motor signals, where subjects actively
controlled the motion of their body in space by modulating
their ankle torques (replicating normal standing), and (2)
with decoupled sensory and motor signals, where the robot
imperceptibly took control and imposed whole-body motion to
the subjects following a pre-determined trajectory independent
of their ankle torques. For the latter condition, subjects continued
to actively modulate their ankle torques despite them not
influencing the motion of their body, thus resulting in a
discrepancy between predicted and actual sensory feedback
associated with the standing balance task. Despite subjects
demonstrating poor conscious awareness of the transitions
between these two conditions (i.e., self vs. robot-controlled
whole-body motion), vestibular-evoked muscle responses were
attenuated when motor and sensory cues of balance were
decoupled. These observations suggest that congruency between
predicted and actual sensory signals is required to engage the
vestibular control of standing balance. One caveat to these
observations, however, is that the congruency of multiple
balance feedback cues (visual, vestibular, somatosensory) was
manipulated simultaneously (i.e., either all congruent or none
were congruent). Hence, it remains unclear how individual
sensory cues interact with the balance responses to vestibular
error signals.

Forbes et al. (139) further used the robotic balance system
to explore the adaptability of the control of standing balance.
They modified the balance simulation by reversing the direction
of whole-body motion produced by the measured ankle torques,
effectively inverting the roles of the muscles controlling balance
in the anteroposterior plane. Subjects were instructed to close
their eyes and the ankle-torque relationship was maintained,
mainly targeting the reversal to vestibular feedback. Under
these reversed conditions, a dorsi-flexor torque is necessary to
maintain the body in a forward leaning position. Participants
adapted within 30–90 s to the reversed balance control. When
EVS was applied, subjects swayed in the same direction for
both the control and reversed balance conditions. To induce
the same whole-body movement, the motor outputs from the
balance controller (e.g., torque and muscle responses), however,
were reversed and delayed. This indicates that the neural centers
controlling standing balance can rapidly integrate the state of the
relationship between motor commands and whole-body sensory
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feedback, and generate appropriate muscle responses to correct
for the induced vestibular error signals. Such swift re-associations
of sensorimotor relationships may reflect our flexibility to
maintain bipedal postures in varied settings, like when stepping
from shore onto a stand-up paddle board. Similar reversals of
vestibulomotor responses have been observed in the vestibulo-
ocular reflex (VOR) during exposure to optical reversals of vision,
although adaptation typically required days or weeks to fully
invert vestibular-evoked eye movements (192–194). Despite the
temporal differences in the balance and VOR adaptation to the
reversals, the detailed characterization of the cellular mechanisms
in the cerebellum and vestibular nuclei involved in the plasticity
of the VOR [see review by Cullen and Mitchell (195)] may
point toward similar neurophysiological processes playing a
role in vestibulomotor adaptations for balance. In non-human
primates, adaptations in neuronal recordings of vestibular nuclei
and cerebellar neurons have been observed on a trial-by-trial
basis (196). Over exposure to a novel relationship between
motor commands and consequent headmovement (altered head-
neck dynamics), neuronal responses adapt from encoding head
motion as externally generated to one that is self-generated. The
multisensory convergence of sensory afferents at the vestibular
nuclei and their projections to descending spinal tracts (197, 198)
suggest that the vestibular nuclei contribute to the adaptive
mechanisms observed in the vestibular control of balance.

Sensory and Sensory Approaches
Carefully manipulating the information from multiple sensory
inputs further allows one to explore inter-sensory interactions
in standing balance. Several groups have investigated how
varying the availability and quality of visual cues interacts with
the vestibular-evoked balance response to EVS (129, 130, 171,
199, 200). Day and Guerraz (171) manipulated the quality
of visual cues providing information regarding whole-body
oscillations during standing balance. Participants stood in a
dark room while viewing nothing, a single light-emitting diode,
a two-dimensional array of light-emitting diodes or a three-
dimensional array of light-emitting diodes. The authors probed
the vestibular control of balance using EVS under these different
conditions to determine how the structure of visual cues related
to standing balance influenced vestibular-evoked responses. In
healthy controls, they showed that the early parts of vestibular-
evoked responses vary when pre-stimulus visual information
differs (i.e., light or dark), even when the post-stimulus feedback
visual environments are equivalent. Feedback effects from the
post-stimulus environment were also observed, affecting the later
parts of the balance response (> ∼400ms). This setting of the
vestibular channel’s gain can explain how vestibular responses
evoked in healthy controls change with the amount of available
visual cues.

Mian and Day (138) explored how sensory information
derived from light touch can influence the direction of the
vestibular-evoked balance response. Standing subjects were
probed with EVS while lightly touching a stationary flat surface
aligned laterally to the subjects. Despite light touch providing
negligible mechanical stabilizing effects on the body, the response
to EVS was biased toward the anteroposterior direction. As

sensory cues from light touch are thought to be transformed
into ongoing proprioceptive feedback for standing balance, this
suggests that the gain of the vestibular-evoked balance response is
spatially-modulated by the orientation (or direction) of balance-
relevant proprioceptive feedback. Careful interpretation of these
findings is warranted because light touch also reduced whole-
body sway in the mediolateral plane.

As stated above, Héroux et al. (186) designed biologically-
plausible head-coupled electrical vestibular stimuli to manipulate
vestibular gain in healthy volunteers standing upright on foam
with eyes closed. While balance oscillations increased four-fold
when the electrical stimuli were applied (some subjects needed
support to avoid a fall), the amplitude of the vestibular-evoked
muscle responses (probed with an independent low-amplitude
EVS signal) decreased. The authors further evaluated whether
the participants could adapt to ongoing modulation of the
vestibular cues associated with standing balance. The critical
concept here was to determine if an imposed vestibular error
signal that is coupled to the ongoing control of quiet standing
balance can be calibrated and incorporated in the balance
control loop. Participants were exposed to a re-calibration period
of 240 s where the in-the-loop modified vestibular cues were
provided with no foam and/or eyes open. Following this period,
participants could maintain standing balance (on foam with eyes
closed): postural sway and vestibulomotor response amplitudes
returned to baseline. These results could not be explained by
a down-regulation (or reweighting) of vestibular cues because
matching levels of EVS that were uncoupled from head motion
(hence remained an external imposed perturbation) did not
yield any adaptation following a 240s re-calibration period.
Instead, these observations indicate that the balance controller
can integrate an external vestibular error signal into its control
loop and likely interpret it as a self-generated signal as long as that
signal follows the expected sensory dynamics encoding ongoing
quiet standing balance. Consequently, a vestibular signal that was
deemed an error signal before re-calibration was transformed
into a meaningful signal that was used to maintain upright
balance.

FUTURE DIRECTIONS

Sensorimotor manipulations of the balance control loop can
target how muscle activation is related to the ground reaction
forces and moments acting on the subject as well as the
sensory feedback experienced (perceived or not) by participants
maintaining standing balance. Critical questions to address
include determining the influence of the state of standing balance
stability [see (138, 139)] on imposed perturbations, how sensory
signals are used to control standing balance under challenging
conditions along with the limits of our capability to maintain
upright stance. As a specific example, Luu et al. (131) proposed
that a spatial and temporal relationship between sensory and
motor signals is required to engage the vestibular control of
standing balance. The factors underlying this spatio-temporal
relationship need to be explored as well as their influence on
our capability to remain upright. Future experiments should
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also target how imposed visual perturbations are integrated in
the control of standing balance under manipulations similar to
those explored using imposed electrical vestibular stimuli (131,
138, 139) to determine if previous findings can be generalized
and truly reflect fundamental mechanisms of the balance control
loop. Building on the work from Héroux et al. (186), it is
also conceivable to imagine innovative ways to characterize the
unique contribution of sensory cues to the control of standing
balance. As we learn more about the dynamics of standing and
the resulting code from specific sensory afferents, artificial stimuli
can be envisioned to replicate the neural code and assess its
contribution to standing. For example, knowledge regarding the
firing behavior of muscle spindle afferents during upright stance
would permit the creation of a range of stimuli (intraneural
electrical, mechanical or miniaturized robotics) to mimic it. The
keys to such endeavors include a better understanding of the
physiological code underlying standing balance and concerted
efforts to replicate it during well-controlled balance-relevant
experiments.

CONCLUSIONS

We have reviewed externally imposed perturbations and
manipulations of the balance control loop that can be used
to reveal the multisensory cue integration, task-dependent
sensory processing and sensorimotor adaptation underlying
the control of standing balance. We presented imposed
external perturbations that elicit postural responses when
the stimulus is related to the context of standing balance.
These balance-specific approaches can provide important
insight on the factors influencing the control of standing

balance. We also described manipulations of the balance
control loop which allow for the modification of mechanical
and/or sensory dynamics to target the ongoing control
of standing balance. Finally, we presented how combining
imposed perturbations and manipulations of the balance
control loop, including robotics and sensory manipulations,
can reveal important principles underlying the maintenance
of standing balance such as spatio-temporal congruency
between sensory and motor signals, rapid re-association of
sensorimotor relationships and re-calibration of vestibular
signals in the balance control loop. We reason that by
carefully considering the neural code of quiet standing, well-
controlled experiments can utilize these combined imposed
perturbations and manipulations of the balance control loop
approaches to uncover the fundamental mechanisms of balance
control.
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A substantial corpus of evidence suggests that the cognitive involvement in postural

control and gait increases with aging. A large portion of such studies were based on

dual-task experimental designs, which typically use the simultaneous performance of

a motor task (e.g., static or dynamic balancing, walking) and a continuous cognitive

task (e.g., mental arithmetic, tone detection). This focused review takes a cognitive

neuroscience of aging perspective in interpreting cognitive motor dual-task findings.

Specifically, we consider the importance of identifying the neural circuits that are engaged

by the cognitive task in relation to those that are engaged during motor task performance.

Following the principle of neural overlap, dual-task interference should be greatest when

the cognitive andmotor tasks engage the same neural circuits. Moreover, the literature on

brain aging in general, and models of dedifferentiation and compensation, in particular,

suggest that in cognitive motor dual-task performance, the cognitive task engages

different neural substrates in young as compared to older adults. Also considered is

the concept of multisensory aging, and the degree to which the age-related decline

of other systems (e.g., vision, hearing) contribute to cognitive load. Finally, we discuss

recent work on focused cognitive training, exercise andmultimodal training of older adults

and their effects on postural and gait outcomes. In keeping with the principle of neural

overlap, the available cognitive training research suggests that targeting processes such

as dividing attention and inhibition lead to improved balance and gait in older adults.

However, more studies are needed that include functional neuroimaging during actual,

upright performance of gait and balance tasks, in order to directly test the principle of

neural overlap, and to better optimize the design of intervention studies to improve gait

and posture.

Keywords: gait, balance, aging, cognitive training, dual task, cognition, motor-cognitive interference
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INTRODUCTION

Approximately 30% of individuals over age 65 experience one or
more falls each year (1, 2), leading to significant health care costs
worldwide (3). Accumulating behavioral, neuropsychological,
and neuroimaging evidence shows that slow gait, postural
instability, and fall risk are associated with cognitive capacity.
More specifically, poor mobility in aging has been associated with
exaggerated effects of cognitive-motor dual tasking, cognitive
impairment, and degeneration of gray and white matter in
anterior brain regions that subserve executive functions (EFs)
and link to motor regions (4–8). Substantial progress has
been made in understanding the cortical control of gait and
balance, with several comprehensive reviews on this topic
(9, 10).

Inasmuch as cognitive contributions to posture and gait
are well-acknowledged in the movement sciences, there is
less consideration of the basic literature on age differences
in patterns of neural activity during cognitive performance,
and the potential for cognitive and neural plasticity through
training in old age to ameliorate the age-associated declines.
These basic aging findings suggest that older adults commonly
activate additional brain regions when performing cognitive
tasks, compared to young adults, suggesting that cognitive
involvement in motor behaviors may have different implications
for older adults than for younger adults. Nonetheless, we suggest
that a greater consideration of findings from the cognitive
neuroscience of aging can enhance the interpretation of two
major experimental paradigms: (1) the cognitive-motor dual-
task paradigm, which aims to restrict or occupy the available
cognitive capacity hypothesized to support motor functioning
in old age and assess the impact on performance; (2) the
cognitive remediation or training paradigm, which aims to
enhance available cognitive capacity and/or increase neural
efficiency, and thereby free up cognitive resources to support
motor functioning.

Accordingly, in this review, we first describe current findings
in neurocognitive aging, with an emphasis on empirical
evidence of cognitive processes that have been related to
postural control and gait. We then discuss major models
that link neural aging with plasticity and compensatory
patterns of neural activity, such as the Scaffolding Theory
of Aging and Cognition [STAC: (11)] and Hemispheric
Asymmetry Reduction in Older Adults [HAROLD: (12)]. We
then summarize the research on cognitive plasticity in an
effort to contextualize the recent application of cognitive

Abbreviations: ACC, Anterior cingulate cortex; BDNF, Brain derived

neurotrophic factor; CMDT, Cognitive-motor dual-tasking; DLPFC, Dorsolateral

prefrontal cortex; DT, Dual task; DTC, Dual-task cost; DTI, Diffusion tensor

imaging; EEG, Electroencephalography; EF, Executive function; FA, Fractional

anisotropy; HAROLD, Hemispheric asymmetry reduction in older adults;

HbO2, Oxy-hemoglobin; HbR, Deoxy-hemoglobin; IGF, Insulin-like growth

factor; MRI, Magnetic resonance imaging; NIRS, Near-infrared spectroscopy;

PD, Parkinson’s disease; PET, Positron emission tomography; PFC, Prefrontal

cortex; SMA, Supplementary motor area; STAC, Scaffolding theory of cognitive

aging; TUG, Timed-up-and-go; VEGF, Vascular endothelial growth factor;

VLPFC, Ventrolateral prefrontal cortex; VR, Virtual reality; WMH, White matter

hyperintensities.

training or dual-task training to improve gait and posture. We
then review recent empirical work on cognitive-motor dual-
tasking (CMDT), and on cognitive training and associated
mobility gains. Finally, we consider the implications from
the cognitive neuroscience of aging work as applied to the
study of gait and posture. Figure 1 illustrates the proposed
joint influences of neurocognitive aging and compensation on
cognitive capacity, the implications for cognitive, perceptual and
motor performance, and the potential for cognitive enrichment
to improve these performances.

NEUROCOGNITIVE AGING

Brain aging has been well-described in terms of both structural
and functional dimensions (13), multiple chapters; (9). Briefly,
longitudinal studies indicate that cortical gray matter volumes
decrease linearly across adulthood (from the 20s to 80s) in
frontal and temporal regions, whereas other regions such as
primary visual, parietal, and entorhinal cortex remain relatively
stable across adulthood (14). Regions such as the dorsolateral
prefrontal cortex (DLPFC) and the orbitofrontal cortex appear to
be most age-sensitive (15), and are associated with concomitant
behavioral declines in cognitive functions such as working
memory, episodic memory encoding, and divided attention (13).
Other regions with accelerated decline in aging include the
cerebellar hemispheres and the hippocampus (16). Diffusion
tensor imaging (DTI) reveals normative changes in white matter
volume and integrity with aging, such that anterior white matter
tracts show greater age-related declines as compared to more
posterior tracts [e.g., (17)].

In the adult lifespan, these white matter changes precede
gray matter volumetric declines, thus compromising the
efficiency of communication between regions (11). White matter
hyperintensities (WMH), an index of lesion burden, explain
more of the age-related variance in cognitive performance
than total brain volumes (11). Recent work suggests a
negative relationship between white matter integrity and
functional activation, as if to compensate for the white matter
decline, coined the “less wiring more firing” principle (18,
19).

COMPENSATION

Functional neuroimaging studies of cognitive aging, using
primarily MRI or PET, commonly reveal age-related increases
in frontal activation bilaterality during tests of memory, which
are associated with better cognitive performance [e.g., (20, 21)].
Another notable pattern, observed in older compared to younger
adults, is prefrontal up-regulation during memory encoding,
coupled with reduced parahippocampal activation, suggesting
a compensatory function for the extra neural recruitment in
response to decreased activity in the task-relevant brain regions
(22). Similarly, in auditory tasks such as speech perception in
the presence of noise, older adults exhibit greater activity in
frontal regions and less activity in auditory cortex (23), possibly
reflecting the recruitment of intact cognitive functions such as
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FIGURE 1 | Conceptual diagram adapted from Park and Reuter-Lorenz (11). Asterisks indicate our modifications and extensions, particularly the inclusion of motor

and sensory functioning. The schematic shows the negative aspects of neurocognitive aging (blue) that trigger compensation via functional recruitment in older adults

(red). These maladaptive and adaptive factors jointly contribute to observed motor, cognitive, sensory functions (green). Cognitive enrichment (yellow) can ameliorate

aspects of brain aging and facilitate compensatory efficiency if there is neural overlap between the improved and targeted outcomes. Motor, cognitive, and sensory

functions benefit from, and compete for, common capacity (e.g., prefrontal cortex), particularly during complex behaviors such as cognitive-motor dual-tasking.

Copyright permission not required.

verbal ability and semantic memory (24). Notably, the observed
increase in neural recruitment among older adults may only
be effective in mitigating the negative effects of neural aging
to a point. In a study of aging and n-back working memory
performance, older adults performed as well as younger adults
(1-back) and showed greater bilateral prefrontal activity (BA 9)
during that condition. However, with greater levels of memory
load (2- and 3-back), older adults performed worse than younger
adults and did not exhibit increased prefrontal activity (25),
suggesting that a functional limit of compensatory recruitment
had been reached.

Notably, not all extra activations are considered adaptive.
Dedifferentiation, or loss of neural specificity, has been observed
in the visual cortex where activations are more diffuse in
older than younger adults [e.g., (26)]. These functional imaging
observations are mirrored in behavioral observational studies
of sensory and sensorimotor abilities, which appear to share
increasing variance with many cognitive functions in older age
(27, 28). Similarly, older adults exhibit ability dedifferentiation
(29) within EF measures (inhibition, updating, switching) that
are identified in young adulthood as relatively distinct factors
(30).

Finally, studies of functional connectivity suggest that the
dynamic coordination of large-scale networks is disrupted with
aging, potentially leading to the observed cognitive decline [e.g.,
(31, 32)]. It appears that older adults recruit the fronto-parietal

and salience networks less consistently than young adults (33),
resulting in diminished frequency of switching between large-
scale networks and reduced flexibility in performance (34). Age-
related decline in white matter integrity and gray matter volume
are correlated with activity in prefrontal nodes of the salience and
fronto-parietal network, possibly a consequence of compensatory
mechanisms (33).

Together, these negative attributes of brain aging (e.g., gray
and white matter changes, dedifferentiation, and large scale
network disruption) have been conceptualized as complementary
to the observed compensatory patterns of brain activity
(e.g., frontal recruitment, bilaterality) in models of cognitive
aging such as the STAC model [(11); STAC-R: (35)], and
HAROLD model (12). Both models propose that upregulation
of additional brain regions occurs in response to age-
related neurodegeneration, and that older adults who do
not exhibit such upregulation tend to exhibit lower levels
of cognitive performance than those who do. Notably, the
potentially positive, compensatory patterns of neural recruitment
take place in the same regions that show the greatest
degeneration with aging. However, the research on cognitive
enrichment (36, 37) offers encouragement in terms of potential
for the improvement of EFs. In the STAC models, the
capacity to engage in compensatory scaffolding is enhanced
through cognitive training, social stimulation, and exercise
(11, 35).
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COGNITIVE ENRICHMENT

While a detailed review of the topic of cognitive enrichment in
aging research is beyond the scope of the present review [see
(36, 37)], we highlight a few key issues that are of relevance for
the involvement of cognitive aging in balance and gait. A central
issue in this research domain is the extent to which older adults
can improve through cognitive training, and if the trained skill(s)
transfer to untrained skills. Process-based cognitive training
studies, in which targeted cognitive mechanisms are trained via
computer programs, commonly show that healthy older adults
exhibit robust gains in the trained cognitive processes or skills
(37, 38). However, older adults do not exhibit significant transfer
beyond the trained tasks unless there is an overlap in underlying
processes [e.g., (39)]. By contrast, greater transferability of
trained skills is observed in studies that target EFs such as divided
attention, working memory, and task switching (40–43).

The question of when to expect broader transfer of training

can be addressed with the Principle of Neural Overlap (36, 42,
44). This principle proposes that the degree of common neural

activation between trained and untrained cognitive tasks should

correspond to the degree of training-related transfer observed.
This is illustrated well in Dahlin’s study of EF training and
transfer (42). Young and older adults were trained for 5 weeks
on a memory updating task engaging the striatum, as shown in
pre-training fMRI scans. The researchers also assessed an array of
transfer tasks that showed varying levels of functional and neural
overlap with the trained updating task. In the young adults,
behavioral evidence of transfer was greatest for another updating
task (n-back) associated with striatial activation, and less evident
for those outcomes engaging other neural structures. In contrast,
older adults showed no training-related transfer to the n-back
task, nor was there any striatal activation during this task.

Kramer’s early studies of dual-task training (45) showed
greater training-related transfer to other variants of dual-task
performance when a variable priority procedure (emphasis on
two cognitive tasks; Task A vs. B changed across blocks) was used,
compared to a fixed priority procedure involving equal attention
allocation between tasks [see also (46, 47)]. Importantly, although
older adults can be trained to divide attention accurately
between two tasks when instructed, the allocation of attention
between tasks of differing priority (48) or difficulty level (49) in
more ecological contexts may differ from that observed in the
laboratory.

The extant evidence on cognitive and neural plasticity
appears promising [see (36, 50) for reviews] and relevant
to mobility. Lövden et al. (51) compared young and older
adults after roughly 100 h of training using multiple cognitive
tasks (working memory, episodic memory, processing speed),
reporting significant white matter improvement (FA) in the
older adults, particularly in the anterior portion of the anterior
cingulate cortex (ACC). Behavioral changes were observed
in working memory, perceptual speed and episodic memory,
although the degree of improvement was differentially greater in
younger adults only for perceptual speed and episodic memory.
In an fMRI study (52), using Bherer’s dual-task training protocol,
young adults showed significant pre-to-post increases in bilateral

DLPFC activity while performing the trained task, and the degree
of activation change correlated with the degree of improvement
in behavioral reaction time data for the dual-task condition. In
follow-up work, older adults showed a training-related increase
in left VLPFC and a decrease in DLPFC bilaterally, suggesting
a shift to using articulatory rehearsal (i.e., subvocal repetition
of task-relevant information) as a control strategy (53). Finally,
functional neural changes appear to precede structural changes,
occurring after as little as 9 h of multimodal cognitive training in
older adults (54).

A second major strategy of cognitive enrichment is exercise
training. As reviewed elsewhere (55, 56), training studies have
abundantly demonstrated that moderate aerobic exercise such
as walking, swimming, or cycling, improves attentional control
and executive functioning in older adults, compared to non-
aerobic protocols such as stretching or toning (57–59). Strength
or resistance training can also benefit cognitive ability and brain
health (55, 60), but evidence for its impact on multiple EFs is
presently limited in comparison to the aerobic training findings.
Neuroplastic changes after aerobic training echo the behavioral
cognitive findings in showing increased efficiency in brain
regions associated with executive control processes. For example,
(61) compared older adults assigned to an aerobic exercise
versus a stretch control condition on fMRI during flanker
task selective attention performance. The aerobic group showed
improved attentional control, and increased task-related activity
in right middle frontal gyrus and superior parietal regions.
The aerobic group also showed greater volumetric increases
in anterior white matter, gray matter in left inferior frontal
gyrus, anterior cingulate, and superior temporal gyrus (62).
Using DTI, (63) found increases in the white matter integrity
(fractional anisotropy: FA) of prefrontal and temporal regions in
older adults and associated improvements in short-termmemory
after aerobic exercise (walking) but not toning. Aerobic training
appears to trigger global neuroplastic effects by increasing the
production of neurotrophic factors (e.g., BDNF, IGF-1, VEGF)
that are able to cross the blood-brain barrier and support
neurogenesis, vascularization, axonal repair, and synaptogenesis,
particularly in frontal, prefrontal, and hippocampal regions
[Erickson (64)]. Notably, levels of these neurotrophic factors
were positively associated with exercise-induced increases in
temporal lobe functional connectivity (65).

A recent meta-analysis examined combined, multi-modality
training protocols and cognitive outcomes (66). Compared to
exercise training alone, combined exercise and cognitive training
appears superior in the majority of aging studies [e.g., (67)],
whereas multi-modal training is not consistently superior to
cognitive training alone [e.g., (68)].

Together, the extant findings on neurocognitive aging and
cognitive enrichment reveal a number of observations that are
relevant for our understanding of postural control and gait
in aging. First, neuroimaging findings suggest that the health
of white matter tracts and functional connectivity between
brain regions may be more age-sensitive than volumetric or
functional assessments of discrete brain regions. We note that
while many earlier studies focused on the relationships between
changes in the structure of specific brain regions and their
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impact on behavioral outcomes like CMDT, more recent work
emphasizes the connections across networks; structural changes
in the PFC, for example, may reverberate across a relatively large
attention network that extends beyond the PFC. Second, age-
related dedifferentiation, coupled with compensatory scaffolding,
suggests that there may be qualitative differences in neural
activation and behavioral strategies exhibited in young versus
older adults. Third, cognitive training research suggests that
targeting specific EFs, and including a flexibility or variable-
priority component, yields the broadest transfer to untrained
cognitive skills. However, an important qualification is that,
following the principle of neural overlap, training efficacy
apparently depends on the degree of neural similarity between
trained and untrained skills. Similarly, the degree of interference
observed during dual-tasking should depend on the degree of
competition for common neural structures.

We turn next to recent findings in cognitive-motor dual-
tasking and aging, focusing on the neural underpinnings of
single-task gait and balance as well as CMDT. The fact that
CMDT induces activation of cognitive and motor networks
simultaneously, both networks that share common pathways
as well as very specific pathways, enables the examination of
their vulnerability during cognitive-motor interference and the
compensatory mechanisms that are called into play with aging.

COGNITIVE REDUCTION:
COGNITIVE-MOTOR DUAL-TASKING
(CMDT)

The ability to divide attention between cognitive and motor
activity has been examined in efforts to quantify the amount of
cognitive capacity recruited formotor functioning (8, 69). CMDT
designs typically contrast a balance or walking task performed
alone (single task), versus the same motor task performed with
a concurrent cognitive task (e.g., talking, mental arithmetic).
This comparison forms the basis for the calculation of dual-
task costs (DTCs: [single - dual task]/single), which indicate the
degree of performance decline or cognitive recruitment that is
prompted by the secondary task. Cognitive recruitment to aid
motor performance is presumed to reduce the already limited
cognitive capacity that can be devoted to a concurrent cognitive
task in old age (28, 48).

Briefly, the behavioral CMDT research on postural control
shows that age-related DTCs are exacerbated by a variety of
factors such as postural threat (70), reduced sensory inputs (71),
platform perturbations (72), and concurrent visual imagery (73).
Similarly, in studies of gait, age-related increases in DTCs are
observed when walking over obstacles (74), and with increased
complexity of walking (75). Simple cognitive loads may elicit
dual-task motor facilitation relative to no-load conditions, while
more complex cognitive loads elicit proportionately greater costs
in postural stability (76) and in an array of spatiotemporal
gait parameters (77). In light of the known frontal recruitment
associated with age-related sensory decline, it is perhaps not
surprising that additional competition for cognitive capacity is
observed when auditory challenges are experimentally imposed

on dual-task walking (78) and dual-task balance (79), or when
older adults with hearing impairment undergo CMDT (80).

Structural Brain Changes Associated With
Gait, Balance, and CMDT
Studies of brain structure and mobility provide convergent
evidence for the cognition-mobility link in older adults. For
example, gray matter volumes in the left DLPFC were correlated
with usual gait speed in healthy older adults, whereas reduced
volumes in putamen and superior posterior parietal lobule were
associated with balance difficulty during semi-tandem stance
(81). Interestingly, the association between prefrontal volumes
and gait speed was mediated by cognitive processing speed
(82). In Parkinson’s disease (PD), which has been viewed to
some degree as a model of “unsuccessful” aging, structural and
functional MRI were used to compare PD fallers and non-fallers
(83). The fallers, as compared to non-fallers, showed reduced
volumes in the caudate head region of the basal ganglia, coupled
with increased resting state connectivity in posterior parietal
regions of the central executive network. In general, the DTCs
that occur in aging are more exaggerated in the presence of
neurodegenerative disease, like PD [see (84) for a recent review].
This pattern of reduced structural integrity in task-specific brain
regions, coupled with increased neural recruitment in other
areas, is consistent with the STAC model, in that prefrontal
recruitment is considered a compensatory response to neural
degeneration of conventionally relevant networks.

Age-related changes in white matter integrity have also been
implicated in mobility status. Moscufo et al. (85) observed
associations in healthy older adults between gait speed andWMH
burden in the anterior corpus callosum (splenium), attributing
the reduction of mobility to a disruption of interhemispheric
transfer of visual and somatosensory information. Similarly,
Srikanth et al. (86) reported that bilateral frontal periventricular
white matter lesion volumes correlated with a composite gait
score, and attributed this association to a disconnection from
frontal motor cortical areas with subcortical regions (e.g., basal
ganglia). Similar to Rosano et al. (82) gray matter results,
Bolandzadeh et al. (87) found that the relationship between
WMHs in frontal corpus callosum and gait speed was mediated
by cognitive processing speed. Everyday levels of physical activity
also appear to moderate the relationship between global WMH
burden and mobility (88), similar to the cognitive findings (63).
Ezzati et al. (89) reported significant associations between cortical
graymatter volumes and usual gait speed, but not with total white
matter or ventricular volumes. In contrast, in the LADIS study of
patients presenting with mild memory complaints (90, 91), the
severity of age-related white matter changes was associated with
the severity of gait and functional decline. Using DTI methods
(FA), Bruijn et al. (92) reported significant associations in
older adults between parameters of gait quality during treadmill
walking and the diffusivity of the left anterior thalamic radiation
(connecting the thalamus to frontal regions).

Functional Imaging of Gait and Balance
There is a growing number of functional brain imaging studies
during walking [for reviews: (93, 94)]. Imagined walking
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and dual-task walking during fMRI scans elicit activations in
supplementary motor (SMA) and prefrontal regions in older
adults, but show less activity in the same brain regions than what
is observed during actual walking as measured using portable
neuroimaging methods (95). Using fMRI and motor imagery
during imagined walking, compared to watching a film, PD
patients had greater activation in inferior frontal gyrus and
precuneus than healthy controls [Maidan (96)]. These findings
suggest that there is increased recruitment of frontal regions in
PD even during imagined walking; perhaps this is an ineffective
compensatory attempt. In a study of healthy older adults, resting
state functional connectivity in sensorimotor, visual, vestibular,
and left fronto-parietal regions was associated with off-line gait
velocity under single-task and walking while talking CMDT
conditions (reciting alternating letters of the alphabet), and
supplementary motor and prefrontal regions were associated
with only with CMDT (97).

The development of portable functional near-infrared
spectroscopy [fNIRS: (98)] allows brain activity to be measured
during active, upright (not just imagined) walking. Like fMRI,
fNIRS directly measures the hemodynamic response (oxy- &
deoxygenated hemoglobin: HbO2, HbR), and is more tolerant
of motion artifacts (99). In early studies of fNIRS and dual-task
walking, Holtzer et al. (100, 101) reported greater prefrontal
activation overall (HbO2) in younger versus older adults,
and increased HbO2 during dual-task walking while talking
compared to walking alone in young adults. By contrast, older
adults showed less of a dual-task change, and their HbO2

levels did not correlate with walking speed, suggesting that
older adults show less efficient or effective frontal recruitment
compared to young adults. In a recent study of young adults,
a graded positive association between rostral frontal cortex
HbO2 levels (Brodmann’s area 10) and increasingly complex
dual-task contexts (walking alone, with counting forward, and
with serial 7s subtraction) was observed (see Figure 2) (102).
Others recently reported that activity in bilateral prefrontal
cortices increased with cognitive load (n-back auditory working
memory) during walking (103). Further, younger adults showed
more left lateralization whereas older adults showed more
bilateral activity (see Figure 3), consistent with the HAROLD
model (12). In contrast, (104) found decreased activation
of the prefrontal cortex under CMDT conditions (walking
+ visual checking) relative to single-task walking, and this
downregulation was associated with greater dual-task costs in
walking. The authors surmise that older adults were recruiting
other posterior regions during complex CMDT as an alternative
to prefrontal cortex, although their fNIRS array did not permit
empirical confirmation. Using a dynamic balance protocol with
varying sensory inputs (somatosensory, visual, vestibular) and
fNIRS, others have shown that both middle-aged and older
adults increase their frontal-lateral blood oxygenation during
dynamic balance tasks (105).

Another recent development in the gait literature is the
assessment of walking using electroencephalography [EEG: (10,
106)]. Notably, spectral power analyses have revealed that
the gamma band is sensitive to manipulations of attentional
load during walking in older adults and in neurological

FIGURE 2 | fNIRS results (102) showing significant increases in blood

oxygenation (HbO2) as a function of walking complexity, i.e., the greater the

cognitive load, the greater the increase in frontal activation during walking.

Copyright permission not required.

patients. More gamma band activity (30–100Hz), which is
associated with attention, learning, and memory (107), was
observed in neurological patients than in healthy older adults
(106), providing convergent evidence for increased cognitive
compensation. Functional neuroimaging studies of balance,
reviewed elsewhere (10) and in this special issue, reveal a
similar pattern. For example, in EEG studies using postural
evoked potentials and platform translations, the N100 amplitude,
associated with attentional orienting responses, commonly shows
attenuation in response to perturbations and cognitive loads such
as visuomotor tracking or visual memory [e.g., (108, 109)].

In sum, the extant findings on neuroimaging, aging, and
mobility suggest that many of the age-normative brain changes
associated with declining cognitive control are associated with
diminished gait and postural control. The literature on online
neuroimaging of gait implicates prefrontal, premotor, and SMA
regions (93). Under more challenging conditions involving
CMDT, younger adults appear to recruit left prefrontal regions
whose activity is related to better performance, whereas older
adults show more bilateral recruitment that is not as well-linked
to performance.

COGNITIVE ENHANCEMENT

Interventions designed to improve CMDT performance have
focused largely on practicing the targeted motor function alone,
termed “specific single-task training,” or when combined with
a cognitive load, termed “specific dual-task training” (110).
This is contrasted with training on related but non-matching
motor tasks, termed “general single- or dual-task training.” The
latter is recommended to strengthen attentional flexibility and
dual-task management [e.g., (47, 111–113)]. The present focus,
however, is to review training studies that more directly evaluate
the cognitive contributions to balance and gait improvements.
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FIGURE 3 | fNIRS data [adapted from (103)] 19 young, 14 older adults during treadmill walking alone or with n-back cognitive load. Both age groups showed greater

bilateral HbO2 change from single motor to dual task conditions, OA had greater bilateral activations. Copyright permission not required.

The most clear-cut approach is therefore to selectively enhance
cognitive capacity using seated computerized cognitive training.

Computerized Cognitive Training
An early computerized training study examined the effects of
dual-task training on single and dual-task postural control (114).
Healthy older adults completed five sessions of seated dual-
task training involving two visual-manual reaction time tasks
(40). The trained group showed pre-to-post improvements in
static and dynamic balance measures given singly and with
a concurrent n-back cognitive load, whereas the no-treatment
control group showed negligible change (see Figure 4). The
degree of learning in the trained cognitive task, particularly
in dual-task trials, was correlated with the magnitude of
improvement in postural stability, suggesting that the “active
ingredient” of the training was dual-task coordination and not
general processing speed. As mentioned earlier, the same DT
training protocol led to increased left VLPFC activity in older
adults, and reduced DLPFC activity while performing the trained
task after training compared to before training (52). Future
research comparing brain activity at pre- and post-training
during motor and CMDT performance is needed to directly
evaluate the neural overlap hypothesis, however the extant
evidence of neuroplasticity is aligned with the upregulation
observed in fronto-lateral brain regions during dynamic balance
(105).

Others have examined commercially available cognitive
training programs targeting multiple cognitive and EF processes
such as attention, visual working memory, and speed of
processing, and observed greater improvements in Timed-Up-
and-Go (TUG), gait velocity, and dual-task gait, compared with
untrained controls (115, 116). In older fallers, cognitive training
was more beneficial for TUG performance than in non-fallers
(116). In low to moderate-severity patients with PD, significant

FIGURE 4 | Bars show magnitude of training-related improvements in postural

sway during single support balancing after computerized dual-task training vs.

no-treatment [adapted from (114)]. Copyright permission not required.

improvements were found on TUG and global cognition after 36
sessions of EF training [(117), see Figure 5].

Pharmacological and
Non-pharmacological Stimulation
Another approach to enhancing cognitive function in order
to improve mobility and CMDT is to leverage the cognitive
enhancing effects of certain pharmacologic agents. For example,
methylphenidate and rivastigmine apparently improve cognition
and mobility and, at least among people with PD, a reduction
in fall risk may be related to the effects of the drug on
cognition and CMDT (118–121). While the mechanisms are
likely different from that of cognitive remediation training, these
studies further highlight the idea that “cognitive” interventions
can enhance mobility. Similarly, recent work using non-invasive
brain stimulation that targets cognitive areas also supports
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FIGURE 5 | In patients with mild to moderate Parkinson’s disease after

executive function training [adapted from (117)]. Training-related changes over

time (p = 035) in a clinical index of mobility: the Timed-Up-and-Go (TUG).

Copyright permission not required.

this idea. Indeed, a number of studies have reported that
stimulation of the DLPFC either using repetitive trans-cranial
magnetic (rTMS) or transcranial direct current stimulation
(tDCS) enhances cogntion and reduces dual-tasks costs of
balance and gait in older adults and patient groups [e.g., (122–
125)].

Exercise Training
Beyond the non-motor cognitive training approach, more recent
studies have added aerobic exercise training, again to enhance
cognitive capacity in frontal regions and thereby free up
more capacity to support motor control. Synergistic effects
of combined cognitive and aerobic training were examined
in a study of healthy older adults, randomized to one of
four training conditions: aerobic plus EF training, aerobic plus
computer lessons (cognitive placebo), EF training plus stretching
(physical placebo), or cognitive placebo plus physical placebo
(68, 126). Each group completed two exercise sessions and a
separate computer session per week for 12 weeks. Across an
array of cognitive and physical outcome measures, including
CMDT gait and balance, the first three training formats yielded
equivalent benefits, suggesting the absence of synergistic benefits
with combined training. Similarly, cognitive training showed
equivalent benefits to aerobic exercise on spontaneous walking
speed (127). Using similar training tasks (aerobic cycling,
computerized DT training), subsequent research with healthy
older adults has examined whether delivery format (sequential
versus simultaneous) yields differential benefits to CMDT. The
sequentially trained group showed greater gains in working
memory outcomes than the simultaneously trained group
(128), whereas both groups showed similar CMDT Sit-to-Stand
improvements [(129); see also (130)].

A final category of multi-modal training that contains a
cognitive component is exergaming or virtual reality treadmill
training. In contrast to the foregoing DT training approaches,
this category reflects training activities in which the cognitive
processing is integral to the motor task. For example, a
randomized controlled study of older adults with a history of falls
based on largely motor (i.e., PD patients), cognitive (i.e., people

with mild cognitive impairment) and a mixed background (i.e.,
idiopathic fallers), compared the impact of treadmill training to
the impact of treadmill training augmented with non-immersive
virtual reality (VR) for 6 weeks (3 times per week), that
targeted both cognitive aspects of safe ambulation (e.g., EF) and
mobility (131). Falls, a problem presumably related to motor and
cognitive function and to CMDT, were significantly reduced in
the group who trained with treadmill training that included the
targeting of cognitive aspects. More specifically, 6 months after
the end of training, the incident rate of falls was significantly
lower in the treadmill training plus VR group than in the
treadmill training group (incident rate ratio 0.58, 95% CI 0.36–
0.96; p = 0.033). Moreover, although usual single task walking
improved similarly in both groups, walking under challenging
conditions (e.g., obstacle negotiation variability and clearance)
improved more in those who also received the cognitive training.
Interestingly, in a subset of subjects with PD who underwent
imaging before and after the training, fMRI and fNIRS results
supported the added value of the cognitive component (see
Figure 6). For example, among the subjects who underwent
treadmill training alone, prefrontal activation during dual-task
walking and obstacle negotiation increased after training, while
in the combined training arm, activation decreased (132, 133).
These findings support the idea that cognitive-motor training can
reduce the need for cognitive compensation and the impact of
CMDT, improve performance (more than motor training alone),
and lead to changes in brain function and activation patterns.

CONCLUSIONS AND
RECOMMENDATIONS

In the foregoing review, we have discussed aspects of the
cognitive neuroscience of aging that are pertinent to the study
of gait and balance in aging. Accordingly, we highlight several
key points that might inform future studies of CMDT. First,
the research on brain aging suggests a more accelerated age-
related decline of gray and white matter in anterior structures
than posterior structures, with white matter changes preceding
gray matter atrophy, both leading to alterations within and across
brain networks. Models of cognitive and brain aging suggest
that compensatory prefrontal activity, or neural recruitment, may
occur in the face of structural and functional declines in response
to task demands that exceed available resources. However, the
same prefrontal regions are also implicated in supporting age-
related declines in sensory, cognitive, and motor domains. Thus,
the aging of multiple systems implies competition for common
neural structures and potential tradeoffs when older adults multi-
task or when any one domain of functioning becomes more
challenging (e.g., with sensory or cognitive impairment, with
reduced mobility). We add that the same patterns of interference
and tradeoff may occur in young adults, given sufficiently
challenging task demands.

The principle of neural overlap applies both to the issue
of dual-task interference, and to the issue of training-related
transfer. In the case of CMDT performance, we argue that
consideration of the neural underpinnings of single-task
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FIGURE 6 | fMRI data adapted from Maidan et al. (132). Training-specific differences in brain activation during obstacle negotiation after two interventions. The images

present the 4 brain areas with different patterns of activation after training between the 2 training arms, while the corresponding graphs show the changes in mean β

values for voxels in each of these 4 brain areas before and after training. P-values are from mixed model analyzes and represent the interaction between time (pre- vs.

post-training) and training arm (treadmill training, TT vs. treadmill training with virtual reality, TT + VR). BA, Brodmann area; IFG, inferior frontal gyrus; MTG, middle

temporal gyrus. Figure reproduced by permission of Wolters Kluwer Health Inc. (4386371208392).

cognitive and motor conditions, compared to the CMDT
condition, can elucidate patterns of dual-task costs and
facilitation. Similarly, consideration of the neural underpinnings
of cognitive training or combined multimodal training should
provide more direct evidence for the type of cognitive scaffolding
and scaffolding enhancement that, to date, has been examined
primarily in the realm of cognitive outcomes. Again, following
the principle of neural overlap, it would be expected that training
protocols that target discrete cognitive processes are likely to
benefit related cognitive performance, either tested singly or
in the context of CMDT performance. In contrast, the same
cognitive training protocols might also indirectly benefit single-
and dual-task motor performance by enhancing the capacity for
compensatory cognitive or neural recruitment. Future studies
should include neural outcome measures at pre- and post-
training if feasible, in addition to independent behavioral indices
of the targeted cognitive processes to be trained. Associating the
magnitude of cognitive and neural plasticity to the magnitude
of improvement in motor and CMDT performances would
provide a more detailed understanding of the “active ingredients”
underlying cognitive training effects.

Returning to the question posed in the introductory section,
the extant research on neurocognitive aging and plasticity
suggests that we cannot assume that the nature of cognitive
involvement in postural control and gait is the same in younger
and older adults. The available studies that combine age-
comparisons, behavioral and functional neuroimaging measures
of single-task cognitive, single-task motor, and dual-task
performance, are few, and even more scant if one includes
cognitive training and pre- and post-training imaging data.
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To interact successfully with an uncertain environment, organisms must be able to

respond to both unanticipated and anticipated events. For unanticipated events,

organisms have evolved stereotyped motor behaviors mapped to the statistical

regularities of the environment, which can be trigged by specific sensory stimuli. These

“reflexive” responses are more or less hardwired to prevent falls and represent, maybe,

the best available solution to maintaining posture given limited available time and

information. With the gift of foresight, however, motor behaviors can be tuned or prepared

in advance, improving the ability of the organism to compensate for, and interact

with, the changing environment. Indeed, foresight’s improvement of our interactive

capacity occurs through several means, such as better action selection, processing, and

conduction delay compensation and by providing a prediction with which to compare our

actual behaviors to, thereby facilitating error identification and learning. Here we review

the various roles foresight (prediction) plays in maintaining our postural equilibrium. We

start by describing some of the more recent findings related to the prediction of instability.

Specifically, we cover recent advancements in the understanding of anticipatory postural

behaviors that are used broadly to stabilize volitional movement and compensate for

impending postural disturbances. We also describe anticipatory changes in the state,

or set, of the nervous system that may facilitate anticipatory behaviors. From changes

in central set, we briefly discuss prediction of postural instability online before moving

into a discussion of how predictive mechanisms, such as internal models, permit us to

tune, perhaps our highest level predictive behaviors, namely the priming associated with

motor affordances. Lastly, we explore methods best suited to expose the contribution of

prediction to postural equilibrium control across a variety of contexts.

Keywords: fall, balance, posture, prediction, anticipation, postural control

INTRODUCTION

The world is full of obstacles, opportunities and distractions with which we must interact. Some of
these interactions are simple, permitting a reliable stereotyped response with each occurrence, while
others are more complicated, requiring more refined pattern recognition, and decision making
mechanisms. All of these interactions operate under the constraint of time. Traditionally, balance
(the act of maintaining postural equilibrium) studies have favored simple (i.e., unobstructed)
environments, where cues can be controlled, and where response settings are purposely unadorned
in an attempt to isolate putatively pure elements of balance control. In many of these types of
study, the central nervous system canmaintain postural equilibrium using relatively simple righting
mechanisms embedded within the most basic levels of the neural hierarchy (e.g., spinal cord and
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brainstem) thereby minimizing processing delays. However,
many real-life falls occur in complex environments that require
flexible decision-making mechanisms (Figure 1). Here, a much
more distributed neural network must play a role, but this comes
at a cost. Processing information in a more expansive network
can render a “better” decision but one that is too late to be
effective. The solution to this problem is to predict and prepare
for our future interactions.

Accumulating evidence indicates that a broad network of
high-level neural structures with known adaptive and predictive
functions, including the cerebellum, basal ganglia and cerebral
cortex, contribute to maintaining postural equilibrium. Given
the capacity of these “cognitive” networks to process current
and historical information, they are ideally suited to recognize
current context in the light of previous experience for the purpose
of dynamically anticipating and preparing for action. Such
flexibility is important as we move through the world because
the actions that are ideal for maintaining postural equilibrium
will change with the constraints and opportunities afforded by
a particular environment. The additional need to select the
most appropriate response from an array of options, while
simultaneously suppressing unsuitable, yet potentially automated
actions, implies a need for higher-level supervision. It also raises
the question of how we combine the utility of rapid, stereotyped
compensatory reactions with the need to match our actions
to what is permitted by a given environment at a particular
moment in time? Insight into this question may arrive from
fields of study not traditionally associated with postural control,
such as cognitive psychology and even artificial intelligence.
This cross pollination of ideas across multiple fields broadens
how we view the neural control of balance (1, 2). Specific
cross-discipline concepts such as predictive modeling (internals
models), affordances for action, and associative learning each
have important implications for adapting our movements to
maintain postural equilibrium in challenging environments, and
provide a way to overcome conflicting demands for goal-directed
action at high speed.

Qualifying Statements
Before we begin to examine these concepts, we would like tomake
clear that the aim of this review is to highlight the many means
by which prediction can contribute to postural, and by extension,
movement control. Additional compensatory mechanisms are
also crucial to the maintenance of our stability, and their
omission here is not meant to minimize their importance, but to
highlight the oft-neglected contribution prediction plays in these
behaviors. In addition, throughout this exploration of prediction
we have avoided categorizing predictions based on whether it
contributes to a volitionally driven events or to the compensation
of externally induced events. Instead, we would like the reader to
focus on the importance of certainty in a prediction’s utility.

PREDICTING INSTABILITY

Anticipatory Postural Adjustments
To prevent destabilization of the body during volitional
movement, postural changes meant to compensate for the

FIGURE 1 | Dealing with complex environments often requires behavioral

flexibility to maintain postural equilibrium. For example, in cluttered

environments it is often necessary to grasp a nearby object to establish a new

base of support, while suppressing a highly automatic stepping reaction if an

obstacle blocks the foot. The speed and complexity of such sophisticated,

goal-directed behaviors necessitates a higher level of control, and implicates a

role for advanced preparation based on environmental cues in the control of

balance.

disturbance generated by the movement, precede the movement
itself (3–7). These anticipatory postural adjustments, or
APAs, represent the culmination of a predictive process that
estimates the postural disturbance associated with an impending
movement. In order to support effective movement APAs
must be highly adaptable to enable the close correspondence
required between the voluntary act and its associated stabilizing
activity.

The generation of APA’s, and movement, involve broad
interconnected networks that span much of the central nervous
system: from the lowest levels of the spinal cord to the brainstem,
and ultimately the cerebral cortex. These expansive networks
provide the computational power necessary to flexibly adapt
APAs to complex and uncertain environments. The spinal
circuitry, for example, can be set in advance to shape imminent
APA’s (see the next section) while further up the neural hierarchy,
the brainstem contributes to the coordination and, perhaps,
generation of APA’s and subsequent movement. Recording
electrodes within the pontomedullary reticular formation in the
brainstem of cats reveal a population of neurons that operate as
a coordinated unit to control one forelimb during a voluntary
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reach while stabilizing posture with the other forelimb (8). This
observation suggests a basic substrate for linking body segments
to provide stability suited to movement demands. In addition,
within this region there are also separate populations of neurons
that encode the initiation of APAs, the initiation of volitional
movement and the combination of the two (9). The divergence
in the encoding of APA’s and movement suggests at least some
independence of the mechanisms underlying the two of them
but regions that generate these predictions remain unclear. As we
will see, independent encoding of the APA and movement is also
prevalent further up the neural hierarchy.

Several higher-level neural networks including the basal
ganglia, cerebellum and cerebral cortex—all with roles in learning
and adaptation (10)—have also recently been associated with
the generation and implementation of anticipatory postural
behavior and therefore prediction (11–19). The basal ganglia,
for example, is proposed to facilitate reinforcement learning
(10) and coincidentally patients with Parkinson’s disease, are
less able to adapt their APAs to novel contexts (20), in addition
to having smaller amplitude and even delayed responses in
some instances (21–23). Similarly, the cerebellum is associated
with error-based supervised learning, which contributes to the
adaptability of APAs. This adaptability is impaired in patients
with cerebellar degeneration (15) and such disorders can also
lead to changes in the shape and/or timing of APAs (12), but this
latter point remains a topic of debate as there are some reports
that well-learned relationships remain largely intact following
degeneration (24). Lastly, the integrative processing power of the
cerebral cortex also provides the functionality to develop high-
level associations between sensory stimuli and context specific
responses. Recent evidence suggests that both the supplementary
and primary motor cortices contribute to the generation of APAs.
The supplementary motor area modulates the size of the APAs
independently of the associated volitional movement, implying
that the APA and movement are represented separately at this
stage of processing (11). In addition, patients with lesions of
the supplementary motor area have impairments in the shape
and timing of their APAs (25) which can be loosely simulated
in healthy adults by functional lesion of the supplementary
motor area using repetitive transcranial magnetic stimulation
(18). In contrast, the primary motor cortex maintains a shared
representation of both APA and movement and is proposed
to shape the amplitude and timing of APAs (13, 17, 25–28).
In general, the cerebral cortex appears to play a key role in
refining the mapping of postural adjustments to voluntary acts.
As discussed next, cortical involvement in predictive postural
control extends beyond the APAs that precede self-initiated
movement. The observed increase in excitability of projections
from the primary motor cortex to the spinal cord that occurs
prior movement (14, 17) implies that the cerebral cortex
contributes to setting the state of the spinal cord in anticipation
of a postural disturbance so that the spinal circuitry behaves
appropriately in the event of a disturbance.

Central Set
Explicit awareness of a forthcoming perturbation is perhaps the
most obvious scenario where one can envision a prominent

role for prediction in compensatory balance. Essentially many
features of a response can be covertly prepared in advance
by setting the state, or set, of the central nervous system
via descending commands, thereby reducing delays associated
with stabilizing an impending movement or generating an
appropriate counter reaction. In a seminal exploration of central
set, Horak et al. used a fixed-support, platform translation
paradigm to investigate systematically the relative influence of
central set vs. peripheral drive on generating automatic postural
responses (29). Their study exposed participants to varying
magnitudes of postural perturbation while researchers controlled
the amount of information provided in advance about the size
and speed of the impending perturbation. They found that
participants scaled the amplitude of their early muscle responses
to the expected amplitude of the perturbation, particularly
after repeated exposure to a specific platform translation. This
result demonstrated that the central nervous system shapes the
amplitude of muscle responses based on a prediction, developed
over time, of what is going to happen. Presumably, such advance
preparation reduces or eliminates the delay with which the
body can respond to a perturbation and helps shape the body’s
response to the perturbation (30–32).

Since the seminal findings of Horak et al. (29), researchers
have used more direct measures of corticospinal excitability and
spinal reflex modulation to reveal the preparatory activity that
occurs in spinal and cortical networks in advance of a predictable
perturbation (33). Several electroencephalography studies have
shown that prior to a predictable postural disturbance, a slow
wave potential builds under central scalp electrodes (34–36).
This potential continues to build until the postural disturbance
occurs, at which point a separate post-perturbation cortical
potential known as the N1 response is observed (36). More
recent studies have shown that this anticipatory cortical activity is
similar regardless of whether the disturbance is self or externally
induced (37) and it scales with the amplitude of the impending
perturbation (32). Concurrent changes in the circuitry of the
spinal cord accompany these anticipatory cortical potentials (33)
implying that the purpose of this cortical activity may be to
modify the “central set” or state of the nervous system (35),
however, a causal relationship between the two remains to be
defined.

Dynamic Prediction of Instability and Sway
Sensory signals indicating an impending loss of balance can
stimulate preparatory changes throughout the nervous system
to compensate for the future disturbance to equilibrium. Such
advance signaling is important because without prediction,
online estimates of body position rely on outdated information
due to the lag in signal transmission. In many large postural
disruptions, advance preparation is necessary to maintain
postural equilibrium because there is insufficient time to respond
to the disturbance. Thus, the central nervous system must
consistently monitor sensory information for evidence of a threat
to stability in order to recognize events in advance that might
require postural compensation. In some instances, such as during
standing balance, specific characteristics of the sway pattern can
provide predictive cues as to whether intervention is necessary
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to maintain postural equilibrium. Virtual time to contact (VTC)
has been proposed as a low dimensional variable that the central
nervous system could monitor in order to predict instability
during standing balance (38). Specifically, VTC is defined as
the time it would take for the body to reach the boundary
of our stability if it were to continue on its current trajectory
from its current state (position and velocity) with constant
acceleration (39). When nearing a loss of balance, changes in the
minimum value and variance of the VTC measure are correlated
with changes in electroencephalographic power estimated at the
anterior cingulate cortex, precuneus and the parietal and occipital
lobes (40). The authors propose that since these concomitant
changes in VTC and accompanying neural markers precede loss
of balance, they provide a predictive cue to the future instability
of our posture.

Certain populations may also be at increased risk of falling
because they fail to use the most recently available data to predict
a coming disturbance to balance. For example, when stepping
is induced by an external perturbation, older adults (especially
those with higher fall risk) step earlier than young adults once
they detect a postural threat, even though the perturbation could
have been managed by using a fixed-support reaction (41). This
earlier step appears to be a default strategy, absent appropriate
scaling to the disturbance, and one that is often insufficient to
compensate for the disturbance, thus requiring multiple follow-
up adjustments/steps. These findings underscore the value of
accurately interpreting the evolving sensory state in the brief time
prior to the fall to the generation of appropriate and appropriately
scaled corrective actions.

Postural sway itself is also often thought to be, at least partially,
the product of a predictive control mechanism. Fitzpatrick
et al. (42) examined the gain of postural reflexes during
human standing and found it insufficient to maintain postural
equilibrium on its own (42). Because of this insufficiency, the
authors concluded that the control of sway must involve a
feed-forward control component. Moreover, a positive phase
shift in lateral gastrocnemius muscle activity relative to ankle
loading has also been observed during maintenance of postural
equilibrium (43). If sway used only sensory feedback to control
ankle muscle stiffness, the muscle’s activation pattern should
lag ankle loading. In reality however, muscle activation in
the lateral gastrocnemius precedes ankle loading suggesting
the timing of muscle activation likely involves an anticipatory
process. Gatev et al. (43) also questioned whether the sway
observed during postural equilibrium is secondary to the
control process, i.e. random variance associated withmaintaining
postural equilibrium, or whether it is the intended consequence
of an exploratory control process (43). Recently this hypothesis
has been tested and has seen further support (44, 45). Under
this control scheme, sway is potentially promoted to allow
exploration of the base of support. If true, such exploration could
involve the use of forward models (discussed in more depth
below) to predict the sensory consequences of the exploration
in order to isolate better deviations from expectation. Support
for a predictive contribution to sway also arises from the unique
control scheme required to control the lower limb during
standing balance. Due to a poor match between the stiffness of

the connective tissues and musculo-tendinous unit at the ankle,
and the load-stiffness of the body (46, 47), the central nervous
system is thought to activate the muscles of the lower limb in a
predictive and intermittent manner (48–52). However, a recent
modeling effort suggests that some of these behaviors could also
emerge without a predictive control mechanism (53).

Predicting the Consequences of Ones
Actions–Internal Models
One of many important functions of the central nervous system
is to learn relationships. These relationships represent our
understanding of how our body interacts with itself and the
world. In motor control, one prominent encapsulation of these
relationships is the abstract concept of an internal model. Internal
models represent a learned relationship that can be used, among
other things, to generate or simulate behavior, and conceptually
it may provide a useful framework to understand how the brain
might develop contextually appropriate compensatory behaviors.
Neural networks that map a movement to its outcome are called
forward models, and they can be used to simulate the sensory
consequences of one’s actions. Because of their ability to predict
movement outcomes, forward models are believed to serve an
important role in the supervised learning mechanisms associated
with the cerebellum (54–56) by permitting comparison between
what the body expects to sense as a consequence of movement,
to what it actually senses. Differences between the expected and
actual sensory feedback can represent a stimulus that requires
compensation, or a prediction/movement error that requires
adaptation. A forward model could also be useful to calculate
the postural compensation necessary for anticipated disturbances
to postural equilibrium. Such mechanisms are proposed to
contribute to the control of precision grip because grip force
leads changes in grip load. This anticipatory gripping behavior
is thought to arise because the central nervous system maintains
a model of limb and load dynamics that it uses to generate
predictions of the load force acting on the hand, in order to
preemptively compensate for anticipated changes in load (57,
58). The use of a forward model is also thought to contribute
to stability during proactive stepping and obstacle clearance.
Specifically, when taking a step, the body’s weight is first shifted
to one leg to maintain stability while the other leg is lifted. In
order to transfer weight effectively the body may use an internal
forward model to estimate whether the APA’s have achieved a
sufficient shift of the body’s weight to maintain stability while
the other leg is lifted (41). A similar mechanism aids stability
during obstacle avoidance while stepping. In this context, the
CNS is thought to predict the destabilizing effect of gravity acting
on the body to allow the development of APA’s appropriate for
controlling body posture while in a single leg stance (59).

In each of the above examples, the forward model provides
predictions that are used in the generation of contextually
appropriate behavior. However, the behaviors generated from
the forward model’s predictions could also be formalized as
a second type of internal model known as an inverse model.
Inverse models receive sensory predictions and generate the
motor commands necessary to create the sensory prediction.
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When paired with a forward model the combined neural
network constitutes a means to generate motor compensation
for predicted states of the body. Such a network has been
proposed as a model for general sensorimotor learning and
control (60–62) and is equally applicable to the subfield of
postural control. Indeed, paired forward-inverse models could
perform the duties of predicting the postural disturbance as well
as generate the appropriate compensatory response from the
prediction. From a general perspective, the power of internal
models has already been suggested to have evolved in order to
contend with conduction velocity delays with a larger body size
(63), and this seems particularly relevant in the time-pressured
world of compensatory balance.

PATTERN RECOGNITION AND LEARNED
ASSOCIATIONS GUIDE FUTURE ACTION

Some patterns occur with such frequency that behaviors are
seemingly hard wired into the nervous system. For example,
coupling of the motion between body segments occurs so
frequently that the movement of one limb often modifies the
behavior of another. Modulation in the excitability of motor
neurons in the upper limbs often occurs during lower limb
tasks, and it suggests an anticipated cooperative integration
of the extremities. Normally this contextual modification of
motor neuron excitability occurs covertly, but if the limb
becomes engaged in a postural task, these changes in excitability
can become overt, resembling anticipatory postural responses
(64–66). The behavior that results from such anticipatory or
linked activities depends on the mechanical or sensory context
under which they arise. For example, Esposti and Baldissera (67)
suggest that there is an arborized pattern of behaviors fromwhich
one, or a select group, could become released from inhibition
to affect behavior depending on the context. Release of such
behaviors could arise via anticipatory mechanisms or a change
in the mechanical or sensory context, such as the innocuous
expectancy of visual information (68). These types of behaviors
likely also contribute to the higher-level associations that allow us
to effectively navigate and interact with complex environments.

The surrounding environment in which we generate a
compensatory response is often filled with obstacles and
distractions competing for our attention. The increased
attentional resources and behavioral flexibility required to
navigate these environments presumably raises the risk of a
fall [For a comprehensive account of typical causes for falls in
an assisted living setting and their relative incidence, see (69)].
As the complexity of the environment increases, the ability to
recognize environmental patterns that support successful goal-
directed action (and cueing on the most relevant pieces of the
scene) becomes more important. For example, during an athletic
competition, preparing a menu of possible behaviors based
on fragmented, preliminary data can increase efficiency when
performing under the time pressure of sports (70). Furthermore,
experts are better at identifying relevant information from the
visual scene, and do it much quicker than novices, indicating
such pattern recognition can be learned. While this example

pertains to performance in sport, it is also relevant to postural
stability. Specifically, predictive cueing offers a way that the
brain can use environmental stimuli presented at a much earlier
point in time to identify a potentially successful behavior in the
event that it is needed in the future. Central to the concept of
predictive cueing is the idea that successful interaction with a
specific object is strongly associated with a particular action.
For example, a mug with handle is associated with a grasp,
whereas while walking, an uncluttered space on the ground in
front of you is likely the best location for the next step. Learned
associations between the object and our actions such as these are
reliant on experience interacting with the world in a variety of
contexts. Moreover, the development of these associations likely
depends upon the learning and associative power of cortical,
basal ganglia, and cerebellar networks as mentioned earlier (10).

Affordances for Action and the Relevance
to Balance Recovery
Considerable evidence from animal (71–74) and human
research (75–82) has shown that viewing objects strongly
associated with particular actions can potentiate these actions,
suggesting that we encode our surroundings in terms of the
movements the surroundings afford (Figure 2). This concept,
known as “affordances” (83), has been demonstrated in
humans using various neuroimaging and stimulation techniques,
including functional Magnetic Resonance Imaging (78, 79) and
Transcranial Magnetic Stimulation (TMS) (75–77, 80, 84), as well
as behavioral outcomes such as improved reaction time (81). The
predictive nature of visual priming based on these affordances
is especially relevant given the processing delays inherent to a
large, complex nervous system. Such a predictive mechanism
potentially holds great value for controlling postural equilibrium.

Although control of postural equilibrium was long thought to
be mediated subcortically (85, 86), a large body of evidence now
attests to the involvement of the cerebral cortex in the control
of postural equilibrium, including compensatory reactions to
unexpected postural challenge (32, 33, 87, 88). Perhaps most
crucial are compensatory reactions that require the limbs to
establish a new base of support and catch a falling center
of mass (89–91). Notably, these change-of-support reactions
are the only line of defense when a disturbance to posture
exceeds a certain threshold. The fact that high-level neural
networks can play a role in responding to unexpected external
postural perturbations seems remarkable given how quickly
these whole-body responses must take place to avoid a fall.
However, if suitable responses could be established prior to
a fall, this would offer a viable solution for producing fast,
yet sophisticated “context-appropriate” reactions. Thus, motor
affordances could potentially bias specific recovery actions suited
to our surroundings, even before the need for such action.

Since Gibson first presented the concept of affordances many
years ago (83) several lines of evidence support the basic idea
of affordances including animal studies that have identified
premotor neurons activated by the mere appearance of graspable
objects known as canonical neurons (74). Furthermore, human
studies have demonstrated a measurable link between simple
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FIGURE 2 | Simplified neural networks underlying an affordance to grasp. Black arrows indicate how the brain converts visual information into movement plans for a

variety of possible actions. As movements are encoded in frontal and parietal networks, action representations compete with one another. These actions are biased

by the basal ganglia and prefrontal cortex at multiple locations in the brain as per the affordance competition model (103, 104). We act when one of the possible

actions wins the competition. In this example, we see that the stairs have a supporting railing. The railing affords a grasp and the rope affords a grasp, but since the

railing is more stable, the railing grasp is primed. If the grasp is the most salient afforded action, we may execute it in the event of a stumble. Here, it is important to

note that such directed arm action would conceivably be prompted by viewing a supportive handle—a handle associated with postural recovery from past experience.

Furthermore, such action would only exist as an internal representation until called upon.

object observation and motor cortical activation even with
no requirement to move (77). Remarkably, the rare clinical
condition of alien hand syndrome (which sometimes results
from a stroke in the frontal lobes) also offers support for this
idea (92). These patients lack inhibitory oversight and instead
are irresistibly compelled to interact with surrounding objects.
These interactions are not random but give the appearance of
goal-directed movement, despite a reported lack of intention to
move.

While these concepts have not been considered in the domain
of compensatory balance reactions, the potential applicability
of setting contingent responses based upon the environment
in advance is clear. Consider for example walking down a
hallway with a handrail anchored along the wall. According to
the notion of perceived affordances, arm movements may be
prompted by simply viewing these handrails while any overt
movement would remain dormant (or actively inhibited) until
needed. In this instance, one can begin to see how such a

mechanism holds great relevance for enlisting a rapid reach-to-
handle reaction if a challenge to postural equilibrium occurs.
Essentially, a contingent motor response may be automatically
dictated by perception of the surrounding world and called into
action (or released from inhibition) when circumstances warrant
this action. Recently, the excitability of corticospinal projections
to specific grasping muscles was shown to be modulated when
participant’s simply viewed a wall-mounted safety handle (93).
This result provides some initial support for the idea that viewing
an object associated with balance recovery can modify central
nervous system activity.

Another important consideration when encoding the world
in terms of afforded motor actions is that sometimes the
environment will contain obstructions to potential actions.
Understandably, the central nervous system should avoid
priming actions that bring the body into an obstruction,
requiring the inhibition of inappropriate actions. Inhibition is
particularly important in situations when postural equilibrium is
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disturbed and there is an obstacle preventing a recovery step. In
such a case, equilibrium would normally be recovered by taking
a forward step to prevent a forward fall, but doing so would
accentuate the fall. This stepping response is salient given the
highly automated nature of a recovery step used to recapture
a falling center of mass (90, 91). Thus, an important aspect of
pre-setting compensatory behavior prior to a fall would involve
facilitation of appropriate action, as well as suppression of pre-
potent but inappropriate action based on environmental context.
The ability to override automatic, but unwanted actions and to
filter out distracting information, ultimately relies upon oversight
by the prefrontal cortex (94) suggesting it may play an important
role in fall resistance.

NEURAL NETWORKS INVOLVED IN
PLANNING FUTURE ACTIONS

At this point, we have reviewed various predictive mechanisms
that could contribute to the control of postural equilibrium.
Essential to all these mechanisms is the capacity to adapt or
learn from experience to inform future action. Not surprisingly,
a commonality among the various aspects of prediction is
their association with cortical, basal ganglia and cerebellar
networks. Each of these anatomical regions has been proposed to
implement its own unique learning algorithm that could be used
to develop and refine posture related predictions (10). Learning
in the cerebral cortex is thought to occur through Hebbian
plasticity, an “unsupervised” learning mechanism. Hebbian
plasticity is based on the idea that temporally synchronous and
causally related firing among networks of neurons results in
a strengthening of the relationship between the two networks.
This form of learning attempts to “map” associations in
which a quantifiable error signal is absent and this ’mapping’
may underlie the recognition and association of sensory cues
deleterious to posture with their appropriate response. The basal
ganglia, in contrast, is thought to shape our behavior through
reinforcement learning. Reinforcement learning is a process
where correct behaviors are rewarded to facilitate learning and
this reward signal, and subsequent change in reward signal, is
encoded by dopaminergic fibers from the substantia nigra within
the basal ganglia (10). Behaviors, such as motor action, are
selected in this learning paradigm by maximizing the predicted
reward that each option could bring. Such a mechanism could
be ideal for the selection and reinforcement of appropriate
compensatory actions resulting from a loss of stability. Lastly, the
cerebellum is proposed to implement an error based “supervised”
learningmechanismwhereby the consequences of our actions are
predicted and compared to reality. The difference between the
prediction and reality can be used to adjust our predictions, but
also represents a disturbance to posture that must be reactively
compensated for. Together, with the thalamus, these neural
networks develop the associations between particular contexts,
probable scenario’s and appropriately matched compensatory
behaviors that sub-serve predictive postural control as well
as refine reactive postural mechanisms. As a final point, a
characteristic of predictive control is the ability to regulate

relative timing of events, such as the coupling of an APA prior
to stepping. For example, a voluntary step would need to be
actively delayed until sufficient weight transfer occurs through an
APA (41). Such control over relative sequencing of events relies
upon a time buffer or memory of sequence fragments (95), which
suggests cerebellar involvement (96), as well as prefrontal cortex
due to its important role in working memory (97, 98).

IMPROVING EXPERIMENTAL DESIGN TO
EXPOSE AND EMPHASIZE PREDICTIVE
ROLES

A big reason we fail to understand prediction’s contribution
to reactive balance may be due to the simplicity of research
protocols that are frequently used. The status quo in postural
equilibrium research is to provide relatively small perturbations
in clutter-free environments, with an emphasis on fixed support
(feet-in-place) reactions. However, when perturbations are large,
change-of-support reactions are the only option to recovery
stability (90, 91). Daily life often imposes obstacles, while also
providing various movement options that can help us regain
balance. In some cases, obstacles force a selection process
requiring a limb to target a new support base if a loss of
balance occurs. As the need for behavioral adaptation rises, so
does the demand on higher brain resources (and foresight),
particularly when we use the arms or legs to establish a new base
of support amid complex surroundings. To truly emphasize the
contribution of prediction to reactive balance, researchers may
need to reintroduce the clutter and force a change-of-support
strategy with the limbs.

Reliance on external measures such as muscle onsets, ground
reaction forces, and video motion capture to infer neural
processes may also limit our perspective on the control process
involved in maintaining posture. Such external measures can
miss what the central nervous system is doing to help us
avoid a fall. In fact, this problem is compounded when you
consider that much of what the brain may do to prevent a
fall in complex environments may happen before the fall. This
includes predicting future instability (40), building visuospatial
maps as we move through our environment (99), and possibly
forming contingencies based upon the environment even
without foreknowledge of a fall (100). Without the use of
direct neurophysiological probes, it is difficult to reveal such
preparatory behavior.

Study designs that emphasize direct neural measures and
change-of-support reactions within cluttered environments
pose significant methodological challenges. However, these
study designs also have great potential to reveal the predictive
mechanisms underlying fall avoidance in the complex settings
encountered in daily life. Thus, using direct neurophysiological
stimuli or measures such as Transcranial Magnetic Stimulation
(TMS), Electroencephalography, and/or functional Near-
infrared Spectroscopy in the period before and after postural
perturbation could provide important experimental advances.
Furthermore, research designs where the limbs are required
to establish a new base of support, all within cluttered and
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choice-demanding environments, could expose higher brain
processes where prediction is necessary to respond appropriately
to a loss of stability. This combination of experimental features
represents an important innovation in the field to expose how the
brain contributes to fall resistance in complex, real-life settings.

CONCLUSIONS

Some of the ways in which prediction contributes to balance are
now well understood, particularly in cases where self-initiated
movement needs to be stabilized or when we need to counter a
known perturbation originating from an external source. Both
of these instances hinge on past-experience and learning to
match postural adjustments with an internal representation of
the forthcoming disruption to equilibrium. Perhaps less intuitive
is how predictive mechanisms can operate behind the scenes
to prepare contingent actions based on cues and contexts that
have been implicitly acquired through interactive experience with
the world. Such associative learning has been studied in fields
outside the domain of postural control, but may hold great
significance for regulating postural equilibrium in an unstable
and choice-demanding world. Prediction, in theory, offers an

important way that higher neural networks contribute to speeded
recovery actions. Indeed, the need to forecast future instability
and plan appropriate countermeasures may explain (at least
partly) the correlation between cognitive decline and falls (101,
102). Determining how predictive mechanisms impact balance
recovery will require some revision to traditional research
paradigms that “start the clock” only after the perturbation has
occurred. Furthermore, the use of simplistic lab settings may
fail to sufficiently expose a need for predictive mechanisms and
inadvertently bias our understanding of how balance is controlled
to favor lower reflexes. Research designs frequently operate from
a framework where postural reactions are purely reactive without
the help of foresight. Therefore, broadening this perspective to
consider the potential role for prediction in the field of balance
control could begin to fill an important gap in understanding the
mechanisms for how cognitive resources influence resistance to
falls.
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Numerous studies have demonstrated the real-time use of visual, vibrotactile, auditory,

and multimodal sensory augmentation technologies for reducing postural sway during

static tasks and improving balance during dynamic tasks. The mechanism by which

sensory augmentation information is processed and used by the CNS is not well

understood. The dominant hypothesis, which has not been supported by rigorous

experimental evidence, posits that observed reductions in postural sway are due to

sensory reweighting: feedback of body motion provides the CNS with a correlate to

the inputs from its intact sensory channels (e.g., vision, proprioception), so individuals

receiving sensory augmentation learn to increasingly depend on these intact systems.

Other possible mechanisms for observed postural sway reductions include: cognition

(processing of sensory augmentation information is solely cognitive with no selective

adjustment of sensory weights by the CNS), “sixth” sense (CNS interprets sensory

augmentation information as a new and distinct sensory channel), context-specific

adaptation (new sensorimotor program is developed through repeated interaction

with the device and accessible only when the device is used), and combined

volitional and non-volitional responses. This critical review summarizes the reported

sensory augmentation findings spanning postural control models, clinical rehabilitation,

laboratory-based real-time usage, and neuroimaging to critically evaluate each of the

aforementioned mechanistic theories. Cognition and sensory re-weighting are identified

as two mechanisms supported by the existing literature.

Keywords: biofeedback, sensory substitution, sensory augmentation, balance, sensory reweighting, balance

prosthesis

INTRODUCTION

Active sensory augmentation (SA) for balance control is the focus of this critical review (1). We
particularly highlight vibrotactile feedback but include other modalities of SA as well. We define SA
as the delivery of additional sensory cues (e.g., via auditory, tactile, or visual modalities) that convey
pertinent information about body orientation for balance. Passive forms of SA, such as mirrors,
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have been used during stroke rehabilitation (2, 3) and for treating
phantom pain in amputees (4) since the 1990s. The first active
form of SA was developed in the 1960s by Bach-y-Rita to provide
vibrotactile cues to inform people with visual impairments
about the location of an object (5). Shortly thereafter, the
Naval Aerospace Medical Research Laboratory developed and
piloted the Tactile Situation Awareness System (TSAS), an
array of vibrotactile actuators worn on the torso, to augment
a pilot’s situational awareness and provide information about
orientation and targeting (6). In the 1990’s Wall adapted the
TSAS concept for people with vestibular deficits (7) and Allum
developed a multimodal feedback display for people with balance
impairments (8).

SA for balance has been a focus of much research
since the 2000’s, likely influenced by increased availability of
wearable technologies, especially compact, wireless, and accurate
inertial measurement units. Various patient populations with
primarily sensory-driven balance deficits have been included in
research: people with vestibular loss, peripheral neuropathy, mild
traumatic brain injury, and older adults, as well as people with
stroke, Parkinson’s disease, and ataxia.

Despite the recent interest in SA technologies, limited
studies have investigated the underlying mechanisms of their
effectiveness. However, several hypotheses are conceivable and
a few have been historically proposed. These hypotheses can be
conceptualized by considering how they influence various aspects
of balance as represented by a simple model of balance control
(Figure 1). We note that more than one mechanism could occur
simultaneously.

“Sensory Restoration” refers to a device that fully restores
missing sensory information. In this case, various methods
for measuring balance function would show balance control

FIGURE 1 | Block diagram representation of a simple feedback control model of balance showing potential modes of action by which measures of body sway could

be used to improve balance control via sensory augmentation effects on different subsystems or by direct activation (e.g., functional electrical stimulation). Natural

sensory integration is represented by a weighted combination of proprioceptive (Wprop), visual (Wvis), vestibular (Wvest), and auditory (Waud) orientation information.

Corrective torque generation is represented by a “neural controller” with stiffness (Kp), damping (Kd), and time delay (τ ) parameters. Corrective torque is applied at

ankle joint level to an inverted pendulum representation of the body with moment of inertia (J), mass (m), center of mass height (h). “s” is the Laplace variable and “g”

is acceleration due to gravity.

behavior identical to that measured in subjects with normal
sensory function. More likely the sensory restoration would
be partial or limited. For example, for the foreseeable future
a vestibular implant device at best will restore semicircular
canal information, but not information from otolith organs (9).
Examples of sensory restoration include retinal implants (10),
cochlear implants (11), and vestibular implants (12).

“Sensory Substitution” refers to a device that acts through
an alternative sensory modality (e.g., encoded using patterns
of skin vibration) to convey the motion information that is
related to that of a damaged sensory source. Ideally, this
substituted information could be combined with other naturally
available information and recognized by the brain as being
equivalent to the damaged sensory source. If the information
from the alternative sensory modality differs substantially from
the damaged sensory information for which it is meant to
substitute, the nervous system may not be able to combine it
with other sensory sources in a natural way. In this case, it may
be more appropriate to consider that the device is providing
“Sensory Addition” (13, 14). Both sensory substitution and
addition mechanisms can be thought of as augmenting balance
control by making a “sixth sense” contribution to available
sensory cues. Historically, sensory substitution and addition have
been proposed as mechanisms when vibrotactile (15), auditory
(16), or tactile (17) cues have been used to enhance visual inputs.

“Sensory Integration” refers to a mechanism that combines
orientation information (often represented as a weighted
combination) from various sources to serve as a basis for
generating corrective actions that facilitate balance stabilization.
Sensory restoration, substitution, and addition alter the available
sensory information and are likely to have an impact on sensory
integration via sensory reweighting. It has been posited that
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repeated exposure to an additional “channel” of body motion
information provides the CNS with a correlate to the inputs
from its intact sensory channels, promoting increased weighting
of these intact channels and thereby promoting retentive (i.e.,
balance improvements are observed for the activities that were
practiced/included in the training regime) and/or carryover
(i.e., balance improvements are observed for activities that were
not practiced/included in the training regime) effects once the
additional channel of information is removed (18). Longer-term
training with SA devices may affect sensory integration and
context-specific adaptation by allowing time for the nervous
system to develop optimal combinations/weights of sensory cues.
Therefore, SA used during balance rehabilitation may lead to
beneficial changes in sensory integration that are maintained
even without the continued use of an SA device. Other SA
benefits might arise from their influence on motor mechanisms.
One could imagine that a device might motivate a change in
“Control Strategy” that causes an individual to generate more
or less corrective torque as a function of available sensory
information. This could be represented by modification of neural
control parameters where, for example, an increase in corrective
torque generated per unit of body sway would cause a reduction
in sway evoked by external disturbances even though sensory
integration mechanisms remained unchanged. Temporary use
of SA during balance rehabilitation may promote long-term
changes in control strategy. Control strategy changes have been
seen in subjects with Parkinson’s Disease when receiving sensory
cueing (19) and are likely influenced by individual motivation as
well (20).

“Cognitive Processes” could have a role in explaining effects
to the extent that subjects use conscious processing to generate
voluntary actions to control balance. The TSAS for pilot
situational awareness likely mediates cognitive processes and
sensory addition (6). Finally, a device using functional electrical
stimulation provides “Direct Activation” of muscles, thereby
bypassing or partially bypassing natural sensory integration
and muscle activation processes when they are not available
or damaged (e.g., due to spinal cord injury) (21, 22). The
aim of this critical review is to interpret aggregate findings in
SA through the lens of several hypothesized mechanisms by
first providing a brief overview of SA technologies for balance,
then summarizing general outcomes for real-time use, balance
rehabilitation, feedback modeling, and neuroimaging.

SENSORY AUGMENTATION
TECHNOLOGIES

Visual (e.g., mirrors) and haptic feedback provided through
touch (e.g., walking aids such as canes, and real-time extrinsic
feedback provided by a treating physical therapist via tactile cues
and/or manual assistance to enhance movement, balance, and
motor re-learning) are two of the most common forms of passive
SA for balance applications. Modern technology-driven active SA
devices typically couple inertial measurement units to estimate
body kinematics and/or force plates or pressure-sensitive surfaces
to estimate body kinetics with a wearable or off-body processor

and a display (Figure 2). A variety of displays have been
developed and reported in the literature to explore standing and
gait-based feedback applications including arrays of vibrating
actuators (7, 24), electrotactile arrays (15), televisions, or other
various types of screens, headphones, or speakers (8, 25, 26), and
combinations of multiple feedback modalities (27). Processors
have included wearable computers, laptops or desktops, gaming
systems (e.g., Nintendo Wii, Kinect), and smartphones (28).
Specific feedback modalities may be preferential for certain
patient populations based on compatibility with intact sensory
systems (e.g., non-auditory information transfer for people
with hearing loss). Likewise, for prolonged use, certain display
modalities may pose challenges during activities of daily living.
Presently, several devices (e.g., BalanceFreedomTM and SwayStar

International
TM

, and Vertiguard
TM

) have been approved for use
in Europe and South America. To date, a limited number of active
SA devices have been approved by the FDA for use within the
U.S. as a real-time balance or rehabilitation tool (e.g., Biodex

Vibrotactile
TM

System). For the purposes of this critical review,
we will explore potential general mechanisms of use as opposed
to focusing on mechanisms associated with specific feedback
modalities.

REAL-TIME USE FINDINGS

Based on the published studies to date, the most likely dominant
mechanism underlying balance benefits with real-time use of SA
involves cognition; specifically, real-time SA cues are perceived,
cognitively processed, and acted on based on the behavioral
instructions assigned to the cues. The cognition hypothesis
is supported by data that demonstrates that people’s balance
improves during the real-time use of SA cues compared to when
no cues are provided, people’s balance worsens when inaccurate
cues are provided, people’s balance is further improved when
more information about body motion is provided, and people’s
temporal responses to the cues are on the order of several
hundred milliseconds, which is consistent with response times
associated with perceiving, processing, and responding to the cue.

To the extent that the effectiveness of an SA device depends
on cognitive processing, sensory systems that naturally have good
conscious representations, such as the auditory system, may be a
better choice for delivering SA cues than sensory systems with
poorer conscious representations. However, there is a tradeoff to
be considered since the SA cues may interfere with the natural
contribution to balance control provided by the sensory system
used for SA. The auditory system is a good example since SA
based on auditory feedback is commonly employed (8, 25–
27, 29). Multiple studies have reported associations between
hearing loss and increased fall risk in older adults (30, 31). The
natural auditory contribution to spatial awareness likely involves
unconcious processing of sound field cues that would likely be
degraded by sound-based SA feedback.

The prominent literature base that supports this
interpretation is a collection of numerous studies that have
shown that people with vestibular deficits (28, 32) as well as
older adults can use real-time SA cues to reduce sway when the
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FIGURE 2 | Left: Illustration of trunk-based IMU and vibrating actuators. Center: Bird’s eye view of illustrative trunk sway data from a subject with cerebellar ataxia;

top panel—real-time use without cues, bottom—real-time use with cues. Right: Pre-/per-/post-training computerized Dynamic Posturography SOT scores for two

groups of older adults that performed balance training exercises 3x/week for 8 weeks in their homes either with or without (Control group) vibrotactile sensory

augmentation (23).

stance position, support surface, or visual inputs are modified
during standing balance tasks compared to conditions when cues
regarding their body motion are not provided (27) (Figure 2).
Young healthy adults (33), people with peripheral neuropathies
(34), people with mild cognitive impairments (35), and stroke
(36) have likewise shown reductions in postural sway related
metrics compared with baseline. Real-time cues to inform
modifications to gait have been shown to reduce M/L trunk
tilt during paced heel-to-toe walking (37) and during narrow
stance walking (38) in people with vestibular deficits. Young
adults have also been shown to reduce their trunk sway and
sway velocity when feedback was provided in the A/P or M/L
directions during a variety of gait tasks (e.g., normal and tandem
walking, climbing up and down stairs, walking over barriers),
and gait velocity significantly increased when cues were provided
(39). Older adults have been shown to increase their Dynamic
Gait Index scores while using feedback (40). Young and older
adults had reduced A/P and M/L tilt and A/P tilt velocity during
normal walking (41). Cues have also been used to reduce knee
adduction moments in people with knee osteoarthritis (42), alter
plantar foot loading in people with stroke (43), and reduce gait
asymmetry in people with cerebral palsy (44). When provided
with combined auditory and vibrotactile SA, people with bilateral
vestibular loss demonstrated decreased EMG amplitudes and less
EMG background activity when standing on a compliant surface
with their eyes closed (29).

When provided with erroneous cues, people with vestibular
deficits initially demonstrate increased postural sway (24).
However, it is believed that participants quickly ascertain that
the erroneous cues conflict with other intact sensory inputs
and participants ignore the inputs. This finding demonstrates
that the cues are not simply serving as an alerting mechanism
to prompt people to attend to their balance. However, it is
possible that an alerting mechanism contributes to the observed
improved postural control outcomes in the various real-time
studies performed to date.

Continuous visual feedback has been shown to result in better
performance than discrete visual or vibrotactile feedback, but
some subjects reported dizziness when using continuous visual
feedback (32). The improved results with the use of continuous
feedback further support the cognitive hypothesis since people
are provided with more complete information about their body
motion and therefore are more likely to make more frequent and
specific body corrections compared with discrete (less frequent,
less information content) feedback.

Several studies have explored the effects of balance and
gait parameters while simultaneously using an SA device and
performing a secondary task; the findings partially support the
cognition hypothesis because performance on the primary task
generally declines when the secondary task is performed. Young
subjects were able to use multimodal SA to reduce their trunk
sway while walking and simultaneously counting backwards or
carrying a tray of water (41). Older adults, however, were less
responsive to the SA and subsequently less successful at reducing
their trunk sway while concurrently performing a cognitive
or motor task, potentially due to a lower residual processing
capacity.

Interestingly, Lin et al. demonstrated that both younger and
older adults had slower reaction times when performing an
auditory reaction time test while using vibrotactile SA (45);
however the older adults slowed disproportionally more on the
reaction time task compared to the younger adults. There may
have been more cognitive resources required to maintain balance
with the dual task demands in the older subjects. However,
balance differences based on kinetic measurements were not
observed between persons with unilateral vestibular disorders
and age-matched controls when tasked with using vibrotactile
SA while simultaneously performing an auditory reaction time
task on a computerized dynamic posturography platform (46).
Both groups had slower reaction times when vibrotactile SA was
provided, but the persons with vestibular loss were affected more
profoundly.
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Mechanical perturbations of the support surface have been
employed to study how balance is affected by the use of
vibrotactile SA feedback on the trunk. Significant reductions
in falls during computerized dynamic posturography sensory
organization test (SOT) conditions 5 and 6, which require more
reliance on vestibular inputs, have been observed in people with
severe vestibular deficits (47, 48). However, subjects with mild
to moderate vestibular deficits did not fall as frequently as the
severe group, and the number of their falls did not change
significantly when they used feedback (47). Feedback may also
promote faster recovery from discrete surface perturbations;
specifically, peak tilt and the time to recover are decreased (47)
(49). In a similar study examining the effects of vibrotactile
feedback on the stepping responses of people with Parkinson’s
disease (PD) and age-matched controls, feedback cues did not
affect the timing or the length of the steps, but it reduced
trunk displacements prior to step initiation (50). Among young
adults, older adults, people with bilateral vestibular deficits,
and people with peripheral neuropathies, only older adults who
exhibited slower stepping times during baseline trials showed
significantly shorter stepping reaction times with versus without
the feedback cue (51). These collective findings suggest that
feedback is effective in reducing sway during normal stance and
during recovery from perturbations, but not during the ballistic
phase of a perturbation.

It should be noted that multiple studies have shown no
reductions in sway during various gait tasks (8) and during non-
challenging gait tasks (38) when vibrotactile SA feedback was
provided on the trunk. Non-intended changes in gait patterns
have also been observed, e.g., less natural gait patterns and altered
segmental control strategies, although these changes may be due
to inadequate training periods with the SA device. Multimodal
SA may be more effective for improving gait performance
compared to single sensory feedback in healthy older adults
(26, 40, 52) and individuals post stroke (53–55).

Another potential mechanism that may contribute in a limited
manner is the non-volitional response that has been observed
when participants were presented with vibrotactile stimuli over
the internal oblique and erector spinae locations; in addition to
the small magnitude, the timing of the responses are likely too
slow to have a significant impact on the initiation of postural
corrections. Small, non-volitional sway responses to torso-
based vibrotactile stimulation have been demonstrated when
vibrations were applied over the internal oblique and erector
spinae muscles. In these studies, participants were instructed
to maintain an upright posture while standing with their arms
at their sides. Movements on the order of approximately one
degree were observed in the direction of the applied vibration
(i.e., stimulation over the internal right oblique area resulted in
a forward right movement), however, no motion was observed
when stimuli were applied to the external oblique areas (56–60).

Vibration has also been used to improve signal detection in
individual sensory channels. This particular use of vibration does
not directly fit with our definition of SA because the vibration
does not directly “convey pertinent information about body
orientation for balance” but rather indirectly provides pertinent
information by aiming to improve the detection of information

obtained from existing peripheral receptors. This method of
vibration has been termed stochastic resonance and relies on the
theory that noise can improve the transmission and detection
of information in some non-linear systems (61). Stochastic
resonance applied as vibration to the bottom of the feet has been
shown to reduce posture sway in quiet stance (61), one marker
of improved feedback control. Others have applied the concept
of stochastic resonance to activate the vestibular system via
sub-threshold galvanic vestibular stimulation and also showed
improvements in posture sway (62); these researchers also noted
that a high noise level actually creates a distortion in vestibular
feedback, increasing posture sway. Stochastic resonance could
influencemultiplemechanisms in the posture system. Clearly, the
first mechanism is partial sensory restoration because the goal of
stimulation is to improve the transmission of information from
the peripheral sensors. With the improved transmission within
one sensor, it is likely that sensory reweighting would take place
because sensory reweighting is influenced by the accuracy and
magnitude of peripheral feedback (63–65). The extent to which
stochastic resonance impacts cognitive processes that contribute
to balance is not well known.

REHABILITATION USING AUGMENTED
SENSORY FEEDBACK

As a rehabilitation tool, SA can enrich and mimic the tactile and
verbal cues provided by a physical therapist, thereby facilitating
retraining of postural control for different patient populations,
especially those with chronic imbalance (18). For SA to be an
effective training tool, balance improvements achieved during the
intervention should be retained after the feedback is removed and
ideally carried over to other activities of daily living. The addition
of SA to clinical and home exercise programs has the potential
to provide the user with knowledge of results and maximize the
participant’s motivation and engagement (20).

Preliminary, small-scale studies showing balance
improvements following training with SA versus. training
alone suggest that augmentation facilitated training improves
the utilization of available sensory cues via a sensory reweighting
process. Sensory organization is an adaptive CNS regulated
process, which enables a person to utilize the available, useful
and accurate inputs to maintain balance in changing conditions
or environments (66). Persons with compromised sensory
systems (visual, vestibular, proprioceptive) may be able to use
SA via a rehabilitation device to “upweight” (67) the available
accurate information from the non-compromised system(s), or
possibly enhance the “weakened signal” resulting in improved
postural control. It appears that longer duration training with SA
has better potential to enhance sensory reweighting (44). Persons
with more severe sensory impairment have been found to benefit
more from SA compared to those with moderate deficits, thus
supporting the use of SA in acute stages of rehabilitation (47).

Several studies have demonstrated short-term retentive effects
(24, 68–70) following short-term training with SA. However,
many of the studies performed to date have been uncontrolled
and therefore context-specific adaptation and/or habituation
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cannot be ruled out as a potential mechanism to explain the
findings. In an uncontrolled study with Parkinson’s population
using Vertiguard, improvements in SOT scores were retained at
three months post training and falls were reduced (71) following
10 training sessions within a two-week period. A limited number
of controlled studies have examined retention and carryover
effects following training with SA. In a randomized long-term
home-based study in healthy older adults, participants trained
for eight weeks using a smart phone balance trainer (28). The
vibrotactile feedback group had greater improvements in SOT
composite scores, which were maintained at six months, and
both groups demonstrated improved vestibular reliance (23). In
a recent clinical-based randomized preliminary study, a 6-week
(18 sessions) vestibular rehabilitation program augmented with
vibrotactile feedback was found to be beneficial for persons with
unilateral vestibular disorders (72). The most significant finding
was improved postural stability during balance exercises with
head movements suggesting improved reliance on the available,
but compromised, vestibular inputs. In a randomized control
study, people with Parkinson’s disease participated in 12 sessions
of clinical balance training to compare the effects of virtual reality
(VR) augmented balance training using a dynamic balance board
(VR group) to conventional balance training (73). The VR group
improved significantly on SOT condition 6 (unreliable vision and
somatosensory inputs) immediately after training, however this
finding was not significant at the four week follow-up suggesting
limited retention effects.

Several studies have examined the incorporation of the Wii
Fit balance board, which provides center of pressure (COP)
information to the user, for balance training (74–82). Studies
comparing the effectiveness of conventional physical therapy
to Wii Fit balance training in older adults and persons with
unilateral peripheral vestibular hypofunction found that balance
training with virtual reality alone was not superior to traditional
balance therapy (83, 84). Based on a recent systematic review,
there is moderate evidence that visual feedback is beneficial in
older adults with balance impairment (85). One study showed
no overall benefit of balance training in healthy older adults
when training was performed both with and without multimodal
(vibrotactile, auditory, and visual) SA (86). Conversely, in
a systematic review of frail older adults, both visual and
auditory SA were noted to decrease sway although no large-scale
randomized control trials were among the studies included (87).

Overall, there is moderate evidence to support the use of
SA to improve postural control and gait during rehabilitation.
In these balance-training scenarios, the real-time use of SA
most likely involves cognition as described in the real-time use
findings section above. Additionally, vibrotactile, visual, and/or
auditory cues may simply alert users to momentarily attend to
the balance or gait task at hand. There is limited evidence thus
far for retention and/or carryover effects when the stimulus is
removed following multiple training sessions. Longer use of SA
has the potential to promote sensory reweighting and central
compensation necessary to translate into longer-term retention
and/or carryover, however, observed improvements in both
control and intervention groups suggest that context-specific
adaptation and/or habituation are also occurring.

SENSORY AUGMENTATION ASSESSMENT
USING BALANCE MODELS

It can be difficult to ascertain causal relationships in standing
balance because of complex time-delayed feedback interactions.
To help interpret complex balance behavior, feedback models
of posture control have been used for nearly two decades. To
a remarkable extent, a relatively simple mathematical model of
balance control, related to the model shown in Figure 1, has
been shown to account very well for the dynamic characteristics
of body sway evoked by continuously applied rotations of
the stance surface or visual scene (88, 89). In the model, the
body is represented by a single-segment inverted pendulum.
Sensory integration is represented by a weighted summation
of body orientation information derived from sensory cues;
proprioception (signaling body sway relative to the surface),
vision (signaling body sway relative to the visual scene),
and vestibular (signaling body motion in space). Spatial cues
derived from auditory information may also contribute to body
orientation estimates used for balance control. Sensory-to-motor
transformation is represented by a “neural controller” that
generates time-delayed corrective ankle torque as a function
of the integrated sensory information. The parameters of this
model (mainly sensory weights, neural controller parameters,
and time delay) can be estimated by optimally accounting for
the experimentally observed relationship between a perturbing
stimulus and the evoked sway response.

This simple model can serve as a reference for considering
how SA devices affect different balance mechanisms. Although
feedback modeling of SA for balance has not been widely used,
three examples are presented below that provide insight into the
mechanisms subjects use.

In one set of studies, vibrotactile feedback was provided to
the torso of standing participants with vibration encoding a
combination of body sway angle and sway velocity (13, 14). Body
sway in healthy subjects was evoked in the sagittal plane with
continuous pseudorandom surface tilts in eyes closed conditions,
requiring participants to use both vestibular and proprioceptive
feedback for balance. Experimental results were used to calculate
frequency response functions that characterized the sensitivity
and timing of sway responses across a wide range of frequencies
(0.017–2.2Hz). At low frequencies, vibrotactile feedback caused a
reduction in sensitivity to the perturbing stimulus meaning that
the subjects were better able to compensate for the perturbing
influence of the stimulus and maintain a more vertical body
orientation. But surprisingly, sensitivity to the stimulus slightly
increased across higher frequencies. Additionally, vibrotactile
feedback caused systematic changes in the timing of sway
responses relative to the stimulus. To understand these
results, the simple Figure 1 model was altered to investigate
potential mechanisms of prosthesis action that could explain the
experimental data. The investigators concluded that a “Sensory
Addition” mechanism was best able to account for the results.
Specifically, vibrotactile feedback provided a new sensory cue that
summed with natural sensory cues, and did so without changing
other characteristics of the balance control system. Additionally,
the modeling results showed that the vibrotactile feedback was
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heavily low-pass filtered and time delayed (representing filtering
of signal transduction across skin and/or CNS processing).
Moreover, the model indicated that reliance on the vibrotactile
feedback was highly dependent on the type of information
encoded: participants relied upon the vibrotactile feedback
more when it encoded body sway angle compared to sway
velocity. A related study was able to predict how reliance
changed with different combinations of angular position and
velocity feedback by assuming participants optimally used
augmented feedback to minimize a linear combination of sway
angular position and jerk (the third derivative of displacement)
(90).

A second set of studies demonstrated how the modeling
results described above contributed to understanding the limited
benefits obtained when the vibrotactile feedback was tested
in subjects with bilaterally absent vestibular function (14, 91).
Only limited improvements in balance were demonstrated
and vestibular loss subjects were not able to maintain
balance with eyes closed when the stance surface was sway-
referenced (a condition that requires vestibular information).
These experimental results rule out a “Sensory Substitution”
mechanism, and are also consistent with the predictions of the
“Sensory Addition” model developed from results in subjects
with normal sensory function. Specifically, the model predicts
unstable stance control if the only available cues about body sway
in space are heavily filtered and time delayed.

A third study investigated “Sensory Restoration” provided via
galvanic vestibular stimulation (GVS) in a subject with bilaterally
absent vestibular function (92). The GVS delivered a current
across electrodes applied to the mastoid processes behind the
ears. In subjects with normal vestibular function GVS evokes
sway in the frontal plane. If a vestibular loss subject retains
sensitivity to GVS, the possibility exists that GVS feedback could
partially restore a vestibular signal that encodes frontal plane
body sway. When GVS was applied as a real-time function of
frontal plane sway angle and sway velocity, application of system
identification methods demonstrated that GVS feedback caused
a reduction in sensitivity to a surface-tilt perturbation performed
with eyes closed, consistent with a partial restoration of vestibular
information for balance control. Since GVS is considered to have
its primary net influence on head velocity information encoded
by the semicircular canals, experiments using GVS feedback may
be directly relevant to predicting changes in balance control
afforded by future vestibular prostheses that target electrical
activation of the canals.

It is important to note that the studies described above
examined only short-term applications of SA devices. It is entirely
possible that sensorimotor learning mechanisms could improve
effectiveness over time.

NEUROIMAGING OF SENSORY
AUGMENTATION

Functional neuroimaging has provided insight into the neural
control of movement in human subjects, and how control
networks change in response to a variety of interventions and
rehabilitation training programs. Not as much progress has been

made in understanding the functional brain networks which
contribute to static and dynamic balance, however, because
most neuroimaging technologies require subjects to lay supine
during brain scanning. Moreover, head movements can result
in motion artifacts for neuroimaging data. Therefore, most
neuroimaging studies of vestibular function have been conducted
while participants passively receive vestibular stimulation laying
supine and still.

Given the challenges of using neuroimaging tools to study
balance control, it is perhaps not surprising that only a few
studies have investigated the neural correlates of SA-induced
improvements in balance. One exception is a line of work
from Wildenberg et al. (93–95), which extends work by Bach-
y-Rita using electrotactile tongue stimulation to convey relative
head position information [cf. (96)]. This work provides some
insight into the underlying mechanisms of at least one form of
SA. Initial studies with this device were focused on real-time
benefits; it should be noted, however, that the neuroimaging
work has all been conducted using a rehabilitation approach.
That is, functional neuroimaging was conducted before and after
multiple sessions of SA, and, because participants were supine
and still during the imaging, the SA system was not used in the
scanner.

BRAIN CHANGES ASSOCIATED WITH
REHABILITATION-BASED SENSORY
AUGMENTATION

Wildenberg and colleagues conducted neuroimaging before and
after several sessions in which participants wore an accelerometer
on the head and had real-time head position information
conveyed to them via electrotactile tongue stimulation. This
technique has been shown to improve both objective and
subjective measures of gait and balance both during real-time
use and also extending beyond the stimulation sessions, in both
healthy individuals and those with vestibular or visual deficits
(97–101). The initial hypothesis was that this particular form
of SA was effective due to “spillover” of neural activity from
the tongue afferent pathway to the vestibular nuclei, adjacently
located in the brainstem (102). To evaluate this hypothesis,
Wildenberg et al. (94, 102) acquired functionalMRIwhile balance
impaired subjects passively viewed either static or expanding
and retracting visual flow both before and after nine sessions of
quiet stance coupled with tongue electrotactile SA. The subjects
showed greater activity in response to visual flow patterns in
brain regions that process visual motion including in the occipital
lobe and cerebellar vermis. Interestingly, after training with this
SA, postural sway was less susceptible to disturbance when
subjects viewed optic flow stimuli, and the over-activation of
visual motion processing regions was reduced. These findings
support the notion that balance training coupled with SA acted
via a sensory reweighting mechanism to reduce reliance on visual
cues in balance impaired subjects who were initially overly reliant
on visual inputs. There was also increased activity post training
in the brainstem, supporting the possibility that activity in the
tongue afferent pathway may have spread to vestibular brainstem
regions as well.
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These authors have also shown that tongue electrotactile
stimulation aids balance even when the stimulation carries
no information about body position. That is, the pattern of
stimulation does not have to be coupled with head motion in
order to result in decreased postural sway (93, 102). Stimulation
that is not coupled to body position does not meet our definition
of SA; we present the findings here however because the
studies are direct follow ups to those described in the preceding
paragraph. To more precisely investigate the brainstem changes
occurring with stimulation, Wildenberg et al. (93) conducted
a high resolution MRI study of changes in brainstem activity
from 19 sessions of tongue electrotactile stimulation. Prior
to the intervention, optic flow stimuli produced activation
in several brainstem regions including the trigeminal and
vestibular nuclei as well as the superior colliculus. After the
stimulation sessions, there was increased activation in the pons.
The authors suggested that this increased activity in the pons
was in the trigeminal nucleus, part of the tongue afferent
pathway. They further hypothesized that spread of excitation
from this region to the vestibular nucleus resulted in enhanced
balance.

A recent study that evaluated vibrotactile feedback delivered
to the torso as a rehabilitation balance aid, coupled with in-
home balance training, found evidence that this form of SA
also affected sensory reweighting. The group of healthy older
adults that trained with SA showed a greater increase in reliance
on vestibular inputs from pre to post training than the group
that performed balance exercises alone (23). A subset of the
subjects underwent fMRI scans pre and post training while
receiving vestibular stimulation with a pneumatically powered
tapper device that elicited ocular vestibular evoked myogenic
potentials (oVEMPs) and activation in vestibular cortex (103).
The fMRI results showed increased activity in brain regions
which process somatosensory, visual, and vestibular inputs
following training suggesting that SA with balance training
alters sensory processing and integration. Further research with
additional subjects is required to determine whether and how
these brain changes relate to functional balance improvements,
how long the brain changes are retained, and whether they
differ between participants that receive balance training alone
and those that receive training plus SA. It is interesting that
both the brain and behavioral changes suggest shifts in sensory
reliance and integration with training; participants increased
their reliance upon vestibular inputs for balance following
training with vibrotactile SA. The work discussed in this section
on rehabilitation-based SA supports sensory reweighting as
an underlying proposed mechanism. The activation “spillover”
described above could play a role in this reweighting, or
the brain may instead rely upon this as a “sixth sense” type
of proposed mechanism. Regardless, it appears that real-time
SA may be effective by eliciting new cognitive strategies,

whereas rehabilitation-based SA appears to result in sensory
reweighting.

SUMMARY

Current SA applications impact balance control through a
variety of mechanisms. Because each mechanism has its
own characteristic features, it is worth considering which
mechanism applies to a given application in order to anticipate
its limitations and potential benefits. Real-time feedback via
a sensory restoration mechanism likely has the greatest
potential for restoring normal balance function since the
sensory information flows through neural channels specifically
involved in natural balance control. SA using future vestibular
implants, galvanic vestibular stimulation, and foot vibrations
to enhance proprioception are sensory restoration applications.
For real-time use of SA, results favor a cognitive or sensory
addition mechanism, but not a sensory substitution mechanism
since substitution implies an equivalency between information
provided by the SA and natural sensory systems. A cognitive
feedback loop that relies on voluntary commands to control
balance could have similar functional characteristics to a
sensory addition mechanism (e.g., both having long time
delays), but reliance on cognitive control would be inferior to
sensory addition as a balance aid due to a need for constant
attentiveness. Studies that apply long-term SA are needed
to see if a balance aid with features of a sensory addition
mechanism can evolve through motor learning to behave
as a sensory substitution mechanism where the augmented
sensory information is used in a manner that is essentially
indistinguishable from natural sensory feedback. Prolonged
balance training with SA would ideally improve balance after
the augmentation is removed. However, there are mixed results
supporting this positive retention and carryover. When retention
and carryover are found, evidence supports the notion that SA
altered sensory integration via a sensory reweighting mechanism.
Finally, application of system identification methods employing
model-based interpretation of experimental results can provide
detailed quantitative measures of the balance control system to
assess the effectiveness of SA technologies and rehabilitation
strategies.

AUTHOR CONTRIBUTIONS

KS, RS, WC, AG, SW, and RP wrote the manuscript. AG and RP
created the figures.

ACKNOWLEDGMENTS

We thank Catherine Kinnaird and Tian Bao for their assistance
with creating a figure.

REFERENCES

1. Grant MJ, Booth A. A typology of reviews: an analysis of 14 review

types and associated methodologies. Health Info Libr J. (2009) 26:91–108.

doi: 10.1111/j.1471-1842.2009.00848.x

2. Altschuler EL, Wisdom SB, Stone L, Foster C, Galasko D, Llewellyn DM,

et al. Rehabilitation of hemiparesis after stroke with a mirror. Lancet (1999)

353:2035–6. doi: 10.1016/S0140-6736(99)00920-4

3. Sathian K, Greenspan AI, Wolf SL. Doing it with mirrors: a case

study of a novel approach to neurorehabilitation. Neurorehabil

Frontiers in Neurology | www.frontiersin.org 8 November 2018 | Volume 9 | Article 94498

https://doi.org/10.1111/j.1471-1842.2009.00848.x
https://doi.org/10.1016/S0140-6736(99)00920-4
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Sienko et al. Mechanisms of Sensory Augmentation

Neural Repair (2000) 14:73–6. doi: 10.1177/1545968300014

00109

4. Ramachandran VS, Rogers-Ramachandran D, Cobb S. Touching the

phantom limb. Nature (1995) 377:489–90. doi: 10.1038/377489a0

5. Bach-Y-Rita P, Collins CC, Saunders FA, White B, Scadden L. Vision

substitution by tactile image projection. Nature (1969) 221:963–4.

doi: 10.1038/221963a0

6. Rupert AH. Tactile situation awareness system: proprioceptive prostheses for

sensory deficiencies. Aviat Space Environ Med. (2000) A92–9.

7. Wall C III, Weinberg MS, Schmidt PB, Krebs DE. Balance prosthesis based

on micromechanical sensors using vibrotactile feedback of tilt. IEEE Trans

Biomed Eng. (2001) 48:1153–61. doi: 10.1109/10.951518

8. Hegeman J, Honegger F, Kupper M, Allum JH. The balance control

of bilateral peripheral vestibular loss subjects and its improvement with

auditory prosthetic feedback. J Vestib Res. (2005) 15:109–17.

9. Lewis RF. Vestibular implants studied in animal models: clinical

and scientific implications. J Neurophysiol. (2016) 116:2777–88.

doi: 10.1152/jn.00601.2016

10. Zrenner E. Will retinal implants restore vision? Science (2002) 295:1022–5.

doi: 10.1126/science.1067996

11. Rubinstein JT. How cochlear implants encode speech.Curr Opin Otolaryngol

Head Neck Surg. (2004) 12:444–8. doi: 10.1097/01.moo.0000134452.24819.c0

12. Golub JS, Ling L, Nie K, Nowack A, Shepherd SJ, Bierer SM, et al. Prosthetic

implantation of the human vestibular system. Otol Neurotol. (2014) 35:136–

47. doi: 10.1097/MAO.0000000000000003

13. Goodworth AD, Wall C III, Peterka RJ. Influence of feedback parameters

on performance of a vibrotactile balance prosthesis. IEEE Trans Neural Syst

Rehabil Eng. (2009) 17:397–408. doi: 10.1109/TNSRE.2009.2023309

14. Goodworth AD, Wall C III, Peterka RJ. A balance control model

predicts how vestibular loss subjects benefit from a vibrotactile balance

prosthesis. Conf Proc IEEE Eng Med Biol Soc. (2011) 2011:1306–9.

doi: 10.1109/IEMBS.2011.6090307

15. Bach-Y-Rita P. Tactile sensory substitution studies. Ann NY Acad Sci. (2004)

1013:83–91. doi: 10.1196/annals.1305.006

16. De Volder AG, Toyama H, Kimura Y, Kiyosawa M, Nakano H, Vanlierde

A, et al. Auditory triggered mental imagery of shape involves visual

association areas in early blind humans. Neuroimage (2001) 14:129–39.

doi: 10.1006/nimg.2001.0782

17. Collins CC, Bach-Y-Rita P. Transmission of pictorial information

through the skin. Adv Biol Med Phys. (1973) 14:285–315.

doi: 10.1016/B978-0-12-005214-1.50010-8

18. Sienko KH, Whitney SL, Carender WJ, Wall C III. The role of

sensory augmentation for people with vestibular deficits: Real-time

balance aid and/or rehabilitation device? J Vestib Res. (2017) 27:63–76.

doi: 10.3233/VES-170606

19. Dibble LE, Nicholson DE, Shultz B, Macwilliams BA, Marcus RL, Moncur

C. Sensory cueing effects on maximal speed gait initiation in persons with

Parkinson’s disease and healthy elders. Gait Posture. (2004) 19:215–25.

doi: 10.1016/S0966-6362(03)00065-1

20. Wulf G, Lewthwaite R. Optimizing performance through intrinsic

motivation and attention for learning: the OPTIMAL theory

of motor learning. Psychon Bull Rev. (2016) 23:1382–414.

doi: 10.3758/s13423-015-0999-9

21. Ho CH, Triolo RJ, Elias AL, Kigore KL, Dimarco AF, Bogie K, et al.

Functional electrical stimulation and spinal cord injury. Phys Med Rehabil

Clin N Am. (2014) 25:631–54. doi: 10.1016/j.pmr.2014.05.001

22. Audu ML, Lombardo LM, Schnellenberger JR, Foglyano KM, Miller ME,

Triolo RJ. A neuroprosthesis for control of seated balance after spinal cord

injury. J Neuroeng Rehabil. (2015) 12:8. doi: 10.1186/1743-0003-12-8

23. Bao T, Carender WJ, Kinnaird C, Barone VJ, Peethambaran G, Whitney SL,

et al. Effects of long-term balance training with vibrotactile sensory

augmentation among community-dwelling healthy older adults: a

randomized preliminary study. J Neuroeng Rehabil. (2018) 15:5.

doi: 10.1186/s12984-017-0339-6

24. Sienko KH, Balkwill MD, Oddsson LI, Wall C III. Effects of multi-directional

vibrotactile feedback on vestibular-deficient postural performance during

continuous multi-directional support surface perturbations. J Vestib Res.

(2008) 18:273–85.

25. Dozza M, Chiari L, Horak FB. Audio-biofeedback improves balance in

patients with bilateral vestibular loss. Arch Phys Med Rehabil. (2005)

86:1401–3. doi: 10.1016/j.apmr.2004.12.036

26. Dozza M, Horak FB, Chiari L. Auditory biofeedback substitutes for loss of

sensory information in maintaining stance. Exp Brain Res. (2007) 178:37–48.

doi: 10.1007/s00221-006-0709-y

27. Davis JR, Carpenter MG, Tschanz R, Meyes S, Debrunner D,

Burger J, et al. Trunk sway reductions in young and older adults

using multi-modal biofeedback. Gait Posture. (2010) 31:465–72.

doi: 10.1016/j.gaitpost.2010.02.002

28. Lee BC, Kim J, Chen S, Sienko KH. Cell phone based balance trainer. J

Neuroeng Rehabil. (2012) 9:10. doi: 10.1186/1743-0003-9-10

29. Allum JH, Honegger F. Vibro-tactile and auditory balance biofeedback

changes muscle activity patterns: Possible implications for vestibular

implants. J Vestib Res. (2017) 27:77–87. doi: 10.3233/VES-170601

30. Lin FR, Ferrucci L. Hearing loss and falls among older adults

in the United States. Arch Intern Med. (2012) 172:369–71.

doi: 10.1001/archinternmed.2011.728

31. Campos J, Ramkhalawansingh R, Pichora-Fuller MK. Hearing, self-

motion perception, mobility, and aging. Hear Res. (2018) 369:42–55.

doi: 10.1016/j.heares.2018.03.025

32. Bechly KE, Carender WJ, Myles JD, Sienko KH. Determining the preferred

modality for real-time biofeedback during balance training. Gait Posture.

(2013) 37:391–6. doi: 10.1016/j.gaitpost.2012.08.007

33. Ma CZ, Lee WC. A wearable vibrotactile biofeedback system improves

balance control of healthy young adults following perturbations from quiet

stance. HumMov Sci. (2017) 55:54–60. doi: 10.1016/j.humov.2017.07.006

34. Grewal GS, Schwenk M, Lee-Eng J, Parvaneh S, Bharara M, Menzies RA,

et al. Sensor-based interactive balance training with visual joint movement

feedback for improving postural stability in diabetics with peripheral

neuropathy: a randomized controlled trial. Gerontology (2015) 61:567–74.

doi: 10.1159/000371846

35. Schwenk M, Sabbagh M, Lin I, Morgan P, Grewal GS, Mohler J,

et al. Sensor-based balance training with motion feedback in people

with mild cognitive impairment. J Rehabil Res Dev. (2016) 53:945–58.

doi: 10.1682/JRRD.2015.05.0089

36. Jung S, Lee K, Kim M, Song C. Audiovisual biofeedback-based trunk

stabilization training using a pressure biofeedback system in stroke patients:

a randomized, single-blinded study. Stroke Res Treat (2017) 2017:6190593.

doi: 10.1155/2017/6190593

37. Dozza M, Wall C III, Peterka RJ, Chiari L, Horak FB. Effects of practicing

tandem gait with and without vibrotactile biofeedback in subjects with

unilateral vestibular loss. J Vestib Res. (2007) 17:195–204.

38. Sienko KH, Balkwill MD, Oddsson LI, Wall C III. The effect of vibrotactile

feedback on postural sway during locomotor activities. J Neuroeng Rehabil.

(2013) 10:93. doi: 10.1186/1743-0003-10-93

39. Janssen LJ, Verhoeff LL, Horlings CG, Allum JH. Directional effects of

biofeedback on trunk sway during gait tasks in healthy young subjects. Gait

Posture (2009) 29:575–81. doi: 10.1016/j.gaitpost.2008.12.009

40. Wall C III, Wrisley DM, Statler KD. Vibrotactile tilt feedback improves

dynamic gait index: a fall risk indicator in older adults. Gait Posture (2009)

30:16–21. doi: 10.1016/j.gaitpost.2009.02.019

41. Verhoeff LL, Horlings CG, Janssen LJ, Bridenbaugh SA, Allum JH. Effects

of biofeedback on trunk sway during dual tasking in the healthy young

and elderly. Gait Posture (2009) 30:76–81. doi: 10.1016/j.gaitpost.2009.

03.002

42. Shull PB, Lurie KL, Cutkosky MR, Besier TF. Training multi-parameter gaits

to reduce the knee adduction moment with data-driven models and haptic

feedback. J Biomech. (2011) 44:1605–9. doi: 10.1016/j.jbiomech.2011.03.016

43. Ma CZ, Zheng YP, Lee WC. Changes in gait and plantar foot loading upon

using vibrotactile wearable biofeedback system in patients with stroke. Top

Stroke Rehabil. (2018) 25:20–7. doi: 10.1080/10749357.2017.1380339

44. Levin I, Lewek MD, Feasel J, Thorpe DE. Gait training with visual

feedback and proprioceptive input to reduce gait asymmetry in adults

with cerebral palsy: a case series. Pediatr Phys Ther. (2017) 29:138–45.

doi: 10.1097/PEP.0000000000000362

45. Lin CC, Whitney SL, Loughlin PJ, Furman JM, Redfern MS, Sienko

KH, et al. The effect of age on postural and cognitive task performance

Frontiers in Neurology | www.frontiersin.org 9 November 2018 | Volume 9 | Article 94499

https://doi.org/10.1177/154596830001400109
https://doi.org/10.1038/377489a0
https://doi.org/10.1038/221963a0
https://doi.org/10.1109/10.951518
https://doi.org/10.1152/jn.00601.2016
https://doi.org/10.1126/science.1067996
https://doi.org/10.1097/01.moo.0000134452.24819.c0
https://doi.org/10.1097/MAO.0000000000000003
https://doi.org/10.1109/TNSRE.2009.2023309
https://doi.org/10.1109/IEMBS.2011.6090307
https://doi.org/10.1196/annals.1305.006
https://doi.org/10.1006/nimg.2001.0782
https://doi.org/10.1016/B978-0-12-005214-1.50010-8
https://doi.org/10.3233/VES-170606
https://doi.org/10.1016/S0966-6362(03)00065-1
https://doi.org/10.3758/s13423-015-0999-9
https://doi.org/10.1016/j.pmr.2014.05.001
https://doi.org/10.1186/1743-0003-12-8
https://doi.org/10.1186/s12984-017-0339-6
https://doi.org/10.1016/j.apmr.2004.12.036
https://doi.org/10.1007/s00221-006-0709-y
https://doi.org/10.1016/j.gaitpost.2010.02.002
https://doi.org/10.1186/1743-0003-9-10
https://doi.org/10.3233/VES-170601
https://doi.org/10.1001/archinternmed.2011.728
https://doi.org/10.1016/j.heares.2018.03.025
https://doi.org/10.1016/j.gaitpost.2012.08.007
https://doi.org/10.1016/j.humov.2017.07.006
https://doi.org/10.1159/000371846
https://doi.org/10.1682/JRRD.2015.05.0089
https://doi.org/10.1155/2017/6190593
https://doi.org/10.1186/1743-0003-10-93
https://doi.org/10.1016/j.gaitpost.2008.12.009
https://doi.org/10.1016/j.gaitpost.2009.02.019
https://doi.org/10.1016/j.gaitpost.2009.03.002
https://doi.org/10.1016/j.jbiomech.2011.03.016
https://doi.org/10.1080/10749357.2017.1380339
https://doi.org/10.1097/PEP.0000000000000362
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Sienko et al. Mechanisms of Sensory Augmentation

while using vibrotactile feedback. J Neurophysiol. (2015) 113:2127–36.

doi: 10.1152/jn.00083.2014

46. Lin CC, Whitney SL, Loughlin PJ, Furman JM, Redfern MS, Sienko

KH, et al. The use of vibrotactile feedback during dual-task standing

balance conditions in people with unilateral vestibular hypofunction.

Otol Neurotol. (2018) 39:e349–56. doi: 10.1097/MAO.00000000000

01764

47. Wall C III, Kentala E. Control of sway using vibrotactile feedback of body tilt

in patients with moderate and severe postural control deficits. J Vestib Res.

(2005) 15:313–25.

48. Goebel JA, Sinks BC, Parker BEJr, Richardson NT, Olowin AB, Cholewiak

RW. Effectiveness of head-mounted vibrotactile stimulation in subjects

with bilateral vestibular loss: a phase 1 clinical trial. Otol Neurotol. (2009)

30:210–6. doi: 10.1097/MAO.0b013e318194f84d

49. Sienko KH, Balkwill MD, Wall C III. Biofeedback improves postural control

recovery from multi-axis discrete perturbations. J Neuroeng Rehabil. (2012)

9:53. doi: 10.1186/1743-0003-9-53

50. Lee PY, Gadareh K, Naushahi MJ, Gresty M, Bronstein AM. Protective

stepping response in Parkinsonian patients and the effect of vibrotactile

feedback.Mov Disord. (2013) 28:482–9. doi: 10.1002/mds.25227

51. Asseman F, Bronstein AM, Gresty MA. Using vibrotactile feedback of

instability to trigger a forward compensatory stepping response. J Neurol.

(2007) 254:1555–61. doi: 10.1007/s00415-007-0587-7

52. Wall C III, Wrisley D, Oddsson L. Vibrotactile feedback of mediolateral

trunk tilt or foot pressure increases locomotor performance in healthy older

adults–a pilot study. Conf Proc IEEE Eng Med Biol Soc. (2012) 2012:6145–8.

doi: 10.1109/EMBC.2012.6347396

53. Deutsch JE, Merians AS, Adamovich S, Poizner H, Burdea GC. Development

and application of virtual reality technology to improve hand use and gait of

individuals post-stroke. Restor Neurol Neurosci. (2004) 22:371–86.

54. Fung J, Richards CL, Malouin F, Mcfadyen BJ, Lamontagne A. A treadmill

and motion coupled virtual reality system for gait training post-stroke.

Cyberpsychol Behav. (2006) 9:157–62. doi: 10.1089/cpb.2006.9.157

55. Genthe K, Schenck C, Eicholtz S, Zajac-Cox L, Wolf S, Kesar TM.

Effects of real-time gait biofeedback on paretic propulsion and gait

biomechanics in individuals post-stroke. Top Stroke Rehabil. (2018)

25:186–93. doi: 10.1080/10749357.2018.1436384

56. Lee BC, Ho A, Martin BJ, Sienko KH. Effects of co-vibrotactile stimulations

around the torso on non-volitional postural responses. Conf Proc IEEE Eng

Med Biol Soc. (2012) 2012:6149–52. doi: 10.1109/EMBC.2012.6347397

57. Lee BC, Martin BJ, Sienko KH. Directional postural responses induced

by vibrotactile stimulations applied to the torso. Exp Brain Res. (2012)

222:471–82. doi: 10.1007/s00221-012-3233-2

58. Lee BC, Martin BJ, Ho A, Sienko KH. Postural reorganization

induced by torso cutaneous covibration. J Neurosci. (2013) 33:7870–6.

doi: 10.1523/JNEUROSCI.4715-12.2013

59. Lee BC, Martin BJ, Sienko KH. The effects of actuator selection on

non-volitional postural responses to torso-based vibrotactile stimulation. J

Neuroeng Rehabil. (2013) 10:21. doi: 10.1186/1743-0003-10-21

60. Martin BJ, Lee BC, Sienko KH. A cutaneous positioning system. Exp Brain

Res. (2015) 233:1237–45. doi: 10.1007/s00221-014-4194-4

61. Collins JJ, Priplata AA, Gravelle DC, Niemi J, Harry J, Lipsitz LA. Noise-

enhanced human sensorimotor function. IEEE Eng Med Biol Mag. (2003)

22:76–83. doi: 10.1109/MEMB.2003.1195700

62. Goel R, Kofman I, Jeevarajan J, De Dios Y, Cohen HS, Bloomberg JJ, et al.

Using low levels of stochastic vestibular stimulation to improve balance

function. PLoS ONE (2015) 10:e0136335. doi: 10.1371/journal.pone.0136335

63. Ernst MO, Banks MS. Humans integrate visual and haptic information in

a statistically optimal fashion. Nature (2002) 415:429–33. doi: 10.1038/41

5429a

64. Mergner T, Schweigart G, Maurer C, Blumle A. Human postural

responses to motion of real and virtual visual environments under

different support base conditions. Exp Brain Res. (2005) 167:535–56.

doi: 10.1007/s00221-005-0065-3

65. van der Kooij H, Peterka RJ. Non-linear stimulus-response behavior of

the human stance control system is predicted by optimization of a system

with sensory and motor noise. J Comput Neurosci. (2011) 30:759–78.

doi: 10.1007/s10827-010-0291-y

66. Oie KS, Kiemel T, Jeka JJ. Multisensory fusion: simultaneous re-weighting of

vision and touch for the control of human posture. Brain Res Cogn Brain Res.

(2002) 14:164–76. doi: 10.1016/S0926-6410(02)00071-X

67. Umphred D, Lazaro R. Chapter 23: Balance and vestibular disorders. In:

Umphred DA, editor. Neurological Rehabilitation. 5th ed. Maryland Heights,

MI: Mosby (2006), p. 732–74.

68. Wall C III, Kentala, E. Effect of displacement, velocity, and

combined vibrotactile tilt feedback on postural control of

vestibulopathic subjects. J Vestib Res. (2010) 20:61–9. doi: 10.3233/VES-

2010-0369

69. Basta D, Rossi-Izquierdo M, Soto-Varela A, Greters ME, Bittar RS,

Steinhagen-Thiessen E, et al. Efficacy of a vibrotactile neurofeedback training

in stance and gait conditions for the treatment of balance deficits: a

double-blind, placebo-controlled multicenter study. Otol Neurotol. (2011)

32:1492–9. doi: 10.1097/MAO.0b013e31823827ec

70. Brugnera C, Bittar R, Greters M, Basta D. Effects of vibrotactile vestibular

substitution on vestibular rehabilitation — preliminary study. Braz J

Otorhinolaryngol. (2015) 81:616–21. doi: 10.1016/j.bjorl.2015.08.013

71. Rossi-Izquierdo M, Ernst A, Soto-Varela A, Santos-Perez S, Faraldo-Garcia

A, Sesar-Ignacio A, et al. Vibrotactile neurofeedback balance training in

patients with Parkinson’s disease: reducing the number of falls. Gait Posture.

(2013) 37:195–200. doi: 10.1016/j.gaitpost.2012.07.002

72. Bao T. Vibrotactile Sensory Augmentation and Machine Learning Based

Approaches for Balance Rehabilitation. Ph.D, University of Michigan (2018).

73. Yen CY, Lin KH, Hu MH, Wu RM, Lu TW, Lin CH. Effects of virtual

reality-augmented balance training on sensory organization and attentional

demand for postural control in people with Parkinson disease: a randomized

controlled trial. Phys Ther. (2011) 91:862–74. doi: 10.2522/ptj.20100050

74. Clark RA, Bryant AL, Pua Y, Mccrory P, Bennell K, Hunt M. Validity and

reliability of the Nintendo Wii Balance Board for assessment of standing

balance. Gait Posture. (2010) 31:307–10. doi: 10.1016/j.gaitpost.2009.

11.012

75. Meldrum D, Herdman S, Moloney R, Murray D, Duffy D, Malone K,

et al. Effectiveness of conventional versus virtual reality based vestibular

rehabilitation in the treatment of dizziness, gait and balance impairment

in adults with unilateral peripheral vestibular loss: a randomised controlled

trial. BMC Ear Nose Throat Disord. (2012) 12:3. doi: 10.1186/1472-6815-12-3

76. Fu AS, Gao KL, Tung AK, Tsang WW, Kwan MM. Effectiveness of

exergaming training in reducing risk and incidence of falls in frail older

adults with a history of falls. Arch Phys Med Rehabil. (2015) 96:2096–102.

doi: 10.1016/j.apmr.2015.08.427

77. Bonnechere B, Jansen B, Omelina L, Van Sint Jan S. The use of commercial

video games in rehabilitation: a systematic review. Int J Rehabil Res. (2016)

39:277–90. doi: 10.1097/MRR.0000000000000190

78. Gandolfi M, Geroin C, Dimitrova E, Boldrini P, Waldner A, Bonadiman S,

et al. Virtual reality telerehabilitation for postural instability in parkinson’s

disease: a multicenter, single-blind, randomized, controlled trial. Biomed Res

Int. (2017) 2017:7962826. doi: 10.1155/2017/7962826

79. Iruthayarajah J, Mcintyre A, Cotoi A, Macaluso S, Teasell R. The use

of virtual reality for balance among individuals with chronic stroke: a

systematic review and meta-analysis. Top Stroke Rehabil. (2017) 24:68–79.

doi: 10.1080/10749357.2016.1192361

80. Tripette J, Murakami H, Ryan KR, Ohta Y, Miyachi M. The contribution

of Nintendo Wii Fit series in the field of health: a systematic review and

meta-analysis. PeerJ. (2017) 5:e3600. doi: 10.7717/peerj.3600

81. Morrison S, Simmons R, Colberg SR, Parson HK, Vinik AI. Supervised

balance training and wii fit-based exercises lower falls risk in older adults

with type 2 diabetes. J Am Med Dir Assoc. (2018) 19:185.e187–5.e113.

doi: 10.1016/j.jamda.2017.11.004

82. Phillips JS, Fitzgerald J, Phillis D, Underwood A, Nunney I, Bath A.

Vestibular rehabilitation using video gaming in adults with dizziness: a

pilot study. J Laryngol Otol. (2018) 132:202–6. doi: 10.1017/S00222151180

00075

83. Alahmari KA, Sparto PJ, Marchetti GF, Redfern MS, Furman JM, Whitney

SL. Comparison of virtual reality based therapy with customized vestibular

physical therapy for the treatment of vestibular disorders. IEEE Trans

Neural Syst Rehabil Eng. (2014) 22:389–99. doi: 10.1109/TNSRE.2013.22

94904

Frontiers in Neurology | www.frontiersin.org 10 November 2018 | Volume 9 | Article 944100

https://doi.org/10.1152/jn.00083.2014
https://doi.org/10.1097/MAO.0000000000001764
https://doi.org/10.1097/MAO.0b013e318194f84d
https://doi.org/10.1186/1743-0003-9-53
https://doi.org/10.1002/mds.25227
https://doi.org/10.1007/s00415-007-0587-7
https://doi.org/10.1109/EMBC.2012.6347396
https://doi.org/10.1089/cpb.2006.9.157
https://doi.org/10.1080/10749357.2018.1436384
https://doi.org/10.1109/EMBC.2012.6347397
https://doi.org/10.1007/s00221-012-3233-2
https://doi.org/10.1523/JNEUROSCI.4715-12.2013
https://doi.org/10.1186/1743-0003-10-21
https://doi.org/10.1007/s00221-014-4194-4
https://doi.org/10.1109/MEMB.2003.1195700
https://doi.org/10.1371/journal.pone.0136335
https://doi.org/10.1038/415429a
https://doi.org/10.1007/s00221-005-0065-3
https://doi.org/10.1007/s10827-010-0291-y
https://doi.org/10.1016/S0926-6410(02)00071-X
https://doi.org/10.3233/VES-2010-0369
https://doi.org/10.1097/MAO.0b013e31823827ec
https://doi.org/10.1016/j.bjorl.2015.08.013
https://doi.org/10.1016/j.gaitpost.2012.07.002
https://doi.org/10.2522/ptj.20100050
https://doi.org/10.1016/j.gaitpost.2009.11.012
https://doi.org/10.1186/1472-6815-12-3
https://doi.org/10.1016/j.apmr.2015.08.427
https://doi.org/10.1097/MRR.0000000000000190
https://doi.org/10.1155/2017/7962826
https://doi.org/10.1080/10749357.2016.1192361
https://doi.org/10.7717/peerj.3600
https://doi.org/10.1016/j.jamda.2017.11.004
https://doi.org/10.1017/S0022215118000075
https://doi.org/10.1109/TNSRE.2013.2294904
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Sienko et al. Mechanisms of Sensory Augmentation

84. Meldrum D, Herdman S, Vance R, Murray D, Malone K, Duffy D, et al.

Effectiveness of conventional versus virtual reality-based balance exercises

in vestibular rehabilitation for unilateral peripheral vestibular loss: results

of a randomized controlled trial. Arch Phys Med Rehabil. (2015) 96:1319–

28.e1311. doi: 10.1016/j.apmr.2015.02.032

85. Alhasan H, Hood V, Mainwaring F. The effect of visual biofeedback on

balance in elderly population: a systematic review. Clin Interv Aging (2017)

12:487–97. doi: 10.2147/CIA.S127023

86. Lim SB, Horslen BC, Davis JR, Allum JH, Carpenter MG. Benefits

of multi-session balance and gait training with multi-modal

biofeedback in healthy older adults. Gait Posture. (2016) 47:10–7.

doi: 10.1016/j.gaitpost.2016.03.017

87. Zijlstra A, Mancini M, Chiari L, Zijlstra W. Biofeedback for training

balance and mobility tasks in older populations: a systematic

review. J Neuroeng Rehabil. (2010) 7:58. doi: 10.1186/1743-00

03-7-58

88. Peterka RJ. Sensorimotor integration in human postural control. J

Neurophysiol. (2002) 88:1097–118. doi: 10.1152/jn.2002.88.3.1097

89. Peterka RJ. Simplifying the complexities of maintaining balance. IEEE Eng

Med Biol Mag. (2003) 22:63–8.

90. Goodworth AD,Wall C III, Peterka RJ. Application of optimization methods

to predict performance of a vibrotactile balance prosthesis. In: Proceedings

of 3rd International IEEE EMBS Conference on Neural Engineering Kohala

Coast. (2007). p. 510–3.

91. Peterka RJ, Wall C III, Kentala E. Determining the effectiveness

of a vibrotactile balance prosthesis J Vestib Res. (2006)

16:45–56.

92. Peterka RJ. Use of galvanic vestibular feedback for a balance

prosthesis. Conf Proc IEEE Eng Med Biol Soc. (2012) 2012:6137–40.

doi: 10.1109/EMBC.2012.6347394

93. Wildenberg J, Tyler ME, Danilov YP, Kaczmarek KA, Meyerand

ME. High-resolution fMRI detects neuromodulation of individual

brainstem nuclei by electrical tongue stimulation in balance-impaired

individuals.Neuroimage (2011) 56:2129–37. doi: 10.1016/j.neuroimage.2011.

03.074

94. Wildenberg J, Tyler ME, Danilov YP, Kaczmarek, KA, Meyerand ME.

Electrical tongue stimulation normalizes activity within the motion-

sensitive brain network in balance impaired subjects as revealed by

group independent component analysis. Brain Connect (2011) 1:255–65.

doi: 10.1089/brain.2011.0029

95. Wildenberg J, Tyler ME, Danilov YP, Kaczmarek KA, Meyerand ME.

Altered connectivity of the balance processing network after tongue

stimulation in balance-impaired individuals. Brain Connect (2013) 3:87–97.

doi: 10.1089/brain.2012.0123

96. Tyler M, Danilov YP, Bach-Y-Rita P. Closing an open-loop control system:

vestibular substitution through the tongue. J Integr Neurosci. (2003) 2:159–

66. doi: 10.1142/S0219635203000263

97. Danilov Y, Tyler ME, Skinner Kl, Bach-Y-Rita P. Efficacy of electrotactile

vestibular substitution in patients with bilateral vestibular and central

balance loss. In: Conference Proceedings– IEEE Engineering in Medicine and

Biology Society New York, NY. (2006). p. 6605–9.

98. Danilov Y, Tyler M , Skinner K, Hogle R, Bach-Y-Rita P. Efficacy of

electrotactile vestibular substitution in patients with peripheral and central

vestibular loss. J Vesti Res. (2007) 17:119–30.

99. Vuillerme N, Pinsault N, Fleury A, Chenu O, Demongeot J, Payan

Y. Effectiveness of an electro-tactile vestibular substitution system in

improving upright postural control in unilateral vestibular-defective

patients. Gait Posture. (2008) 28:711–15. doi: 10.1016/j.gaitpost.2008.

05.017

100. Robinson B, Cook JL, Richburg CMC, Price SE. Use of an electrotactile

vestibular substitution system to facilitate balance and gait of an

individual with gentamicin-induced bilateral vestibular hypofunction and

bilateral transtibial amputation. J Neurol Phys Ther. (2009) 33:150–9.

doi: 10.1097/NPT.0b013e3181a79373

101. Vuillerme N, Cuisinier R. Sensory supplementation through tongue

electrotactile stimulation to preserve head stabilitation in space in

the absence of vision. Invest Ophthalmol Vis Sci. (2009) 50:476–81.

doi: 10.1167/iovs.07-1595

102. Wildenberg J, Tyler ME, Danilov YP, Kaczmarek KA, Meyerand

ME. Sustained cortical and subcortical neuromodulation induced by

electrical tongue stimulation. Brain Imag Behav. (2010) 4:199–211.

doi: 10.1007/s11682-010-9099-7

103. Noohi FKC, Dedios Y, Kofman IS, Wood S, Bloomberg J, Mulavara

A, Seidler R. Functional brain activation in response to a clinical

vestibular test correlates with balance. Front Syst Neurosci. (2017) 11:11.

doi: 10.3389/fnsys.2017.00011

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Sienko, Seidler, Carender, Goodworth, Whitney and Peterka.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Neurology | www.frontiersin.org 11 November 2018 | Volume 9 | Article 944101

https://doi.org/10.1016/j.apmr.2015.02.032
https://doi.org/10.2147/CIA.S127023
https://doi.org/10.1016/j.gaitpost.2016.03.017
https://doi.org/10.1186/1743-0003-7-58
https://doi.org/10.1152/jn.2002.88.3.1097
https://doi.org/10.1109/EMBC.2012.6347394
https://doi.org/10.1016/j.neuroimage.2011.03.074
https://doi.org/10.1089/brain.2011.0029
https://doi.org/10.1089/brain.2012.0123
https://doi.org/10.1142/S0219635203000263
https://doi.org/10.1016/j.gaitpost.2008.05.017
https://doi.org/10.1097/NPT.0b013e3181a79373
https://doi.org/10.1167/iovs.07-1595
https://doi.org/10.1007/s11682-010-9099-7
https://doi.org/10.3389/fnsys.2017.00011
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


ORIGINAL RESEARCH
published: 22 November 2018
doi: 10.3389/fneur.2018.00986

Frontiers in Neurology | www.frontiersin.org 1 November 2018 | Volume 9 | Article 986

Edited by:

Emily Keshner,

Temple University, United States

Reviewed by:

Laurence Mouchnino,

Aix-Marseille Université, France

Thurmon E. Lockhart,

Arizona State University, United States

*Correspondence:

Danping Wang

danping.wang@parisdescartes.fr

Specialty section:

This article was submitted to

Movement Disorders,

a section of the journal

Frontiers in Neurology

Received: 31 May 2018

Accepted: 01 November 2018

Published: 22 November 2018

Citation:

Le Goic M, Wang D, Vidal C,

Chiarovano E, Lecompte J, Laporte S,

Duysens J and Vidal P-P (2018) An

Initial Passive Phase That Limits the

Time to Recover and Emphasizes the

Role of Proprioceptive Information.

Front. Neurol. 9:986.

doi: 10.3389/fneur.2018.00986

An Initial Passive Phase That Limits
the Time to Recover and Emphasizes
the Role of Proprioceptive
Information
Maeva Le Goic 1, Danping Wang 2,3*, Catherine Vidal 1, Elodie Chiarovano 1,

Jennyfer Lecompte 4, Sebastien Laporte 4, Jacques Duysens 5 and Pierre-Paul Vidal 2,1

1COGNAC-G (COGNition and ACtion Group), Université Paris Descartes–CNRS UMR-MD–SSA, Paris, France, 2 Institute of

Information and Control, Hangzhou Dianzi University, Hangzhou, China, 3 Plateforme d’Etude de la Sensorimotricité, Université

Paris Descartes, Paris, France, 4 Arts et Metiers ParisTech, Institut de Biomecanique Humaine Georges Charpak, Paris,

France, 5Movement Control and Neuroplasticity Research Group, Department of Kinesiology, KU Leuven, Leuven, Belgium

In the present experiments, multiple balance perturbations were provided by

unpredictable support-surface translations in various directions and velocities. The

aim of this study was to distinguish the passive and the active phases during the

pre-impact period of a fall. It was hypothesized that it should be feasible if one uses a

specific quantitative kinematic analysis to evaluate the dispersion of the body segments

trajectories across trials. Moreover, a multi-joint kinematical model was created for

each subject, based on a new 3-D minimally invasive stereoradiographic X-ray images

to assess subject-specific geometry and inertial parameters. The simulations allowed

discriminating between the contributions of the passive (inertia-induced properties) and

the active (neuromuscular response) components during falls. Our data show that there

is limited time to adjust the way one fall from a standing position. We showed that the

pre-impact period is truncated of 200ms. During the initial part of a fall, the observed

trajectory results from the interaction between the destabilizing external force and the

body: inertial properties intrinsic to joints, ligaments and musculotendinous system have

then a major contribution, as suggested for the regulation of static upright stance.

This passive phase is later followed by an active phase, which consists of a corrective

response to the postural perturbation. We believe that during a fall from standing height,

it takes about 300ms for postural responses to start correcting the body trajectory, while

the impact is expected to occur around 700ms. It has been argued that this time is

sufficient to change the way one falls and that this makes it possible to apply safer ways

of falling, for example by using martial arts fall techniques. Also, our results imply visual

and vestibular information are not congruent with the beginning of the on-going fall. This

consequence is to be noted as subjects prepare to the impact on the basis of sensory

information, which would be uniquely mainly of proprioceptive origin at the fall onset. One

limitation of the present analysis is that no EMG was included so far but these data are

the subject of a future study.

Keywords: accidental fall, disequilibrium, stability, postural control, perturbation, sensory information,

biomechanics, multi-joint kinematical model
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INTRODUCTION

Falls are a threat to the health and independence of the older part
of the population. In this context, it is crucial to know how far
it is possible to adjust the way a person falls, in order to prevent
damage, or in the best case, in order to guarantee recovery. This
is even more so in patients. For instance, the reduced ability to
accurately adjust foot placement during walking in individuals
with focal cerebellar lesions appears to be a movement control
deficit, which could contribute to increased fall risk (1).

Upright human stance is considered as an unstable multi-
articulated system which has to face a constant but disturbing
force acting on the body: gravity. In the absence of stabilizing
torques controlled by the postural system involving both active
and passive mechanisms to maintain upright body stance, a fall
would occur (2, 3). The phase of the fall preceding the ground
impact is crucial for preparation of landing, but it lasts no more
than 750ms in a standing subject (4, 5).

It is argued here that it is possible to subdivide this period
into two phases, depending on the absence or presence of body
corrective movements. In the first period, the movements of the
various body parts are very stereotyped and mostly explained by
inertia. This part is termed therefore “passive,” defined as devoid
of evidence of active involvement of corrective movements. It is
hypothesized that during this part, there is very little dispersion of
displacements of the head when individual reactions to the same
perturbation are compared. This inertial phase may ultimately
determine the ability to trigger efficient muscle activities as
it potentially leaves a short time-window available to actively
compensate a loss of balance. However, the mechanical behavior
of the body in reaction to an external destabilization has not
generated much interest even though it may be important for
the availability and redundancy of the sensory information upon
which the subjects prepare to the impact (6). In contrast, in
the second part of the fall, the displacements are expected to
show large variability as corrective motor strategies are displayed.
This part will be termed “active.” This subdivision is valid
as long as the reactions are mostly due to feedback. This
requires a protocol in which randomization of conditions prevent
feedforward mechanisms, as is the case in ecological conditions
when perturbations are unexpected. The value of this approach
is that one can obtain insight in the time scale required for
appropriate corrective movements (7).

Some authors claimed that the passive mechanisms arising
from biomechanical properties of the musculo-articular system
(muscle tissues, aponeurosis, synovial fluid, ligaments, articular
capsule, joint friction, skin) or the muscle-tendon unit (visco-
elasticity, damping, stiffness) help to counter gravity forces and
maintain balance (8) without necessarily a continuous muscle
activity (9) in the same way a spring resists when displaced
from its resting equilibrium (10). This mechanical view of

Abbreviations: ANOVA, analysis of variance; BoS, base of support; BMI, body

mass index; CoM, center ofmass; CoP, center of pressure; EMG, electromyography;

DLT, direct linear transform; FS, fall score; F, fall; NF, recovery; PO, perturbation

onset; SAS, statistical analysis software; SD, standard deviations; TTC, time to

contact.

postural regulation was opposed to a neurological model (2,
11) which favors a postural regulation via an internal model
based of sensory inputs that detect CoP movements and result
in the control of CoM displacement. The question whether
both contributions of passive properties and active control
mechanisms to maintain upright stance while a perturbation
occurs (floor tilts, moving scenes, or galvanic stimulation) are
independent from each other remains uncertain (12). Some
studies also suggest the existence of an≪ effective time delay≫
based on an independent channel model that may even not be
linked to delays in neural processing, transmission of information
nor muscle activation time (11)

To explore these issues, one needs experiments that include
high-threatening perturbations i.e., challenging enough to induce
real and non-recoverable falls. Such experiments can be
performed by suddenly shifting a platform that is sufficiently
wide to allow falls or corrective responses. In a ground-breaking
study, Hsiao and Robinovitch (4) disturbed the balance of
young adults standing on large mattresses that were translated
quickly. They found that it takes approximately 700ms before
touchdown. Review of their stick-figure animations revealed that
active movements appeared to start some 300ms after fall onset
but this aspect was not studied in detail. Similarly, except for hip
and wrist, the body segment movements were only documented
with stick diagrams without detailed analysis. The diagrams in
this article seemed to suggest that the head did not move in the
first 150ms of the fall but more specific information was not
available.

Such information on head motion is important if one wants to
judge the contribution of vestibular reflexes in balance corrective
responses. The role of the vestibulo-spinal reflex is relatively
clear in responses to free fall (13), but it remains largely
unknown for surface-translation type studies. In forward falls
after tether release the head starts to move within 10–20ms,
hence one could expect a contribution of the vestibular system
to balance-correcting responses in lower leg muscles, occurring
as early as 60ms after the stimulus (14). Yet the onset of the
responses was identical in patients with vestibular loss. Similarly
for experiments with a moving support surface, Allum and
Honegger (15) showed that vestibular loss caused no change
in the amplitude of balance-correcting responses. These and
similar data (16), question the role of vestibular inputs in fall-
recovery but the definite proof requires a detailed examination
of the head movement during platform translations. Another
reason to study head motion in experiments with a moving
platform is that it allows to judge the functional contribution of
early muscle activations, provided by stretch reflexes, automatic
postural responses, and startle. If these responses influence the
fall behavior in providing stiffness and generate an appropriate
torque at ankle joint, then it is also important to see from what
point in time it affects the head trajectory.

During a fast support translation triggering a potential fall, it
is proposed that these responses have little effect in the “passive”
phase. Rather it is probably the delayed component (long latency
responses) of muscle activations occurring in the “active” phase
which help to compensate substantial balance disturbances and
determine the outcome of the fall or recovery (17). This is
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reminiscent of the responses to tripping where it was found that
early EMG activations (up to 100ms) did not correlate with the
behavioral response [elevating or lowering strategy, (18)].

In the present experiments on a large sample of subjects,
multiple balance perturbations were provided by unpredictable
support-surface translations in various directions and velocities.
The aim of this study was to distinguish the passive and the
active phases during the pre-impact period of a fall. It was
hypothesized that it should be feasible to evaluate the dispersion
of the body segments trajectories across trials. Moreover, a multi-
joint kinematical model was created for each subject, based on
a new 3-D minimally invasive stereoradiographic X-ray image.
The latter were used to assess subject-specific geometry and
inertial parameters. The simulations allowed disentangling the
contributions of the passive and the active components during
falls. Finally, the present study is relevant in the context of
perturbation training. It was proposed that such training could
be valuable to facilitate generalization of effective responses to
various perturbations (19). If so, the relevant question arises as
to what number of repetitions of multidirectional perturbations
is needed to obtain such beneficial generalization.

A follow-up study (unpublished data) focus on which
strategies are used to successfully avoid falling.

MATERIALS AND METHODS

Participants
The ability to react to sudden perturbation was investigated in
23 healthy, young and physically active volunteers (9 women
and 14 men, 28.6 ± 8.2 years). All participants were free of
any diagnosed diseases that may have affected their control
of balance or limb movement. Subjects were normal bodied
(172.3 ± 8.2 cm and 66.1 ± 8.8 kg) and selected in order to
cover a representative range of anthropometric properties. All
but two were right-side dominant. Their body mass index (22.3
± 2 kg/m²) corresponded to a “normal” range “body mass
index (BMI) classification” and “Global Database on Body Mass
Index” (20). The participants’ levels of physical activity was
assessed by asking them whether they practiced more or <3 h
of endurance exercise per week (21). All experiments were
performed according to the Declaration of Helsinki, and the
experimental procedures were approved by the Human Ethics
Committee on Human Research of the University of Pierre-
et Marie-Curie (CPP 06036). All the subjects provided written
informed consent prior to their participation.

Apparatus and Procedure
While subjects were standing upright quietly in a standard
position with their eyes open, balance was disturbed using
a servomotor controlled movable platform driven by a
pneumatic piston. The perturbation was provided by sudden
multidirectional horizontal translation of the support surface in
one block of 32 trials. The amplitude of displacement was 40 cm
and the imposed waveform was a ramp. These translations were
randomly presented either sideways (rightward, leftward) or in
the anteroposterior (forward, backward) directions. Postural
control was further challenged as twomagnitudes of perturbation

were randomly applied in combination with each direction: a
low-threatening perturbation (mean velocity: 35 cm/s, peak
acceleration value: 7.8 m/s²) and a high-threatening perturbation
(90 cm/s; 10.78 m/s²). These two velocity ranges were selected
on the basis of pilot trials to ensure successful recovery in about
80% of the time in “slow” trials whereas “fast” perturbations were
sufficiently challenging to trigger non-recoverable falls. Some
unpredictable aspects of a fall were a prerequisite to design our
protocol, such that no training trials were given and the trials
were randomized. The body movements were quantified from
the first impulse, and the instant at which the perturbation was
delivered as well as its velocity and direction were unknown to
the subjects. No specific instructions were given with regard
to the postural reaction. A standard initial position (12 cm
spacing between heels, 10 deg angle between the medial margins)
was used in all trials. At all times, participants were securely
harnessed in order to abort a complete fall, without otherwise
restricting movement in the first 500ms. The inter-trial time
interval was dictated by participant readiness and platform
resetting time.

Data Collection
The onsets of platform translation as well as displacement of
the body segments were calculated as the first inflection above 2
standard deviations (SD) from the baseline displacement for each
individual trial. All timing measures were defined relative to this
perturbation onset (PO).

Kinematics
Body kinematic data were collected at a sampling rate of 200Hz
using a three-dimensional motion-capture system (Codamotion-
CX1 system, CharnwoodDynamics, and Leicestershire, UK) with
a spatial resolution of 0.3mm. Four Coda CX1 unities tracked the
coordinates of 27 infrared active LED markers placed bilaterally
on the anatomical landmarks: head of the fifth metatarsal (“toe”),
head of the first metatarsal, lateral malleolus (“ankle”), external
and lateral femoral condyles (“knee”), greater trochanter (“hip”),
anterior superior iliac spine (“pelvis”), zyphoid process at the
lower part of the sternum and L5/S1 joint (“thorax” and “trunk”),
C4 and C7 spinous processes (“neck”), left and right tragus
and nasion (“head”), acromion process (“shoulder”), olecranon
(“elbow”) and processus styloideus (“wrist”). One marker was
placed on the platform and an accelerometer, sampling at
1,000Hz, was fixed on the platform to calibrate the starting
moment. The measured marker coordinates data, together with
Dempster’s anthropometric data (21) adapted by Winter (22),
made it possible to determine the weighted summation of
individual segments from which the trajectory of the whole
Center of Mass (CoM) was derived. Marker displacement
data were low-pass filtered at marker-specific optimal cut-off
frequencies (range: 4.5–9Hz) using a recursive second-order
Butterworth Filter.

Determination of the Passive Phase of a Fall
To determine the duration of the passive phase, the onset of
displacement of each body segment was first assessed. Then, for
each subject and body segment, the four individual trials in a
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given condition were superposed (see Figure 1A). The instant
at which the trajectories were considered to vary from one
trial to another was determined based on the inflection point,
which was based on the instantaneous standard deviation curve
(Figure 1B). This point (± 200ms) was assessed using sliding
least-squares lines originating from both sides of the inflection.
The intersection point of these lines was associated to a minimal
value, which corresponds to the inflection point (Figure 1C).

Stability Assessment
The positions of the markers on the toes, heels, and lateral
malleolus were used to define the fore-aft and medial-lateral
support boundaries. Additional length measurements were made
to assess foot anthropometry, such as foot length, to evaluate
the distance between the markers and the anteroposterior foot
extremities (line joining the heels to the big toes). The motion
state of the CoM (23, 24) in relation to the leading edge of the
base of support (BoS; either the rear of the heel-for a forward
translation-, the front or the lateral side) was calculated as
the margin of stability, taking into account both the projected
CoM position expressed relatively to the boundaries of the BoS
and normalized to foot length, and the CoM velocity expressed
relatively to BoS velocity. An instantaneous Time To Contact
(TTC) value was calculated dividing the instantaneous distance
of the CoM to the stability boundary toward which it was moving
by its closing directional velocity, a first derivative of CoM
positional data (25, 26). Furthermore, the trials in which the
CoM motion state never reached the boundary, those in which
it almost crossed it (approaching distance < 5mm; TTClim)
and finally those in which it exceeded the boundary had to be
considered in order to determine quantitative measures of a
person’s stability. In the latter case, it characterized a backward,
forward or lateral loss of balance (depending on the direction of
the perturbation), with regards to the computed limits of stability
(27–29). Of particular interest was the comparison between the
instant at which a recovery step was initiated and this time-data
point, henceforth referred to as the stability boundary.

Fall-Recovery Outcome
A putative fall was detected using three redundant criteria.
Firstly, a “fall” was registered each time the subject ended in a
seated position in the harness. Secondly, a fall occurred when the
midpoint connecting the hip joint centers descended within 5%
body height of its initial standing height (30); otherwise, the trial
was classified as a recovery. Thirdly, the automated classification
was checked using a video recording of the trial. The outcome of
each trial was scored 0 for recovery or 1 for a fall; all trial scores
were added up to calculate a subject’s “Fall score.”

Postural Strategies
Different strategies have been identified in the literature, among
which we can mention the feet-in-place strategy, such as the hip
and ankle strategies, and the change of support strategy such as
stepping. As explained above, the trials were first distinguished as
successful recovery or fall and further qualified by the strategy in
use and its efficiency. The methodological approach is presented
here although the active phase analysis is the topic of future

study (unpublished data). Trials including at least one step
were identified through different sources: the observation of the
presence of steps during the experimentation supported by the
control video, the movement of the feet detected by the motion
capture analysis (both a toes and ankle marker displacement
recorded along the vertical axis). Further analysis consisted in
identifying a single vs. multiple steps strategy and the use of
a so-called “cross over” vs. a “side step” (loaded or not) in
mediolateral trials (31). Several parameters were then analyzed
to better characterize the steps: the instant of step initiation or
“foot off” (determined as the first sample after PO in which
the ankle marker started moving in upward direction), the
step duration and length (evaluated with the determination of
the instant of touch down), the height of the step (maximum
value reached on the z axis), the preferential limb used for
the first step and the stability margin at step initiation and
the number of steps. In addition, among other measures used
to quantify modifications in the subject’s response strategies to
the perturbation, angular kinematics were calculated through
onset times, peak amplitude and peak velocity of the following
joint motions: ankle {flexion, extension, pro-supination}, knee
{flexion, extension}, hip {flexion, extension, abduction}, trunk
{forward and lateral flexion/extension}, shoulder abduction,
elbow flexion, neck {forward and lateral flexion, rotation} and
finally, the head linear and angular displacement in space. These
angular displacements were evaluated according to the initial
state calculated over the 2,000ms preceding PO: a comfortable
vertical upright position, arms at sides, with forearms naturally
rotated in a relaxed posture {pronation}.

Fall Modeling
An accurate 3D personalized model of each subject was
built from biplanar (anteroposterior-AP and lateral-LAT)
stereoradiographic images of their whole body using the low dose
technological X-ray system EOS R© (Biospace Instrument, Paris,
France). Specific 3D reconstruction methods—based first on an
identification of specified 2D anatomical marks and contours
digitized in both radiographs, then on a fast computation
of a generic model followed by local deformations—made it
possible to assess accurately subject-specific geometry and each
body segment inertial parameters (32–34). The body shape
reconstruction was divided into 11 segments: head, neck, thorax,
abdomen, hip, thighs, legs, and feet. The segment boundaries
were those described by Dumas (35), and by Sandoz (36) for
the neck and the abdomen. For each body segment, the masses,
3D CoM location and inertial matrixes were calculated thanks
to specific software developed using Matlab and densities as
derived from the literature (21, 37). Because of inside air, lung
density was defined in order to have a global density of the
thorax (lungs and all the other organs) in accordance with the
literature. As the 3D reconstruction was not yet completed for
the upper limbs, they were represented by rigid bodies and
reconstructed using DLT algorithms based on the digitization of
anatomical landmarks such as acromion, olecranon, wrist joints,
and fingertips. The masses and CoM location of the arm, forearm
and hand were assessed according to the Dempster database. The
total body mass was calculated by the addition of the masses of
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FIGURE 1 | Methodological process to determine the increase of the inter-trial variability at a given condition for a single subject. The illustration is here based on the

head segment displacement after a forward fast platform translation. (A) The mean displacement (black solid line) ± 1 s.d. (black dotted lines) is calculated from the

superposition of 4 trials (colored solid lines). (B) Instantaneous standard deviation curve against time (mean s.d), as used to determine inflection point (here at about

200ms). Added are the sliding least-squares lines originating from both sides of the inflection. (C) Determination of the inflection point of the mean instantaneous

standard deviation curve (blue squares), from which the inter-trial variability increases significantly (red squares). It corresponds to the intersection point of these lines,

which is the minimal value (blue thin line).
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each virtual body segment. The global body CoM was defined as
the weighted barycenter of all segmental CoM. This whole-body
reconstruction method was established for a standing subject
(36).

In a second step, these parameters served as inputs for the
following numerical and personalized model including 17 rigid
segments (head, neck, thorax, abdomen, pelvis, arms, forearms,
hands, thighs, legs, and feet) connected with 16 revolute or ball
joints offering 92◦ of freedom. Its simulated movement after
the same imposed destabilization as used in the experimental
part (in terms of perturbation nature, direction, velocity, and
acceleration) served as a database for a comparison with the
kinematic behavioral data collected during the experiments on
the movable platform. Outputs included the displacements of
each segment’s center of gravity (x, y, z components) in the
global coordinate system, the translations and rotations of the
head markers and local frame of reference and the angular
displacements described earlier. Figure 2 summarizes the whole
procedure.

Statistical Analyses
Statistical analyses were performed using the Statistical Analysis
Software (SAS) for Windows. All means throughout this paper
are given with their associated standard deviation (mean ± SD).
The groups were compared using the chi-squared or Fisher test
for categorical data (age, weight, height, direction, velocity).
A general linear model repeated-measures ANOVA with the
Bonferroni correction for multiple comparisons was used to
compare the differences between falls and recoveries for each
recorded dependent variable (38).

The comparison of individual characteristics between the two
groups (Fall vs. Recovery) was analyzed by a Wilcoxon Rank
Scores test for continuous variable (age, weight, height, and
BMI); and by a Fisher test for categorical variables (gender and
fitness level). Then, in a base including all the tests combined,
a Chi2 test (1 ddl law) was used to study the effect of direction
and speed on fall occurrence. A general linear model with
repeated measures (subjects) was used to compare calculated
variables such as latency of movement, steps characteristics,

spatiotemporal aspect of muscle activity. Indeed, a classical
analysis was not possible in our main experimental study: the
samples were not independent and did not contain an identical
number of falls and recoveries by subject (paired study). Intra-
individual and inter-individual variability were evaluated using
a mixed model. Adjustments on the subject, the number of
steps, and the experimental condition were made. We thus
conducted an analysis in subgroups i.e., separate analyzes by
direction and speed (experimental condition). Further planned
contrasts isolated effects with the Bonferroni correction were
then performed to compare two by two the differences between
conditions.

For kinematic analyzes, we used a non-parametric paired-
averaging test, the Wilcoxon test.

The level of statistical significance for all tests was p < 0.05.

RESULTS

From the 25 subjects, a total of 526 trials were investigated in
detail and considered for the main analysis. These trials were
unambiguously classified as a successful or a failed recovery (i.e.,
a fall). The other 210 trials were excluded from statistical analyses
due to excessive movement occurring prior to the perturbation,
missing marker data, harness rope-assisted behaviors or platform
translation abnormalities.

Occurrence of Falls and Recoveries
As mentioned in the Materials and Methods section, a fall score
was calculated for each subject separately in order to describe
inter-individual variability in the trial’s outcome (i.e., fall vs.
recovery). A fall score (FS) of 1 indicated that the subject had
fallen at every trial, whether it was a slow or a fast translation.
On the other hand, a low FS was associated to few falls across
all the subject’s trials. Figure 3A illustrates the large between-
subject variability as the subjects could arbitrary be divided in
three groups: those who never or rarely fell (30.4% with a FS <

0.15), the ones who always or frequently fell (17.4% with a FS
> 0.5), and the remaining majority of individuals (52.2%) who
had variable FS as they either failed or successfully managed to

FIGURE 2 | Kinematic comparison of a real vs. a theoretical fall in human subjects (experimental data) and their personalized mechanical models (simulation data),

respectively.
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recover their balance. Within this group, the outcome variability
(Fall (F) vs. Recovery (NF) amongst subjects was not related to
age (p= 0.85, Wilcoxon test), gender (p= 0.2, Fisher test), height
(F: 169.5 cm vs. NF: 173.2; p = 0.23, Wilcoxon test), weight (F:
63.6 kg vs. NF: 67.2; p = 0.85, Wilcoxon test), BMI (F: 22.05 vs.
NF: 22.62; p = 0.62, Wilcoxon test), or fitness level (p = 0.96,
Fisher test).

The occurrence of a fall varied according to the direction
of platform movement (p = 0.0003, Chi2). As summarized
in Figure 3B, forward trials (44% of falls) appeared to be
significantly more challenging than backward (14%) and
mediolateral trials (21%). As a rule, fast trials generated
significantly more falls than slow translations (p < 0.0001, Chi2),
with the exception of ipsilateral trials i.e., when the perturbation
occurred toward the side of the dominant leg (p= 0.06, Chi2).

Hence, speed was clearly important. Out of 266 fast trials, 47%
led to a fall with 31% occurring for the fast forward platform
translation. The second most challenging condition was fast
contralateral [i.e., when the perturbation occurred contralateral
to the side of the dominant leg (p = 0.06)], leading to 16%
of falls. The failed recoveries were episodic after a backward

FIGURE 3 | (A, left): Variability of the subject (Si) performances. The individual

Fall Scores are averaged for each subject and all experimental conditions (blue

and pink colors: male and female, respectively). (B, right): Fall occurrence

according to the perturbation direction and velocity. f, fast; s, slow, IPSILAT.

and CONTRAL. refer to the mediolateral directions, relative to the dominant leg

(hence ipsilateral refers to a platform translation toward the dominant leg).

fast translation. In contrast, much less falls were induced by
the slow platform movement. Out of 260 slow trials, 18% led
to a fall. The backward falls (following a forward platform
translation) remained the most frequent (13%) while the second
most challenging condition was the contralateral translation,
leading to 6% of falls. Slow backward trials only generated 3%
of falls.

With respect to the question whether subjects are able to
learn to recover balance, the data on the percentage of falls was
plotted with respect to trial number. As shown in Figure 4, the
occurrence of a fall did not depend on the rank of the trials during
the first 25 trials. Later trials however, showed a decrease in fall
rate, indicative that learning is possible but requires time and
experience.

The relative absence of learning during the first 25 trials was
probably related to the randomization and the unpredictability
of the direction and/or speed of the upcoming disturbance.
Nevertheless, the series always started with a “forward slow” trial
(to limit startle reactions) and this significantly resulted in more
falls than the rest of the tests in slow condition (“first trial effect”).
The particular analysis of the first trial (for instance compared
to a second absolute test or a second similar trial in speed and
direction) for each individual constitutes an axis of improvement
for future studies given its emphasis in the literature.

The Three Phases of a Fall
As pointed out in the introduction, the pre-impact phase of a fall
lasts no more than 750ms in a standing subject, so it is important
to identify the timing of active corrections to counteract a loss
of balance. To evaluate this timing, we used a method based on
the dispersion of the traces after perturbation onset. Figure 5
illustrates this for the head segment.

Figure 5A shows that constant forward translations of the
platform led to a series of head trajectories that started to diverge
after some 300ms. This divergence was further evaluated with
an instantaneous dispersion curve as illustrated in Figure 5B.
It shows the superposition of four trials after a forward fast

FIGURE 4 | Fall occurrence according to the number of trials.
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FIGURE 5 | (A) Platform (blue) and vertical head displacements (black) during the first second of a backward fall (forward translation) for several subjects. (B)

Illustration of representative head kinematics: superposition of four trials after a forward fast translation of the support surface and instantaneous dispersion curve (red

thick line). The “variability threshold“ (separating passive and active phase), was determined using the inflection point on the curves separating the trajectories with low

and high dispersion (purple line). (C) Onset of deviation of the various body parts with respect to height. Note that there is a linear relation between segment height

and its inertial latency of displacement. (D) Simulated (black) vs. Experimental (colored dotted lines) data for the head displacement (z axis) of a subject after a forward

fast translation. Note that both curves superimpose in the passive part (light blue background).

translation of the support surface applied to a subject. From
such displacements, an inflection point was determined on the
mean instantaneous standard deviation curve and referred to
as a “variability threshold,” separating the trajectories with low
and high dispersion. The period after the inflection point was
termed the “active phase” (T3) as it was assumed that the sudden
increase in dispersion was due to subjects actively reacting to the
perturbation with the whole body, including the head.

The period prior to the inflection point was termed the
“passive phase” and could further be subdivided. Immediately
after perturbation onset, a first phase of the fall was defined as
the “immobility period” (T1) as there simply was an absence of
movement, due to inertia. For the head, this immobility period
could last until 200ms, which is 1/3 of the available time to
recover.

In the second phase of the fall, termed “free-fall period”
(T2), the head did move but very consistently on a trial-to-
trial basis, suggestive of passive motion. This reproducible low-
variability was observed at all levels: once each segment started
to move, they followed a similar trajectory on a trial-by-trial
basis (reproducible low-variability). Each trial could be divided

into these three phases, whether it ended in successful recovery
or not.

Each body segment followed this chronological subdivision,
but with different time-intervals. Figure 5C illustrates the onset
of displacement of each body segment under study, in relation
to its respective height, after a forward fast support surface
translation. It shows the linear relation between the segment
distance to the point of perturbation application. There was a
clear toe-to-head progression despite an increasing variability
according to height. This variability may be explained by the
specific inertia of each body segment, as belonging to a group of
heterogeneous solids. This linear relation was observed in each
condition of perturbation (whatever the direction and velocity; r
= 0.95, SD= 0.027).

The upper trunk and the head had the longest latencies. In
particular, after a fast forward perturbation (backward fall), they
remained motionless for T1 = 142ms (SD 20) and 168ms (SD
24), respectively. These T1 latencies were significantly longer
than after a slow forward translation (T1 = 78ms (SD 12) and
148ms (SD 24), p = 0.018 respectively). Taken together over
all velocities and directions, T1 lasted 106 (SD 22) and 142ms
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(SD 31) for the trunk and head, respectively. The duration of T2
was similar across all fast and slow trials whatever the direction
and lasted 92ms (SD 33) and 105ms (SD 38), respectively for
the trunk and the head, with the exception of mediolateral trials
(trunk T2 phase shortened to 75ms; SD 26). Conversely, the head
was displaced earlier after a fast mediolateral translation (p =

0.03) compared to slow medial-lateral trials.
T3 duration was not calculated, as it was either truncated by

landing in the harness (in falls), or characterized by a return
to initial and stable position. No instructions were given to the
subjects. However, a prevalent strategy was to respond to the
imposed destabilization with a stepping reaction, occurring in
92% of the trials (unpublished study).

A global description of the body motion relied on the
CoM movement analysis, in relation to the base of support
displacement. The TTC (Time To Contact, see Methods) value
is a calculated variable combining CoM projection and BoS
positions and velocities (see Methods), which indicate the state
of balance at each instant. In slow trials, the projection of the
CoM stayed inside the base of support in 75% of the trials (90%
in mediolateral trials). However, after fast perturbation onset,
all subjects reached a state of disequilibrium around 218ms
(mean TTC, all directions taken together). The mean TTC values
amounted, respectively to 235, 236, and 188ms for forward,
backward, and mediolateral fast perturbations, and were not
significantly different between falls and recoveries.

Modeling the Head and Trunk Trajectories
As detailed in the Methods section, a 17-rigid-segment model
(head, thorax, arms, forearms, hands, pelvis, thighs, legs, and feet)
was personalized to fit each subject’s characteristics using data
recorded from a recent non-invasive tridimensional radiographic
method. This model was used to simulate the postural response
of the subjects following translational displacements of the basis
of support identical to the experimental perturbations.

The trajectories of the head and the trunk of this purely passive
model were compared to the experimental results in order to
determine at what latencies these two sets of curve diverged.

The results of a representative subject are illustrated in
Figure 5D for a fast forward translation. It shows that the
head displacement matches the mechanical model during the
first ∼250ms. The head and trunk trajectories of the model
fitted nicely until the end of the passive phase defined above
(T1, T2), i.e., until these trajectories became extremely variable
on a trial-to-trial basis, in particular in the forward and
backward directions. The similarity between the model and the
experimental kinematics was less pronounced in the mediolateral
direction.

Analysis of the Active Phase: Angular
Kinematics
Falls were most prominent for anteroposterior translations.
After a fast-forward translation, the head, trunk and limbs first
extended passively. Could there be a difference in this “passive
phase” that is predictive of falls? To examine this question, we
compared the body kinematics of the trials resulting in a fall with
those resulting in a recovery.

The difference between passive and active phases is illustrated
in Figure 6 based on single trial responses to fast forward
translations. It illustrates a typical successful trial (i.e., a recovery)
compared to a fall after a fast-forward translation (backward fall).
The first corrective step consisted of a passive extension followed
by a fast flexion. Typically this flexion occurred faster in the trials
with recovery, as compared to the fall trials. In contrast, note that
the passive period (0–160ms here) was similar for both types
of trials. The limbs extend at the knee and ankle joint levels in
both trials but more so and longer in falls. When all trials were
considered, the ankle extended passively (plantar flexion) to a
peak for 144ms (SD 8ms) in successful trials vs. 184ms (SD
27ms) in fall trials. This difference was significant (p = 0.002)
as was the difference in maximum added extension angle [4.5
(SD 1.3) and 8 (SD 1) degrees respectively; p = 0.003]. For the
knee, a similar difference existed but it was not significant (peaks
at 122ms and 139ms for recoveries and falls, respectively (p =

0.1), associated to peak extension magnitudes of 3 and 2◦ (p =

0.06). These data are indicative of different stiffness states at the
onset of the perturbation (see Discussion).

A detailed analysis of the corrective responses and the
discriminative variables between a fall and a recovery forms the
subject of a subsequent paper but the data were in line with this
typical result, shown here.

For forward fast trials, the head displacement was stabilized in
space for a longer interval of time in recovery trials (298ms, SD
20ms) than in fall trials (205ms, SD 14ms).

Regarding the upper limbs, the data were very different than
for the legs, as the expected passive part of their movement
(pendulum-like) was barely visible to be analyzed. Overall,
we observed early startle-like muscular activities, or functional
movements (either flexion or abduction) for both outcomes (falls
and recoveries).

During fast backward translations, only a few falls were
observed (see earlier). The body swayed forward, leading to an

FIGURE 6 | Example of the angular variations during a typical successful trial

(i.e., a recovery, in green) compared to a fall trial (in red) after a fast forward

translation (backward fall). During the passive phase, one observes that the

limbs extend at the knee and ankle joint levels similarly in both trials for the first

160ms. However, the extension lasted longer in the fall trial because the active

correction (flexion) occurred later than in the recovery trial.
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anterior position of the CoM relatively to the base of support
(BoS). A corrective step was then preferentially used to recover,
and its absence was the signature of falls. Moreover, a startle-
like arm movement was observed in fallers, with a significantly
shorter latency of activation [F: 72ms (SD 9) vs. Recovery (NC):
109ms (SD 11), p = 0.02] but a smaller magnitude of activity
(until 360ms).

During slow anteroposterior translations (backward and
forward trials), the CoM moved in phase with the platform and
never crossed the BoS borders in recoveries. The head, trunk and
limbs were kept aligned before a step occurred. Conversely, in
falls, after slow translations, the body trajectory was en bloc and
behaved as a non-controlled inverted pendulum.

DISCUSSION

The main findings of the present study were as follows. (1)
By looking in detail to the movements of the body segments
and their dispersion it appears that large corrective responses
are observed only after 200 to 300ms following the onset of
perturbations, suggesting that inertia is the important element
in this period (as confirmed with a 17-rigid-segment model)
and that efforts aimed at recovery of falls should concentrate
on the period 300–700ms. (2) The head is the last segment to
move thereby excluding an important role for vestibular and
visual inputs for initiating the corrective responses. It leaves the
proprioceptive sensors as sole source of information for 300ms at
the onset of unexpected fall. (3) Comparing the various directions
of translations, the percentage falls for fast forward translations
was highest [in line with (4)]. Better chances of recovery were
seen when corrective steps were fast and infrequent. (4) With
the randomization protocol used it took more than 20 trials to
achieve a decrease in the rate of falls. These findings will be
discussed in detail below.

Actively Preventing Damage During a Fall:
A Short Time-Window Available
The pre-impact phase of a fall lasts some 700ms in a standing
subject (4). The present study shows that this period consists of
a “passive phase” with an immobility period (T1) followed by a
period of passive motion of the segments (“free fall”) (T2). The
term “passive” refers to the absence of large corrective responses
involving changes in head position, which can apply to active or
inactivemuscles (4). The first period (T1) reflects an inertial delay
as the onset of the detectable movement of each segment of the
body was in linear relation to their respective height. Then, once
it moved, the segments trajectory was similar from one trial to
another (T2), until the variability started to increase, reflecting
gain of control (T3).

The first two phases (T1 and T2) were considered to be mostly
passive, dictated primarily by the inherent inertia and tone of a
poly-articulated body translated at its basis, as strongly suggested
by the simulated response of a mechanical model. Properties
such as stiffness and damping intrinsic to the joints and muscles
appeared to play a major role at the beginning of a fall, as
previously suggested for the regulation of quiet upright stance

(22, 25, 38–43). In contrast, it is suggested that the third phase
(T3) is concomitant to the moment when active adjustments can
be made, a point that is of major importance in the context of
applying martial arts (or other) techniques for safe falling (see
introduction). The present study identified the onset of this third
phase by applying a quantitative measure of dispersion.

The passive phase is limited to approximately 200–300ms
(with a fall lasting typically about 700ms). The “loss of balance
point” was always reached in fast trials, supporting the hypothesis
that there is an incompressible time lag, as the body behaves
like a mechanical model composed of interconnected viscoelastic
masses. Such a passive phase has been observed or described
by others as well (27, 30). In their modeling study, Bortolami
et al. (38) showed that a period of 125ms after perturbation
onset is needed before forces are generated for the CoP to
go past the CoM, with the body performing a forward falling
motion. Altogether then, it appears that one can start applying
motor strategies aimed at preventing a fall at around 300ms
after the onset of perturbation (with a fall lasting typically about
700ms). This result agrees with a modeling study showing that it
should take about 300ms delay before a reaction to a lateral fall
can intervene to decrease hip impact (44). This pluriarticulated
biomechanical behavior may generate compensatory feedback
for additional stabilization that leads to amore effective control of
the whole CoM even if adjustments in timing response are limited
(45).

Conversely, muscle activities are recorded early (from 60ms)
but the analysis of the body trajectory suggests that they
are initially insufficient to counteract the biomechanical forces
resulting from the imposed external destabilization. In other
words, the muscle activities at play in the initial phase of
the fall influence the stiffness and damping of joints as well
as the postural tone, but do not reflect yet a functional and
active recovery strategy. We argue that this passive phase could
be reduced according to the initial conditions of rigidity for
instance. A remaining question is whether it is deleterious for the
subject to shorten this “refractory period” driven by mechanical
properties (lowest energy cost, mutimodality updated afferences,
extra time).

What Patterns of Sensory Information
Contribute to Postural Control During a
Fall?
In addition, the present data throw light on the sensory source
of the corrective responses. In fact, the deformation of the pluri-
articulated body is specific to the type of perturbation (46). Here,
a platform translation sends a “shock wave” through the body in
a caudo-cranial ascendant progression. In accordance with this
observation, we suspect that the sensory inputs follows such a
temporal sequence. In fact, the head is the last segment to be
impacted by the perturbation as it is the farthest from the point
of external force application. It implies that visual and vestibular
signals are the last to be involved in the on-going fall. This
conclusion is specific for the perturbations as used here but it
is important since it was occasionally speculated that vestibular
inputs could play a role (47).

Frontiers in Neurology | www.frontiersin.org 10 November 2018 | Volume 9 | Article 986111

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Le Goic et al. Fall: Timing and Proprioception

The present study shows that vestibular input is an unlikely
source for reactions to translations since the head remains
stationary during the first 200ms of a fall. This is in line with
several studies showing that postural reactions persist in the
absence of a normal vestibular system (see introduction). It takes
an additional 6ms for vestibular information to reach several
cortical areas (48) and from there, 41ms to produce external force
at the ankle. Altogether, a minimum latency of 247ms would be
required for vestibular information to contribute to the recorded
dynamic responses.

In studies with a vertical drop, the situation is different since
the head movement could directly trigger muscle synergies in
about 60ms in a pathway over the vestibular nuclei (49–51),
leading to a vestibular contribution at about 270ms. These long
latencies explain why vestibulospinal responses would not be
instrumental to control the CoM at the onset of a postural
perturbation (52–54). However, they would be crucial for head–
stabilizing reactions (55) and the processing of the postural
vertical information needed to realign the body after recovery
(56).

A retinal slip signaling the onset of a fall also requires a
head movement. Furthermore, the pathway involved would be
slow unless a subcortical pathway is involved (12). The fastest
pathway to trigger a postural reaction would then relay through
the vestibular nuclei in 28ms (57). According to one source, after
adding 60ms for a descending volley and 11ms for the electro-
mechanical coupling, a minimum of 300ms would be required
for visual afferences to modulate the postural response, using the
accessory optic system (58). Supporting the late contribution of
visual inputs, Marigold et al. (59) showed that saccades to the
ground were not initiated before 350ms, after the appearance of
an unexpected obstacle.

In contrast, input from the feet starts very early on in the
presently described type of perturbations. In particular, the foot
started to move 6ms after the onset of the support-surface
translation, generating shear forces after the acceleration of
the support-surface upon which the subjects were standing.
They conveyed early information about load variations (60).
Later, the flow of proprioceptive inputs gradually involved more
proximal segments (e.g., pelvis, lumbar column, neck). A delay
of 40ms was required for afferent signals to reach the cortex
(61) and 30 more milliseconds were needed to trigger EMG
activities in lower-leg muscles (62). Since there was an additional
11ms for electro-mechanical coupling (63), it would take at
least 87ms to generate forces at the ankle joint, based on
proprioceptive information, which is close to the 90ms latency
of the first muscle activities observed here and in previous
studies on recoverable falls (64–67). Even if the automated
postural responses are mediated by the brainstem, they still
have latencies of this type. It is worthwhile noting that such
responses do not contribute immediately to “dispersion” and
to an increase in variability in head trajectory in the period of
90–150ms. Possibly this has to do with the stereotyped nature
of these responses. Weerdesteyn et al. (68) showed that these
responses were basically similar in trials where subjects were
instructed to fall and trials with recovery (except for a change in
amplitude).

More generally the present data indicate that the earliest
muscle activations have a relatively small impact on head and
body motions in the first 200–300ms. Hence it is proposed
that interventions on recovery of falls concentrate on the period
300–700ms, a period which is still long enough to allow the
application of safe landing techniques, such as used in martial
arts [see introduction (7, 20, 68–73)].

Ultimately, we think that the first synergies aimed at restoring
balance are triggered by the most reliable sensors, which detect
the onset of the postural disturbance at the earliest possible
latency. Our results support that somatosensory receptors
encoded the perturbation characteristics and triggered the initial
corrective responses (67) in accordance with several studies on
balance in older subjects with and without diabetic peripheral
neuropathy (74–77).

Learning Not to Fall: The Added-Value of
Feed-Forward Mechanisms to an Exclusive
Feedback-Based Postural Control?
The purpose of the present work was to give a detailed picture
at the stages before touchdown, to detect whether and when
someone can intervene in changing the way he/she falls.

Two main postural mechanisms are used by the central
nervous system (CNS) to maintain and restore balance during a
perturbation: the anticipatory postural adjustments (APAs) and
the compensatory postural adjustments (CPAs). Previously, it
was assumed that small and/or predicted internal perturbations
can be counteracted with a feed-forward control (APAs) whereas
a feedback-based postural muscle activation (CPAs) is the
main mechanism of balance restauration to cope with large
and/or unexpected perturbations (78, 79). However, several
studies reported an increase of efficiency in the reactive
recovery response after unexpected perturbation training which
challenged mechanisms for dynamic stability (70, 80).

As we were primarily interested in reactive behavior, care
was taken to avoid feedforward mechanisms as much as
possible using unpredictability and trials randomization to avoid
anticipatory behavior. This was successful for the first twenty
to twenty-five trials as there was no difference in the rate of
falls, hence these trials will be discussed first. In these trials
the recovery depended primarily on corrective responses and it
is important to know how fast these reactions occur because
one can hope to be able to change these reactions. In this
sense, the present study is similar to the work by van Swigchem
et al. (7), who showed that EMG amplitudes needed for a safe
fall technique started as early as 180–190ms after onset of the
(sideways) fall. It was concluded that voluntary motor control
is possible within the duration of a fall, even in inexperienced
fallers. The present data (200ms passive phase) are in line
with this work and are of crucial significance for the debate
whether humans can intervene in how they fall (Robinovitch,
personal communication). It should be emphasized that the term
“passive” is used here to indicate that there is no contribution
of gross corrective responses. It does not exclude that there is a
contribution of spinal stretch reflexes but these are limited to a
contribution to local stiffness and have no effect on total body
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behavior. Nichols and Houk (81) showed that the spinal stretch
reflex is well-suited to provide muscle stiffness at a time when
inherent muscle stiffness fails. This reflex is an active process but
it is a local phenomenon and is considered here as part of the
passive phase, when whole body responses are considered.

After the first twenty trials there was evidence for “learning”
since there was a drop of % falls and a decrease in the rate of falls
variability. In this case, one can assume that there is an ability
to acquire “fall-resisting skills” during repeated exposure to slips,
which would also be generalizable (27). This phenomenon called
habituation (82) indicates that subjects are not naïve any more
to the upcoming perturbations and the familiarization with the
disturbance is accompanied by a greater number of catch-ups:
compensatory strategies employed are more effective at recovery,
even when the perturbations were presented in random order or
onset.

Weerdesteyn et al. (83) also observed a success rate of 17% in
the first trial vs. 92% in their last trial. This attempt to reproduce
a postural response that increase the likelihood of successful
recovery may be related to a shift from a sensory feedback-
control-related reactive response based on error correction in
the preceding trials to an adaptative feedforward CNS control in
order to proactively improve stability (27). The observation that
randomizations of postural perturbation does not completely
eliminate improvement in corrective responses is in line with
previous work (19, 84).

The strategies used to prevent falls were not studied in details
here but in the literature several options were suggested. Among
the emerging postural adjustments that were described elsewhere
on re-exposure to external perturbations, we can mention a
pluri-articulated response at hip and ankle levels (85), a better
regulation of the CoM position relative to the BoS (27, 45)
and a decrease of the amplitude of postural reactions (82, 86).
Also, a more flexed knee joint allows the COM to be lower,
thereby increasing stability (87, 88). Alternatively, a stiffness
strategy can be implemented through muscle co-contraction
(agonists/antagonists) as was observed in challenging postural
threat conditions (78, 89, 90), pre-programmed reactions (83, 91)
or startle reactions (47, 92, 93). In older subjects, co-contraction
about the ankle is often seen during static balance challenges but
it was shown that this is not necessarily a predictor of successful
fall avoidance in this population (94).

Further studies should focus on assessing if predictive
adjustments are being made (pre-perturbation behavior such as
a squatting initial posture, center of pressure displacements,.)
supporting the fact that learning not to fall rely on this interplay
between reactive and predictive adaptations (hybrid control
theory). In addition to these experimental observations, some
laboratory-based measures of postural control (posturography)

would be of great interest to reveal subtle deficits in the
underlying control mechanisms (95) as it is aknowledged that the

inability to produce APA is related to an increased likelihood of
falls if older adults (96) or multiple sclerosis patients (97). Finally,
a change in central set can also influence the postural response
and the outcome (98).

Functional Implications
The present data show that there is limited time to adjust the way
one falls from a standing position.We showed that the pre impact
period is truncated of 200ms or so. During the initial part of a fall,
the observed trajectory results from the interaction between the
destabilizing external force and the body: the inertial properties
intrinsic to joints, ligaments and musculotendinous system have
then a major contribution, as suggested for the regulation of
static upright stance. This passive phase is later followed by
an active phase, which consists of a corrective response to the
postural perturbation. Thus, we believe that during a fall from
standing height, it takes about 300ms for postural responses to
start correcting the body trajectory, while the impact is expected
(to occur) around 700ms. It has been argued that this time is
sufficient to change the way one falls and that this makes it
possible to apply safer ways of falling (7, 69, 70), for example
by using martial arts fall techniques (68, 71–73). Despite these
constraints, our study also supports the idea that learning is
possible even though it may take a large number of trials.

Currently the training with balance perturbations is
increasingly popular. One example is the work of Dijkstra
et al. (84). It is of interest to note that this study failed to show
generalization of improvements in stepping responses (anterior-
posterior perturbation training did not generalize for lateral
translations) and the authors suggested that multidirectional
training possibly could facilitate generalization. This is exactly
what the current paper showed, as indeed improvement occurred
for all types of perturbations despite randomization. However, it
did take more than 25 trials to obtain this result. This is of great
importance as it can indeed encourage people in this field to
invest in multidirectional training protocols, provided they are
willing to use extended training periods.
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Early features of Parkinson’s disease (PD) include both motor and cognitive changes,

suggesting shared common pathways. A common motor dysfunction is postural

instability, a known predictor of falls, which have a major impact on quality of life.

Understanding mechanisms of postural dynamics in PD and specifically how they relate

to cognitive changes is essential for developing effective interventions. The aims of

this study were to examine the changes that occur in postural metrics over time and

explore the relationship between postural and cognitive dysfunction. The study group

consisted of 35 people (66 ± 8years, 12 female, UPDRS III: 22.5 ± 9.6) diagnosed

with PD who were recruited as part of the Incidence of Cognitive Impairment in Cohorts

with Longitudinal Evaluation—PD Gait (ICICLE-GAIT) study. Postural and cognitive

assessments were performed at 18, 36, and 54 months after enrolment. Participants

stood still for 120 s, eyes open and arms by their side. Postural dynamics were measured

using metrics derived from a single tri-axial accelerometer (Axivity AX3, York, UK) on

the lower back. Accelerometry metrics included jerk (derivative of acceleration), root

mean square, frequency, and ellipsis (acceleration area). Cognition was evaluated by

neuropsychological tests including the Montreal Cognitive Assessment (MoCA) and digit

span. There was a significant decrease in accelerometry parameters, greater in the

anteroposterior direction, and a decline in cognitive function over time. Accelerometry

metrics were positively correlated with lower cognitive function and increased geriatric

depression score and negatively associated with a qualitative measure of balance

confidence. In conclusion, people with PD showed reduced postural dynamics that may

represent a postural safety strategy. Associations with cognitive function and depression,

both symptoms that may pre-empt motor symptoms, suggest shared neural pathways.

Further studies, involving neuroimaging, may determine how these postural parameters

relate to underlying neural and clinical correlates.
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INTRODUCTION

Parkinson’s disease (PD) is a common progressive

neurodegenerative disease with a UK incidence of 84 per
100,000 in adults over 50 years (1). Clinical characterizations

include both motor and non-motor manifestations, indicative of

a multisystem neurodegenerative disease (2). Common motor
symptoms include resting tremor, bradykinesia, rigidity, and
postural instability (3). Postural instability is clinically important
as it is a predictor of falls, which impact on quality of life (4).
Falls may result in injury, leading to possible loss of functional
independence, institutionalization and a poor quality of life
(5, 6). Previous studies indicate that 38–68% of people with PD
are subject to falls, 25% of which have two or more falls every 6
months (7–10).

Postural instability is classically defined as the inability to
maintain the center of mass within its base of support. Clinically,
the retropulsion (pull) test is applied to assess postural instability
(11). Postural sway is an indicator of postural instability and a
measure of the sensorimotor control loop that regulates standing
balance (12). Postural sway is greater in fallers than non-fallers,
therefore is an important clinical marker (13). The traditional
method of recording postural sway involves tracking the center
of pressure using a force platform (14). More recently, body-
worn sensors (e.g., accelerometers, gyroscopes, magnetometers,
insole pressure sensors) have been developed which permit
measurements to be made outside a laboratory setting (12).
Strong correlations have been found between accelerometer
parameters (postural dynamics) and force-platform derived
center of pressure data, thereby validating the accelerometer as
a method for assessing postural sway (15, 16). Accelerometry
metrics during the first 30 s of standing have been reported to be
discriminative of PD (17).

Mild cognitive impairment (MCI) is a non-motor feature
present in over 20% of patients at initial diagnosis (18). Cognitive
function deteriorates with disease progression, with a >2-fold
increase in MCI reported over 3 years (19). Cognitive decline
in PD is associated with dysfunction of both dopaminergic
and cholinergic pathways as well as increased Lewy bodies and
possible vascular pathology (20, 21). Performing a cognitive task
while standing has been reported to increase postural parameters
and by implication, postural instability in people with PD (22–
24) compared to healthy older adults. This suggests a “posture
second” prioritization, associated with decreased attentional
resources available. With cognitive decline, one might anticipate
increased postural instability and correlation between cognitive
function and postural parameters. Studies have reported a
relationship between cognitive changes and postural instability
(25, 26) in addition to an association with fall risk (27, 28). This
may reflect common shared pathways or adverse events affecting
multiple networks. Another common non-motor symptom in
PD is depression which has been observed in, on average, 40%
of people with PD (29). In PD, Lewy bodies have been found in
many subcortical nuclei including the locus coeruleus (30). The
locus coeruleus is associated with arousal and also muscle tone
critical for postural stability. Patients with depression have been
reported to have greater changes in the locus coeruleus compared

to non-depressed patients (31). Several studies have reported
an association between depression and postural instability (32,
33). Changes in the locus coeruleus and noradrenergic system
may partly account for the association between posture and
depression. In PD, motor and non-motor features do not exist as
separate entities, but rather display interactions, which warrant
further investigation.

Information regarding the time-course of postural sway
in people with PD is limited as few longitudinal postural
studies have been undertaken. Understanding the progression
of postural sway may improve our understanding of underlying
mechanisms. Exploring the relationship between postural
dynamics and cognitive function will inform us of the interaction
between the motor and non-motor systems and the effect
of diminishing attentional resources on postural stability.
Examining the association between depression and postural
instability may illuminate the effect of shared pathways on
these motor and non-motor features. Clinically, understanding
mechanisms underlying postural instability is important given
the impact postural control has on falls, gait, and mobility.
The main aim of this longitudinal study was to explore how
postural dynamics change during quiet standing in people with
PD over 36 months. Postural dynamics were determined from
accelerometer recordings over the course of a 120 s standing
balance test. The hypothesis was that measures of postural
dynamics would increase over the 36 months period, indicating
increased postural instability. A further hypothesis was that the
greatest change in parameters would occur during the first 30 s
of the postural task. The second aim was to investigate the
relationship between postural instability and global cognition
and depression. The hypothesis was that there would be a
significant relationship between motor and non-motor features.

METHODS

Participants and Clinical Assessments
The study group consisted of 35 people recruited from the
Incidence of Cognitive Impairment in Cohorts with Longitudinal
Evaluation—Parkinson’s disease Gait study (ICICLE-PD GAIT)
study (34). The participants underwent a baseline assessment,
followed by cognitive and postural assessments at 18, 36,
and 54 months. Not all participants underwent a baseline
postural assessment; therefore, this study does not include
baseline measurements. Participants were assessed at the Clinical
Aging Research Unit, Newcastle University. The study was
approved by the Newcastle and North Tyneside research ethics
committee and conducted according to the declaration of
Helsinki. All participants signed an informed consent form prior
to testing.

The exclusion criteria included any neurological (other
than PD), orthopedic or cardiothoracic condition that may
adversely have affected the participant’s gait or safety. Additional
exclusion factors included cognitive impairment (Mini Mental
State Exam (MMSE) ≤24) and difficulties comprehending
English. Parkinson’s disease was diagnosed according to the UK
Parkinson’s Brain Bank criteria (35).
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At each assessment, demographic, clinical, and cognitive
information were collected. The Hoehn and Yahr scale was used
to measure the motor symptom severity in PD participants
(36). The Movement Disorder Society Unified Parkinson’s
Disease Rating Scale (MDS—UPDRS) Part III (37) assessed
motor function in PD (0-no motor symptoms, 132-severe
motor symptoms). Balance confidence was assessed using
the Activities Balance Self Confidence Scale (ABC), with a
score of 0 indicating no confidence and a score of 100
indicating complete confidence in balance when performing
various activities (38). Cognitive tests included the Montreal
Cognitive Assessment (MoCA) (39) for global cognition
(score range 0–30) with a score of 26–30 indicating normal
cognitive function and <26 suggesting cognitive impairment.
The Wechsler Forward Digit Span tested working memory
(40), the average number of digits a healthy adult can recall
being 7 ± 2 (41). The short Geriatric Depression Scale
(GDS) (42) was used as a measure of depressive symptoms
(score range 0–15). A score of 0–4 is considered normal, 5–8
indicates mild depression and a score of 12–15 indicates severe
depression.

Standing Balance Test
The standing balance test was carried out an hour after
medication intake. Participants stood in an upright position
with their feet positioned within a predefined area (400mm
wide × 600mm long), with their hands by their side (43) and
looking straight ahead for 120 s. There were no foot placement
restrictions and the participants wore their shoes during the test.
The recording began 3 s after the participant had understood the
instructions of the tests.

Equipment
A tri-axial accelerometer-based monitor (Axivity AX3, York,
UK) on the lower back (L5) recorded acceleration at a sampling
rate of 100Hz (17). The accuracy of the accelerometer clock was
±20 parts per million, the resolution was 0.976mg, the weight
of the accelerometer was 9 g with dimensions of 6.0 × 21.5 ×

31.5mm. The Axivity AX3 accelerometer has been validated for
recording high resolution movement (44). The accelerometer
was attached to the skin with a hydrogel adhesive and Hypafix
bandage.

Data Processing
The data processing and analysis have previously been described
by Del Din et al. (17). In summary, the data were downloaded
to a computer and analyzed by customized MATLAB (R2015a,
Mathworks, Natick, MA, USA.) algorithms. Analyses included
rotation of the data into anteroposterior (AP), mediolateral (ML),
and vertical accelerations using the Moe-Nilssen transformation
(45). The following features were then extracted:

a) Jerk (m2.s−5): the rate of change of acceleration (46).
Jerk was calculated for AP and ML and combined axes.

b) Root mean square [RMS (m.s−2)]: a measure of amplitude
(46).
RMS was calculated for AP and ML and combined axes.

c) Frequency (Hz): 95% of power of the acceleration power
spectrum below frequency.
Frequency was estimated for AP and ML axes (46).

d) Ellipsis (m2.s−4): the area comprising 95% of the AP and ML
acceleration trajectories (14).

The four features were selected based on previous studies
by Mancini et al. (16) who showed these to be sensitive to
disease progression and disease discrimination. Additionally,
these features can discriminate between different postural tasks
in healthy older adults (47).

All accelerometer features were then determined for the
following three phases of standing; the first 30 s, the first 60 s and
the entire 120 s.

Statistical Analysis
The data were analyzed using SPSS software (v21; IBM, Chicago,
IL, USA). Outliers >2 standard deviations from the mean
were removed from the datasets. Linear mixed-effects models
were applied to determine the main effects of time-points (18,
36, 54 months), axes (AP, ML, combined) and phase (30, 60,
120 s) and their interaction effects on accelerometry parameters
(p < 0.05). The RANDOM subcommand was used to model
the covariance between the three axes and between the three
phases. Sidak corrections for multiple comparisons were applied.
The Friedmann test was applied to non-parametric Levodopa
equivalent daily dose (LEDD), Hoehn and Yahr, MDS-UPDRS
III, ABC, MoCA, digit span and GDS scores. The Wilcoxon
signed-rank test compared different time-points. Spearman’s
rank correlation was used to examine cross-sectional associations
between postural parameters and the ABC, MoCA, and
GDS scores. Pearson’s product-moment correlation coefficient
determined associations between changes in postural parameters
and cognitive parameters between time-points. Themagnitude of
effect of the correlation coefficients was defined by the following:
r < 0.10: negligible; 0.10 ≤ r < 0.30: weak; 0.30 ≤ r < 0.50:
moderate; r ≥ 0.50: strong (48).

RESULTS

Demographic and Clinical Data
Table 1 lists demographic and clinical information at baseline,
18, 36, and 54 months. There was a greater number of males
in the cohort. Although, all participants satisfied the inclusion
criterion of MMSE>24, the MoCA at Baseline ranged from 20
to 30 with 10 participants having MoCA scores ≤24. There was
a significant effect of time for LEDD, Hoehn, and Yahr stage
and MDS-UPDRS III [X2

(3)
= 78.0, p < 0.001; X2

(3)
= 18.1, p <

0.001; X2
(3)

= 41.0, p< 0.001, respectively]. H&Ywas significantly

greater at 18 months compared to baseline (Z = −2.5,
p = 0.012). LEDD increased significantly between successive
time-points (baseline to 18 months, Z = −5.1, p < 0.001; 18–
36 months, Z = −4.8, p < 0.001; 36–54 months, Z = −3.4,
p = 0.001). The MDS-UPDRS III score was significantly greater
at baseline compared to 18 months (Z = −4.7, p < 0.001), 36
months compared to 18 months (Z = −4.0, p < 0.001) and 54
months compared to baseline (Z = −4.8, p < 0.001). There was
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TABLE 1 | Demographic, cognitive, and clinical characteristics of participants at Baseline, 18, 36, and 54 months.

PARAMETER Baseline 18 months 36 months 54 months

Age (years)* 65.86 ± 8.27 67.42 ± 8.15 68.86 ± 8.16 70.40 ± 8.18

Sex (Male, Female) 23, 12 23, 12 23, 12 23, 12

Body Mass Index (kgm−2) 27.20 ± 3.87 27.41 ± 4.29 27.35 ± 4.49 27.04 ± 4.90

PD duration (years)* 0.45 ± 0.33 2.01 ± 0.35 3.45 ± 0.40 4.99 ± 0.52

LEDD* 142.8 ± 113.1 337.6 ± 202.5 438.2 ± 227.0 631.5 ± 251.2

Hoehn and Yahr stage* 1.71 ± 0.52 2.00 ± 0.48 2.03 ± 0.17 2.14 ± 0.35

UPDRS III* 22.46 ± 9.61 28.80 ± 7.15 35.97 ± 10.12 37.11 ± 10.99

ABC 87.72 ± 13.72 85.35 ± 15.66 82.82 ± 19.87 80.87 ± 20.38

MoCA* 26.23 ± 2.65 26.89 ± 2.80 26.77 ± 3.25 25.54 ± 3.56

Digit span 6.09 ± 1.20 6.00 ± 1.19 6.17 ± 1.16 5.89 ± 0.95

GDS 2.71 ± 2.47 2.23 ± 2.70 2.63 ± 2.55 3.11 ± 2.25

PD, Parkinson’s Disease; LEDD, Levodopa Equivalent Daily Dose; UPDRS III, Unified Parkinson’s Disease Rating Scale Section III; MoCA, Montreal Cognitive Assessment; Digit, Wechsler

Forward Digit Span; ABC, Activities Balance Self Confidence Scale; GDS, Geriatric Depression Scale.

*significant time effect (p < 0.05).

a significant time effect for MoCA [X2
(3)

= 9.9; p = 0.02], with

the score decreasing from 18 to 54 months (Z =−2.5, p= 0.013)
and from 36 to 54 months (Z =−2.9, p= 0.004).

Accelerometer Metrics
Outliers

The metrics of Jerk, RMS, frequency, and ellipsis were analyzed
for outliers using the threshold of two standard deviations above
or below the mean. Data from these outliers were considered
removed from further analysis. Jerk and frequency had the
greatest number of outliers across axes, phases, and time-points
(1.9%) compared to RMS (1.5%) and ellipsis (1.2%).

Postural Dynamics
a) Axis

The axis had a significant effect on jerk, RMS and frequency
(Table 2). Jerk and RMS were greater in the AP direction
compared to the ML direction (jerk p = 0.001, effect
size = 0.87, power = 65.9%; RMS p < 0.001, effect
size = 2.58, power = 100%) (Figure 1). Frequency was
however greater in the ML direction (p < 0.001, effect
size= 2.60, power= 100%).

b) Time
There was a significant effect of time for ellipsis, which
decreased from 18 to 54 months (p= 0.033, effect size= 0.27,
power= 45.3%) (Table 2) (Figure 1).

Interaction Effect of Phase and Time

The interaction effect of postural phase and time was significant
for RMS and ellipsis (Table 2). Pairwise comparisons showed
the RMS and ellipsis parameters for the initial 30 s to be
significantly lower at 36 months (RMS p = 0.005, effect
size = 0.52, power = 63.4%; ellipsis p = 0.032, effect size = 0.44,
power = 47.7%) and 54 months (RMS p = 0.001,effect
size = 0.52, power = 77.7%; ellipsis p = 0.001, effect size = 0.57,
power = 75.6%) compared to 18 months. Additionally, for the

TABLE 2 | Mixed linear model results for single and interaction effects of time (18,

36, and 54 months), axis (combined, mediolateral, anteroposterior) and phase (30,

60, 120 s) on gait accelerometry parameters.

Jerk RMS Frequency Ellipsis

Time NS NS NS F (2, 35) = 3.7,

p = 0.034

Axis F (2, 22) = 107.3,

p < 0.001

F (2, 57) = 286.9,

p < 0.001

F (1, 34) = 223.8,

p < 0.001

NA

Phase F(2, 65) =133.9,

p < 0.001

NS NS NS

Axis×time NS F (4, 591) = 8.6,

p < 0.001

NS NA

Phase×time NS F (4, 590) = 13.5,

p < 0.001

NS F (4, 141) = 10.00,

p < 0.001

Axis×phase×

time

F (12, 588) = 15.6,

p < 0.001

F (12, 602) =2.1,

p = 0.014

NS NA

Only findings with p < 0.05 are listed. RMS, Root Mean Square; NS, Not Significant; NA,

Not Applicable.

initial 60 s there was a decrease from 18 to 54 months for ellipsis
(p= 0.023, effect size= 0.41, power= 47.8%) (Figure 1).

Interaction Effect of Axis and Time

There was a significant interaction effect between axis and
time for RMS (Table 2). Pairwise comparisons for the RMS
parameter showed that, in the combined direction, 18 months
was significantly >36 months (p < 0.037, effect size = 0.41,
power = 44.1%) and 54 months (p = 0.017, effect size = 0.41,
power = 49.4%). Along the AP axis, RMS was greater at 18
months compared to 36 months (p = 0.022, effect size = 0.43,
power= 49.6%).

Interaction Effect of Axis, Phase, and Time

The interaction effect of axis, phase, and time was significant
for jerk and RMS (Table 2). The 120 s combined jerk parameter
was greater at 36 months compared to 18 months (p = 0.036
effect size = 0.24, power = 43.4%) and 36 months compared
to 54 months (p = 0.045 effect size = 0.22, power = 41.1%)
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FIGURE 1 | Changes in jerk (A–C), RMS (D–F), frequency (G,H), and ellipsis (I) at 18, 36, and 54 months. Thirty seconds postural phase; 60 s postural phase; 120 s

postural phase. AP, anteroposterior axis; ML, mediolateral axis; a-l—significant difference (p < 0.05) between two timepoints.

(Figure 1A). The RMS parameters along the combined axis
decreased significantly from 18 to 36 months for 30 s (p = 0.002
effect size = 0.44, power = 70.2%) and 60 s (p = 0.022
effect size = 0.35, power = 48.0%) (Figure 1D). These RMS
parameters also decreased from 18 to 54 months (30 s p <

0.001 effect size = 0.46, power = 83.9%, 60 s p = 0.018 effect
size = 0.32, power = 50.0%). Additionally, along the AP axis,
the 30 s RMS decreased from 18 to 36 months (p < 0.001 effect
size = 0.56, power = 86.9%) and 54 months (p < 0.001 effect
size= 0.53, power= 89.6%) (Figure 1E). However, for 60 s RMS
increased from 36 to 54 months (p = 0.011 effect size = 0.19,
power= 51.2%) (Figure 1E).

Association Between Postural Dynamics
and Balance Confidence, Cognitive
Function and Depression Measures
Table 3 lists cross-sectional correlations between postural
measures of jerk, RMS, and ellipsis in the AP direction and
ABC, MOCA, and GDS scores at 36 and 54 months. Few
correlations were observed for frequency. No relationship was
found at 18 months and only few associations for the first 30 and
60 s of standing. No correlations were present between postural
measures and the digit span scores.

a) Jerk
At 36 months, moderate negative correlations were found for
jerk with ABC, MoCA, and a weak positive correlation with

GDS. At 54months, there was amoderate correlation between
jerk and ABC and a weak negative correlation with MoCA.

b) RMS
At 36 months, a moderate negative correlation was observed
with ABC, a weak negative correlation between RMS and
MoCA andmoderate positive correlation with GDS. RMSwas
moderately negatively correlated with ABC at 54 months and
weakly correlated with GDS.

c) Ellipsis
Moderate negative correlations between ellipsis and ABC
at 36 and 54 months were found. There was a positive
correlation between ellipsis and GDS at 36 months.

Correlation Between Change in Postural
Dynamics and Change in Balance
Confidence, Cognitive Function, and
Depression Measures
Correlations between changes in postural parameters for 120 s
in the combined direction and ABC, MoCA, and GDS scores
are presented in Table 4 and Figure 2. There were no significant
correlations from 18 to 36 months between postural parameters
and the ABC, MoCA, and GDS scores. The decline in jerk
from 36 to 54 months showed a moderate negative correlation
with the change in MoCA (Figure 3A) and a moderate positive
correlation with change in GDS scale (Figure 3B).
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DISCUSSION

In this longitudinal study, we aimed to investigate how postural
dynamics change during quiet standing in people with PD
over 36 months. Additionally, we investigated the relationship
between postural dynamics with balance confidence, global
cognition and depression score. We hypothesized that postural
dynamics of jerk, RMS, and ellipsis would increase, suggesting
increased postural instability, with disease progression. However,
our novel findings reported mainly a decline in jerk, RMS,
and ellipsis with disease progression. Although most change
over time for RMS, frequency and ellipsis was observed for
the first 30 s of standing, we found that for jerk, significant
changes were present only for the entire 120 s duration. We
observed significant relationships between postural parameters
with balance confidence, global cognition, and depression score
suggesting shared neural pathways.

The decrease in RMS is in partial agreement with Mancini
et al. (16). Although Mancini et al. (16) reported an increase
over 6–9 months in postural parameters in five individuals
not receiving dopaminergic medication, eight subjects on
dopaminergic medication displayed trends toward decreased
RMS (49). Another study, also reported decreased sway
(measured with platform mounted potentiometer) in eight
patients with moderate PD (Hoehn and Yahr III–IV) on
dopaminergic medication, compared to healthy older adults (50).
Interpretation of changes in postural dynamics in people with PD
involves not only consideration of changes due to progression
of pathology but also concomitant age-related neurodegenerative
changes. Duarte and Sternad (51) reported older adults show
reduced amplitude of postural sway during prolonged standing
compared to younger adults (51). However, in a cross-sectional
study, Park et al. (52) reported increased postural accelerometry
parameters in older adults, apart from frequency and jerk in
the ML direction, which decreased (52). It is unclear to what
extent longitudinal changes in RMS in people with PD are
the consequence of age-related changes rather than due to
progression of PD.

TABLE 3 | Spearman’s correlation coefficient for mean postural parameters of

jerk, RMS, and ellipsis in the AP direction across 120 s with clinical characteristics

at 36 and 54 months.

Jerk RMS Ellipsis

rho (p) rho (p) rho (p)

36 MONTHS

ABC −0.336 (0.024) −0.462 (0.003) −0.434(0.006)

MoCA −0.392 (0.010) −0.291 (0.050) −0.278 (0.058)

GDS 0.287 (0.047) 0.380 (0.015) 0.433 (0.006)

54 MONTHS

ABC −0.441 (0.004) −0.412 (0.009) −0.455 (0.004)

MoCA –0.261(0.065) –0.113 (0.266) –0.197 (0.135)

GDS 0.129 (0.230) 0.233 (0.096) 0.215 (0.115)

ABC, Activities Balance Confidence Scale; MoCA, Montreal Cognitive Assessment; GDS,

Geriatric Depression Scale. Moderate Correlations (0.5<rho>0.3) in bold.

The longitudinal decline in RMS and ellipsis from 18 to
54 months was most prominent for the first 30 s of standing.
Del Din et al. (17) have reported that this period was most
discriminative between people with PD and healthy older adults
(17), suggesting that the initial period requires the greatest
sensorimotor integration to achieve balance and ismost impacted
by PD. Theories to explain postural instability in PD include
changes in intermittent and continuous control systems (53),
impaired proprioception (54), and alteration in awareness of
vertical body position relative to the global axes (55). The
initial standing period may highlight more the intermittent and
continuous control mechanisms needed to adjust the center
of mass position to restore stability. Changes in the body
position awarenessmay have amore prominent effect on postural
dynamics with increasing standing duration. Dysfunction of
sense of body positioning may result in a greater error in return
of center of mass to the position optimal for equilibrium and
necessitate faster adjustments (greater jerk) to achieve stability.
The increase in jerk over 120 s from 18 to 36 months may be
the result of faster corrections due to greater error in positioning
of center of mass. The subsequent decrease in jerk over 120 s
from to 54 months may reflect the complex interaction of disease
progression and dopaminergic treatment on postural control
mechanisms. There was approximately a 2-fold increase in LEDD
from 36 to 54 months compared to 18 to 36 months, which could
account for the decrease in 120 s jerk.

There was a significant effect of direction, with the AP
direction showing greater change than ML, with a decrease in
RMS value from 18 to 54 months. This finding is supported
by a study that reported decreased AP sway during standing
in people with PD compared to controls (50). A recent study
analyzing postural data from a similar cohort of individuals with
PD observed increased regularity of postural dynamics from 18
to 54 months along the AP axis suggesting possible modification
of motor control along this axis (56). The reduction in AP
postural dynamics may result from greater instability in the AP
direction, associated with decreased knee flexion and greater
difficulty initiating ankle dorsiflexion to maintain balance (57).

TABLE 4 | Pearson’s correlation coefficient for change in mean postural dynamic

parameters of 120 s jerk, 30 s RMS, and 30 s ellipsis with change in clinical

characteristics.

Time-points Jerk RMS Ellipsis

r (p) r (p) r (p)

18–36 MONTHS

ABC −0.043 (0.406) 0.145 (0.222) 0.092 (0.308)

MoCA −0.152 (0.192) −0.052 (0.390) −0.018 (0.923)

GDS 0.092 (0.299) −0.140 (0.227) −0.250 (0.080)

36–54 MONTHS

ABC −0.204 (0.120) 0.088 (0.318) −0.064 (0.361)

MoCA –0.422 (0.006) 0.157 (0.200) 0.156 (0.193)

GDS 0.484 (0.005) −0.246 (0.123) −0.172 (0.201)

ABC, Activities Balance confidence Scale; MoCA, Montreal Cognitive Assessment; GDS,

Geriatric Depression Scale. Moderate Correlations (0.5<rho>0.3) in bold.
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FIGURE 2 | Scatter plots showing the correlation at 36 months between postural parameters and cognitive measures for 120 s phase. (A) Mean root mean square

against ABC. (B) Mean jerk against MoCA. (C) Mean ellipsis against GDS. ABC, Activities Balance Self Confidence; MoCA, Montreal Cognitive Assessment; GDS,

Geriatric Depression Scale.

FIGURE 3 | Scatter plots showing the correlation between changes in 120 s jerk from 36 to 54 months and (A) changes in MoCA score from 36 to 54 months; (B)

changes in GDS from 36 to 54 months. MoCA, Montreal Cognitive Assessment; GDS, Geriatric Depression Scale.

Specifically, greater instability has been observed in backward
sway when people had normal foot width (57). Axial stiffness
increases with PD progression and patients frequently develop
a stooped posture (camptocormia) which may also affect AP
trunk dynamics (58). However, camptocormia usually presents
after 7–8 years of diagnosis, so this is not likely to be a major
consideration in our study. The decreased RMS in the AP
direction may represent a compensation strategy to maintain
stability by keeping movements of the trunk within a smaller,
safer range along the AP axis.

We observed negative correlations between postural dynamics
with the ABC scale. Greater confidence in standing and a lower
fear of falling were associated with lower postural parameters.
Reduction in postural dynamics may result from increased lower
limb rigidity. Carpenter et al. (59) have reported co-contraction
of leg muscles with consequential increased ankle stiffness in
people with PD compared to age-matched controls (59). Older
adults have also been observed to have increased muscle co-
activation compared to young adults with the subgroup of fallers
having greater postural sway. Increased co-activation of lower
limb agonists and antagonists will result in a more rigid structure,
although less reactive to external perturbations. We did not
find significant change with disease progression for postural
parameters along theML axis. One study reported increased RMS
in the ML direction in people with PD compared to healthy older
adults, therefore the RMS value might be expected to increase as
the disease progressed (60). However, the observation that there

is no longitudinal change may be the result of the interaction of
opposing age-related and PD effects on the control of postural
dynamics.

We found moderate negative correlations between MoCA
and postural dynamics at the 36 months time point with lower
cognition associated with increased jerk. Kelly et al. (61) have
reported similar findings between lower global cognition and
increased postural instability (61). Correlation between postural
measures and cognitive tests have also been reported by Nocera
et al. (62). Dysfunctions in dopamine networks may to some
extent account for this association as impairment in executive
function and attention is mediated partially by dopaminergic
frontostriatal networks (63). No relationship between postural
and cognitive measures was observed at 54 months, which may
be due to progression of the pathology, emergence of additional
clinical features and effect of medication. Levodopa has been
suggested to improve some balance measures but worsen others
(64) and in the advanced stages of PD increases postural sway
(65). Although both jerk and MoCA decreased on average from
36 to 54 months, we found a moderate negative correlation in
the difference between the two time-points for these parameters.
The mean change in the MoCA score was 1.23 and reduced
the MoCA score at 54 months to 25.54, which is considered
clinically to indicate possible cognitive impairment. Our finding
suggests there individuals with an increase in postural parameters
decrease their cognitive function. This is surprising as mild
cognitive impairment is associated with postural instability (66)
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and increased rates of cognitive decline have been reported
in individuals with postural instability and gait disturbance
phenotype (67). Possible different effects of disease progression
and aging on postural dynamics and cognitive function may
explain the results. Further investigation is however needed.

There were moderate positive correlations between GDS score
and postural dynamics. The changes in GDS were however small,
and even at 54months the GDS at 3.11 was below the threshold of
5 which has been reported to indicate mild depression. Previous
studies have reported a relationship between depression and gait
parameters, which was stronger on dopaminergic medication
(68, 69). A review of depression in PD reported contradictory
findings regarding postural correlates of depression in PD (29).
The association between GDS score and postural instability may
be related to the physical constraint on activity imposed by
postural instability because of the increased falls risk. However,
as depression frequently precedes the motor symptoms, the
association is more likely to be due to changes in shared neural
circuitry (70).

Limitations
The main limiting factor is that we tested patients in the ON
medication state. Postural dynamics will differ in the OFF state
compared to the ON state, with motor impairment reported to
be greater in the OFF state.

Our standing balance test involved participants self-selecting
their foot position. This may from 18 to 54 months consequential
decrease in postural dynamics. By contrast, many postural studies
adopt a standardized foot position, which restricts patients
changing their base of support. However, the purpose of our
postural analysis was to examine individual postural dynamics
by allowing participants to wear their own comfortable footwear
and place their feet in a position they considered would provide
them with maximum stability.

CONCLUSION

Postural dynamics decrease over a period of 36 months in people
with PD. This may be due to people reducing their postural
sway in order to restrict their center of pressure excursions
to a smaller “safe” area, as postural instability increases with

disease progression. Underlying mechanisms may include co-
contraction of agonist and antagonist muscles resulting in
increased rigidity. Limiting postural movements may however
result in the individual becoming less able to respond to
external perturbations and therefore becoming more prone

to falls. Postural dynamics are associated at 36 months after
diagnosis, with global cognition and depression, emphasizing
the interaction between motor and non-motor features, which
may reflect shared neural correlates as the locus coeruleus. This
study demonstrates the multisystem nature of PD and the need
to examine different features as part of a whole unified system.
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Balance during stance is regulated by active control mechanisms that continuously

estimate body motion, via a “sensory integration” mechanism, and generate corrective

actions, via a “sensory-to-motor transformation” mechanism. The balance control

system can be modeled as a closed-loop feedback control system for which appropriate

system identification methods are available to separately quantify the sensory integration

and sensory-to-motor components of the system. A detailed, functionally meaningful

characterization of balance control mechanisms has potential to improve clinical

assessment and to provide useful tools for answering clinical research questions.

However, many researchers and clinicians do not have the background to develop

systems and methods appropriate for performing identification of balance control

mechanisms. The purpose of this report is to provide detailed information on how

to perform what we refer to as “central sensorimotor integration” (CSMI) tests on

a commercially available balance test device (SMART EquiTest CRS, Natus Medical

Inc, Seattle WA) and then to appropriately analyze and interpret results obtained from

these tests. We describe methods to (1) generate pseudorandom stimuli that apply

cyclically-repeated rotations of the stance surface and/or visual surround (2) measure and

calibrate center-of-mass (CoM) body sway, (3) calculate frequency response functions

(FRFs) that quantify the dynamic characteristics of stimulus-evoked CoM sway, (4)

estimate balance control parameters that quantify sensory integration by measuring

the relative contribution of different sensory systems to balance control (i.e., sensory

weights), and (5) estimate balance control parameters that quantify sensory-to-motor

transformation properties (i.e., feedback time delay and neural controller stiffness and

damping parameters). Additionally, we present CSMI test results from 40 subjects (age

range 21–59 years) with normal sensory function, 2 subjects with results illustrating

deviations from normal balance function, and we summarize results from previous

studies in subjects with vestibular deficits. A bootstrap analysis was used to characterize
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confidence limits on parameters from CSMI tests and to determine how test duration

affected the confidence with which parameters can be measured. Finally, example results

are presented that illustrate how various sensory and central balance deficits are revealed

by CSMI testing.

Keywords: balance, balance control, orientation, sensory integration, sensorimotor, system identification, stance

INTRODUCTION

Human standing balance control is widely understood to be
organized as a closed-loop feedback-control system. In a closed
loop control system, different subsystems contribute to behavior
of the entire system. The various subsystems interact with one
another such that it can be problematic to attribute abnormal
behavior to a particular subsystem. For balance control, these
subsystems include (1) sensory systems (mainly proprioception,
vision, and vestibular) that encode body orientation, (2) a
sensory integration mechanism that combines sensory cues,
(3) a motor activation mechanism that generates joint torques
that correct for deviations from a desired orientation, and
(4) body and muscle/tendon mechanics. A full appreciation of
the feedback control nature of the system has motivated the
application of system identification methods that are appropriate
for measuring the dynamic properties of a closed-loop system
and characterizing subsystems involved in balance control.

Traditional assessment of standing balance monitors
spontaneous sway in different conditions that alter the available
sensory cues or change the difficulty of making effective control
actions [for review see (1)]. Commonly, stance is tested with
eyes open, eyes closed, on firm or compliant (foam) surfaces,
in different foot placement configurations (e.g., tandem, single
leg), or in conditions that are specifically designed to limit
the availability of proprioceptive or visual cues (e.g., sway-
referencing methods used on EquiTest sensory organization
tests, SOT) (2). Performance is monitored using pass/fail criteria
or instrumentation is used to record signals related to body sway
using, for example, force plate measures of center-of-pressure
(CoP) displacements, inertial measurement sensors, or motion
capture systems. For instrumented systems, the recorded signals
are processed to obtained measures of variability and magnitude
of the signals (3). Then the values of sway measures in specific
test conditions or changes in sway measures across different test
conditions give an indication of standing balance performance
in relation to normative measures and provide an indirect
indication about the integrity of sensory systems contributing to
balance.

There are, however, limitations to assessments based on
spontaneous sway measures because sensory and motor system
properties cannot be separately evaluated. For example, excessive
sway can be due to inadequate motor control (e.g., too little
corrective torque generated per unit of body sway) or due to
poor quality (low gain or high variability) of sensory systems
contributing to balance (4). Another example would be a fall on
an eyes closed SOT test condition with surface sway referencing.
A fall could occur if (1) subjects have reduced or absent vestibular

function, (2) central processing of vestibular information is
inadequate (e.g., faulty central integration of semicircular canal
and otolith signals), (3) the subject did not transition quickly
enough to full reliance on vestibular information for balance
from the sensory utilization configuration prior to the start of
sway referencing (where subjects use primarily proprioceptive
cues for balance control), or (4) the subject did not generate
enough corrective torque due to motor control deficiency.

Application of appropriate system identification methods can
overcome some of the limitations of balance assessment based
on spontaneous sway measures. To disambiguate the cause/effect
relationships between sensory processing, motor action, and
body sway in a closed-loop control system, an external balance
perturbation must be applied and then proper methods must
be used to evaluate the relationship between the external
perturbation and body sway or other measures (CoP, muscle
activations, joint torques) (5). To date, application of these
methods has remained primarily in research environments that
have specialized equipment needed to apply controlled balance
perturbations. Additionally, not all researchers are necessarily
familiar with the mathematical methods needed for system
identification. To increase access to these methods this report
gives a detailed description of a methodology that is becoming
more widely used (6–16). Additionally, the test equipment that
we used for data collected in this study is commercially available
(SMART EquiTest CRS, Natus Medical Inc., Seattle WA). This
device includes research module software that allows for the
delivery of custom balance perturbations that are needed for
application of the methods we describe.

This report describes the methods we have employed in
developing and implementing a test battery we refer to as
the central sensorimotor integration (CSMI) test. These aspects
include (1) modifications of an EquiTest device to obtain
calibrated measures of center-of-mass (CoM) body sway, (2)
description of our test protocol and the wide-bandwidth
stimulus used for balance perturbations, (3) description of the
frequency domain analysis methods used to obtain measures
of frequency response function (FRFs) that provide a non-
parametric representation of dynamic characteristics of the
balance control system, and (4) description of two versions of
a simple mathematical model of the balance control system.
For both models, parameters were adjusted using an optimal
estimation procedure to obtain a set of functionally meaningful
parameters that separately identify sensory integration andmotor
control mechanisms.

A primary goal of this report is to encourage wider application
of CSMI test methods to facilitate potential clinical applications
for improved diagnosis of balance disorders. To this end we (1)
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describe the methodology for the CSMI test with accompanying
normative data, (2) determine the reliability of parameter
estimates as a function of test duration, (3) compare parameters
obtained from two versions of balance control models, (4)
evaluate whether parameter estimates were significantly affected
using measures of CoM sway based on filtering of CoP compared
to a more direct measure, and (5) provide supplementary
material that includes computer programs to define stimuli and
analyze CSMI test results. Finally, we present example CSMI test
results from patient populations illustrating applications of these
methods to populations withmild traumatic brain injury (mTBI),
vestibular deficits, and other balance deficits.

MATERIALS AND METHODS

Participants
This report utilizes a subset of data from a broader investigation
into CSMI problems in patients with chronic mTBI (17).
Participants included 40 healthy individuals: 13 males, 27
females, age range 21–59 years, 33.7 ± 11.5 years, height 1.69
± 0.09m, weight 69.8 ± 15.8 kg (mean ± sd) with no known
musculoskeletal or neurological deficits. Data from one subject
with mTBI and one additional control subject with unexpected
balance behavior were also included to illustrate capabilities of
the CSMI test. Further, data from two previous investigations
were included to illustrate the effects of vestibular loss. This study
was carried out in accordance with a protocol approved by the
Joint Institutional Review Board Committee of Oregon Health
and Science University and Veterans Administration Portland
Health Care System. Additional results illustrating the effects of
vestibular deficits were from studies carried out in accordance
with a protocol approved by the Institutional Review Board
Committee of OregonHealth and Science University. All subjects
gave written informed consent prior to the start of experimental
procedures in accordance with the Declaration of Helsinki.

Equipment
Standing balance was tested on a modified SMART EquiTest
CRS device (Natus Medical Inc, Seattle WA) running software
version 8.6.0. This device has motorized drives that allow
forward/backward translations or toe up/toe down rotations of
the stance surface and sagittal plane rotations of the visual
surround. Subjects stand on dual force plates that record 3D
forces and moments. Maximum specified surface and visual
surround rotational velocities are 50◦/s and 15◦/s, respectively,
which are well above the largest velocites used in this study (2◦/s).
Maximum accelerations were not specified, but were found to be
sufficient to deliver stimuli used in this study.

The EquiTest CRS device includes a Research Module that
allows for creation of user-defined tests. We used the Research
Module to define a custom protocol that used sampled stimulus
waveforms created in Matlab (The Mathworks Inc., Natick MA,
USA) to generate continuous surface and/or visual surround
rotations that evoke anterior-posterior (AP) body sway in test
subjects (see Supplementary Materials for Matlab programs that
create our stimuli).

The EquiTest device was modified in two ways: (1), a floor
and wall-mounted external frame was placed near the EquiTest
that supported two “sway rod” devices (described below) that
were used to directly measure AP body displacements at hip
and shoulder levels, and (2), a plaid-patterned poster (112 cm
high × 106 cm wide) with pseudorandomly placed vertical and
horizontal black, white, and gray stripes lined the visual surround
to provide a rich visual stimulus to enhance responses to visual
stimuli (see Supplementary Figure 1).

Stimulus Generation and Test Conditions
Subjects were tested in 8 test conditions that included 4 test types
(surface-tilt with eyes closed, surface tilt with eyes open viewing
a fixed visual surround, visual surround tilt with eyes open with
stance on a level surface, and combined surface-tilt and visual-tilt
with eyes open) with each test type performed at 2 amplitudes (2
and 4◦ peak-to-peak). Tests were presented in randomized order.

The surface and visual tilt stimuli were based on a
pseudorandom maximal length ternary number sequence
consisting of 80 numbers with +1, 0, or −1 values [generated
using a 4-stage shift register with feedback; (18)]. The number
sequence was transformed into a time series waveform by
substituting each number in the sequence with a set of 25 time
samples of equal value to create a waveform consisting of 2,000
samples for one stimulus cycle corresponding to a cycle period
of 20 s for 100/s sampling. This time series was mathematically
integrated and the integrated waveform was scaled to have peak-
to-peak values of 2 and 4◦. Additionally, the starting point in the
number sequence was selected so that the integrated waveform
had a non-zero mean such that about 80% of the integrated
waveform had positive values giving stimuli that were biased to
favor toe-down surface rotations and forward visual surround
tilts since subjects can tolerate greater forward than backward
sway without loosing balance.

A Fourier transform of the stimulus waveform demonstrates
that a waveform created by a maximal length ternary sequence
has the property that stimulus energy is only present at
the fundamental frequency (fundamental frequency in Hz is
1/cycle duration = 0.05Hz) and odd harmonic multiples of
the fundamental frequency. Additionally, the magnitude of
frequency spectral components of the waveform based directly on
a maximal length ternary number sequence is approximately flat
out to a frequency of about 2Hz= 1/(2∗25 samples per sequence
number/100 samples/s) and then diminishes. Since we use the
mathematically integrated waveform to control the angular tilt
position of the surface or visual surround, the magnitude of
spectral components of the integrated stimulus declines in
proportion to inverse frequency [see Figure 3 in (19) to see power
spectrum representation of a stimulus nearly identical to our
stimulus].

Twelve single-cycle waveforms were concatenated to give
a final stimulus waveform with a total duration of 246 s that
included 2 s no-movement segments at the beginning and 4 s at
the end. The stimulus waveform was low-pass filtered at 4.5Hz to
reduced higher frequency components that the EquiTest device
could not faithfully deliver. The sample rate for stimulus delivery
and data collection was 100/s, the maximum rate allowed by the
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FIGURE 1 | Balance control model block diagram. Visual, vestibular, and proprioception systems provide accurate measures of body orientation relative to the visual

scene, earth vertical, and the stance surface, respectively. A weighted combination of these sensory sources provides an internal orientation estimate. This orientation

estimate is supplemented with information regarding the mathematical integral of overall corrective ankle torque, Tc, via a positive “Torque Feedback” loop. The signs

on the summations within the “Sensory Integration” subsystem indicate whether the sensory information provides negative feedback control (from visual, vestibular,

and proprioceptive systems) or positive feedback control (from torque sensors). The sensory information is used to generate time-delayed corrective torque via a

“Neural Controller” and corrective torque from the neural controller is supplemented by torque due to passive muscle/tendon mechanics. The overall corrective ankle

torque causes a single-segment inverted pendulum body to change orientation. Laplace transform representations of the dynamic properties of various components

are shown.

EquiTest research module software. The stimuli were created in
Matlab and were saved as ASCII text files that were imported by
the EquiTest Research Module software to define experimental
tests.

Subjects feet were placed on the stance surface with ankles
aligned with the surface rotation axis and at height-dependent
stance widths according to EquiTest instructions for performing
the clinical SOT. Subjects wore ear protection to mask room and
motor sounds.

Following a calibration trial (see below), a warmup test was
performed to familiarize subjects with the balance perturbations.
The warmup trial was a 4◦ surface-tilt test that was performed
eyes open for the first 120 s and then eyes closed for the
remainder of the trial. Then the 8 different tests were performed
in randomized order with 3min breaks given after every 3 trials.

Sway Measurements
Body sway measurements were obtained from measures of
whole body CoP displacements from the surface force plates
and from measurements of AP body displacements at hip and
shoulder level made using a custom “sway rod” system. Each

sway rod system consisted of a potentiometer (Midori model CP-
2UTN, Midori America Corporation, Irvine CA) attached to an
earth-fixed frame located behind and to the subject’s left. The
potentiometer rotation axis was vertically aligned. The locations
of the potentiometers were adjustable in height and in AP depth
on the frame and were placed at hip and shoulder heights. A thin
61 cm length aluminum shaft was flexibly attached to the frame-
mounted potentiometers to allow free vertical plane rotation of
the sway rods without causing potentiometer rotation. The sway
rod shafts extended behind the subject with the distal end of
the sway rod resting in hip and shoulder hooks mounted on
the subject’s back at midline. The hip hook was approximately
at the hip joint level and the shoulder hook was just below
shoulder joint height. Sway rod height above the stance surface
and length of the sway rod from the potentiometer to the hook
were measured for both hip and shoulder sway rods for use in
off-line calculation of body displacements. To facilitate accurate
AP placement of the sway rod potentiometer on the frame, each
potentiometer module included electronics that lit an LED to
signal when the sway rod was parallel to the subject’s frontal
plane when the subject was standing upright. In this position,
the potentiometer registered zero volts. As subjects swayed
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forward or backward, the sway rod shaft could slide freely in its
hook and rotate the potentiometer producing a voltage change
proportional to the potentiometer rotation angle and related,
by trigonometry, to AP body displacement at hook levels. The
potentiometer electronics module included a scaling amplifier
with scaling set to 1 Volt/3 degrees. The potentiometer signals
were recorded on auxiliary channels in the EquiTest system that
could accept +/−10V signals that were digitized by a 12-bit
A/D converter. Additional description of the sway rod system is
included in Supplementary Figure 1.

The EquiTest Research Module records various force plate
signals, signals encoding surface rotation and translation, and
visual surround rotation. Of relevance to the current study are
AP CoP displacement, vertical force measures used to measure
subject weight, surface rotation angle, visual surround rotation
angle, and sway rod potentiometer angles. The EquiTest software
encodes data in a proprietary binary format with access to the
data provided by exporting test results to ASCII files (from
EquiTest software version 8.6.0) or Unicode files (from software
version 9.3). One file is created for each test trial.

Estimation of CoM Sway
CoM From Sway Rod Measures
A calibration trial was performed to obtain data used to
derive coefficients of an equation that relates hip and shoulder
potentiometer signals to a subject’s CoM AP displacements
and CoM AP rotation angles over the time course of each
experimental test. The principle that allows this derivation is
that the CoP displacement is equal to the body’s horizontal
projection of CoM displacement in the case of a static, unmoving
body. We approximate this static case by asking the subject to
move very slowly in the AP direction over the 120 s duration
of a calibration trial while recording the CoP and potentiometer
signals. The calibration trial was performed with eyes open on
a fixed surface while viewing a stationary visual surround. The
subject was directed to assume a variety of upper and lower body
orientations (e.g., keeping the body straight while swaying and
then with hips slightly flexed or extended while swaying slowly
forward and backward).

The potentiometer signals were processed using trigonometric
relations to calculate AP displacements at hip and shoulder levels
from the sway rod angles measured from the potentiometers:

xh (t) = Lh tan θh (t) (1)

xs (t) = Ls tan θs (t) (2)

where L is the length of the sway rod from the potentiometer to
the hook when subjects were in an upright stance position, θ (t)
is the sway rod angle over timemeasured by appropriately scaling
the voltage recorded by the potentiometer, x (t) is the calculated
AP displacement of the body, and h and s subscripts indicate hip
and shoulder.

A least squared error fit was made to estimate parameters
Ah, As, and B of an equation relating AP body displacement at
hip and shoulder levels to the measured AP CoP displacement,
xcop (t), to minimize the squared difference between xcop and

xcop_fit defined as:

xcop_fit (t) = Ah · xh (t) + As · xs (t) + B (3)

On subsequent experimental tests, the Ah, As, and B parameters
derived from the calibration test, was applied to hip and shoulder
displacements recorded on experimental tests (xh_ exp (t) and
xs_ exp (t)) to obtain a CoM displacement time series xcom (t) =

Ah · xh_exp (t) + As · xs_ exp (t) + B.
The CoM displacement time series was then used to calculate

the CoM tilt angle with respect to vertical using the equation:

θcom (t) = sin−1

(

xcom (t)

h

)

(4)

where h is the CoM height above the ankle joint. The CoM
height estimate was obtained following (20) using measures
of leg length (medial malleolus to femoral condyles), thigh
length (femoral condyles to greater trochanter), and HAT length
(head, arms, trunk segment measured from greater trochanter
to glenohumeral joint). Additionally, these body segment length
measures along with a body mass measure (obtained from
vertical forces measured by the EquiTest device) provided an
estimate of the body moment of inertial, J (units: kg m2), of the
legs, thighs, and HAT segments about the ankle joint axis. Along
with J, subject mass m, (in kg) and h (in m) were parameters
needed in the balance control model that was used to calculate
sensory integration and neural control parameters representing
each subject’s balance performance characteristics.

CoM From Filtered CoP
While the direct measurements of hip and shoulder
displacements provide a relatively simple method for measuring
CoM displacement using the methods described above, an
even simpler method, based on lowpass filtering of CoP, may
provide sufficiently accurate CoM displacement measures. An
approximate relationship between CoP and CoM displacement
is given by Winter et al. (21):

xcop (t) = xcom (t) −
J

W · h
· ẍcom (t) (5)

Where ẍcom is CoM acceleration, J is body moment of inertia
about the ankle joint, and W is body weight excluding the feet.
At any given frequency of body motion, xcom and −ẍcom are in
phase with one another so xcop will also be in phase with xcom.
Furthermore, the amplitude of ẍcom increases as the square of
the frequency of xcom and thus makes an increasing contribution
to xcop as frequency increases. Because the CSMI methods for
quantifying balance control are focused on frequencies below
about 1.5Hz, it may be possible to apply a lowpass filter to
the recorded CoP to greatly diminish the CoM acceleration
contribution to CoP and obtain a CoM displacement measure
(22).

We explored the use of a lowpass filtered CoP to estimate
CoM displacement and characterized the extent to which use
of this simpler CoM measure affected results in comparison
to use of CoM from our sway rod measurement method. We
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defined filter coefficients of a 1st order Butterworth filter and
applied it using the Matlab “filtfilt” function to provide phaseless
2nd order filtering of the CoP data for each trial in each test
condition for each subject. The cutoff frequency was varied in
0.005Hz increments from 0.25 to 0.65Hz, the mean squared
error (MSE) between the filtered CoP and the CoM from sway
rod measures, and the cutoff frequency with the lowest MSE
was identified. These best MSE cutoff frequencies were compared
across subjects and test conditions. Then a single average best
frequency across all subjects and test conditions was calculated
and used to process CoP data to obtained CoM displacement,
and then CoM sway angles. The CoM data from sway rod and
filtered CoP were analyzed as described in the following sections
with results compared to determine the extent to which a simpler
CoM sway measure could provide comparable results.

Stimulus/Response Analysis
A frequency domain analysis, following the methods of Pintelon
and Schoukens (23), was applied to the recorded stimulus
tilt angle and the estimated CoM body sway angle of each
experimental test to calculate a frequency response function
(FRF). An FRF provides a non-parametric description of the
dynamic characteristics of the balance control system. The first
cycle is ignored to avoid transient responses. Then an FRF is
calculated by taking the discrete Fourier transform (using Matlab
fft function) of each of the last 11 cycles of the stimulus and CoM
sway response time series when the response is assumed to have
attained steady state behavior. The assumption of steady state
behavior is supported by previous results using similar stimuli
that did not reveal evidence for adaptation or habituation over
successive cycles on a given trial (6). The experimental FRF, He,
calculation is:
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and ωk is radian frequency at the kth frequency. Note that a
stimulus created by a maximal length ternary sequence has the
unusual property that stimulus energy is only present at the
fundamental frequency (fundamental frequency in Hz is 1/cycle
duration—in this case 0.05Hz) and odd harmonic multiples of
the fundamental frequency. Therefore, all even harmonics of
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were removed prior to the above FRF
calculation.

The variability of frequency components of FRFs generally
increases with increasing frequency because both the relative
responsiveness to the stimulus and the energy of our stimulus
declines with increasing frequency. Averaging across stimulus
cycles was used to reduce the variability of FRFs, and to
further reduce variability, an increasing number of adjacent
spectral components were averaged across frequency giving a
final distribution of 12 FRF values at frequencies ranging from
0.05 to 1.75Hz that were approximately equally spaced on a
logarithmic frequency scale. The final set of 12 frequencies were

at 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.55, 0.7, 0.9, 1.1, 1.35, 1.75Hz.
Higher frequencies were not included since the stimulus energy
diminishes rapidly at higher frequencies and body sway behavior
becomes increasingly influenced by multi-segment body motions
(24) that are not represented by the balance control model used
to parameterize the FRFs (see below),

An FRF is a set of complex numbers that vary with frequency
but is commonly represented as a gain function,
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where conj is the complex conjugate operator, Im and Re are
imaginary and real parts of the complex values of He
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, and
the subscript e refers to the experimental FRF.

Our frequency domain analysis also calculated a coherence
function:
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where |∗| indicates calculation of the magnitude of the complex
numbers representing the Fourier components of the stimulus
and response spectra, and conj is the complex conjugate
operation. Coherence function values range from 0 to 1 with
higher values indicating larger signal-to-noise conditions in the
analysis relating the response to the stimulus. Note that when
periodic stimuli are used for system identification, coherence
function values only provide an indication of signal-to-noise
conditions and do not indicate the presence of non-linearities in
the system (23).

Balance Control Model
We represented the balance control as a feedback control
system as shown in block diagram form in Figure 1. The
model represents a system regulated by a continuous, linear,
time-invariant control mechanism. Previous work found no
evidence for non-linear control mechanisms regulating balance
in response to sustained, steady-state stimuli (25). The Figure 1
model has five major components that include (1) body
mechanics of an inverted pendulum, (2) sensory integration
provided by a weighted summation of orientation information
from proprioceptive, visual, and vestibular systems, (3) time
delayed neural controller that transforms the weighted sensory
information into corrective ankle torque, (4) a torque positive
feedback component that contributes to control by feeding back
information related to the time integral of the corrective torque
applied at the ankles, and (5) a passive component that generates
ankle torque as a function ankle angle and/or angular velocity
with no time delay (26). As others have demonstrated (27,
28), it is problematic to obtain reliable estimates of parameters
associated with the passive component since other neural
controller parameters have a very similar influence over the
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shape of FRFs predicted by this model. We also found it difficult
to obtain reliable estimates of passive parameters. Therefore,
we do not present results that include estimates of the passive
component contribution, but the passive component is given
in the model equations given below to illustrate its potential
influence on FRFs.

The model, Hm, can be expressed as a differential equation
in the Laplace domain that predicts the CoM response, Xcom (s),
for a given surface stimulus, Xsurf (s), visual stimulus, Xvis (s), or
combined surface plus visual stimuli. The Laplace equations for
surface, visual, or combined stimuli are:

Hsurf (s) =
Xcom (s)

Xsurf (s)

=
Wprop · NC · TD · B+ P · B

1− TF · NC · TD+ P · B+ NC · TD · B
(10)

Hvis (s) =
Xcom (s)

Xvis (s)

=
Wvis · NC · TD · B

1− TF · NC · TD+ P · B+ NC · TD · B
(11)

Hsurf+vis (s) =
Xcom (s)

Xsurf+vis (s)

=

(

Wprop +Wvis

)

· NC · TD · B+ P · B

1− TF · NC · TD+ P · B+ NC · TD · B
(12)

where s is the Laplace variable, NC = Kp + Kd · s is
the neural controller (a proportional-derivative, PD, neural
controller), TD = e−Td·s is the time delay component, B
is a linearized equation representing inverted pendulum body
mechanics given by 1

(J·s2−mgh)
with m equal to body mass

minus mass of the feet and g the gravity constant, TF is the
torque feedback component given by Kt

s , and P (s) is the passive
component. Simple forms of P can include only a simple stiffness
factor, P = Kpas or a combination of stiffness and damping
P = Kpas + Bpas · s.

The torque feedback mechanism assumes that the balance
control system has available to it a measure of corrective ankle
torque derived from sensory sources. This torque signal is
processed to eliminate higher frequency components and is
added (positive feedback) to the sensory error signals derived
from the other sensory systems. The combined sensory error
signal is, in turn, processed to generate additional ankle torque
(29). Functionally, torque feedback influences low frequency
sway behavior such that the body moves toward an orientation
where corrective torque is minimal (typically the upright
orientation, but also can be toward orientation aligned with the
gravito-inertial vector in an accelerating environment such as an
accelerating train).

An alternative neural control structure used a neural
controller with an integration factor NC = Kp + Kd · s+ Ki/s (a
proportional-integral-derivative, PID, neural controller) rather
than PD control with torque feedback (6, 13, 15). A model
with PD control plus torque feedback has a similar, but not
identical, ability to account for features of experimental FRFs as
a model with PID control and no torque feedback. Because both
neural control structures have been used to describe experimental

results, it is of interest to understand whether the estimate of
parameters shared between the two models depends on which of
these two neural control structures are used in the model.

By substituting s = jω into the above equations, model
predicted FRFs can be calculated for a given set of parameter
values at the same set of k frequencies as the experimental
FRFs. Model parameters can be adjusted to optimally match the
experimentally determined FRFs, thereby providing a parametric
representation of the non-parametric experimental FRFs.

Model Parameter Estimation
For each subject’s FRF for each of the 8 test conditions,
model parameters were estimated by adjusting the parameters to
minimize an error function. This minimization was performed
using the Matlab “fmincon” function from the Optimization
toolbox. This function requires definition of an error function
that calculates a value with each call to the error function. Our
error function was:
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where N = 12 was the number of frequency components in
the FRFs and the subscripts e and m indicate the experimental
and model-predicted FRF, respectively. The “fmincon” function
adjusts parameters beginning with initial values to minimize the
error using search criteria constraints that limit the parameters to
specified ranges. The optimization procedure is not guaranteed to
find a parameter set associated with a global minimum error. To
overcome this, the optimization can be repeated multiple times
beginning with different initial values. This is necessary when
fitting more complex models (28). For the simple model applied
in this study, we have found reliable convergence to the same
parameter values independent of initial values. In practice and
for results presented in this report, five repeated optimizations
were performed and parameters associated with the lowest error
were selected to represent the best fit.

On tests with very low signal-to-noise as indicated by low
coherence values, the identified parameter set can be invalid
in that the parameters define a system that is unstable. For
example, the neural control stiffness parameter Kp must be
greater than mgh (with g the gravity constant) for the system
to be stable. Therefore, the Kp lower constraint is set to mgh. If
the optimization finds a Kp value equal to mgh, the identified
parameter set is obviously invalid.

For the 2 test conditions that simultaneously presented
surface-tilt and visual-tilt stimuli, experimental FRFs were
calculated separately relating the individual stimuli to the
recorded CoM sway, model parameter estimates were obtained
for each experimental FRF, and the model parameters were
averaged to give a final set of parameters characterizing system
properties.

Model Quality
The ability of the model and identified parameters to account
for the stimulus-evoked body sway was assessed by a variance
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accounted for (VAF) measure:

VAF = 100 ·

(
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2

)
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where θcom is the experimental CoM body sway averaged across
the last 11 stimulus cycles, θsim is the corresponding mean CoM
body sway obtained from simulations of the Figure 1 model
using Matlab Simulink (version 8.6). VAF values were calculated
for each subject and on each of the 8 test conditions using the
identified parameters. VAF values for both the PID and PD plus
torque feedback models were calculated.

Bootstrap Analysis
A bootstrap analysis was used (1) to characterize the distribution
and range of parameter values associated with normal
sensorimotor control and (2) to investigate the extent to
which the accuracy and reliability of parameter estimates are
influenced by reducing the number of stimulus/response cycles
included in the analysis.

For each subject and each test condition the Fourier
transformed stimulus/response data of M cycles were randomly
selected (with replacement) from the 11 available cycles of
experimental data. An FRF was calculated from these M cycles of
data andmodel parameters were obtained. This random selection
and fitting process was repeated 10,000 times and parameter sets
from each of these analyses were saved for subsequent analysis.
Five different bootstrap selections were made with different
numbers of sampled cycles with M = 3, 6, 9, 11, 15, and 20.
Thus, for each subject and each test condition we obtained 10,000
parameter sets at each of the 5 different cycle counts.

Then a second bootstrap was performed by randomly
sampling (with replacement) parameters sets from the 10,000
parameters sets of the 40 subjects from the previously saved
bootstrap samples for each of the 5 different cycle counts. This
yielded for each model parameter a set of 10,000 samples for the
5 different cycle counts that were then statistically summarized
by calculating mean and median values, and 90 and 95 percentile
confidence ranges.

RESULTS

Calibration Procedure
Data from a 2min calibration test were used to estimate linear
regression coefficients needed to transform measures of AP body
displacements at hip and shoulder levels to measures of CoM
displacement (Equation 3). An example of data from a calibration
trial showing hip and shoulder level displacements (Equations
1, 2), the regression fit of these displacements to the AP CoP,
and the fit error are provided in Figure 2. Because the subject
begins the trial in an upright position, the value of the first data
point in the potentiometer signal is subtracted from remainder
of the points so that the calculated AP displacement represent
deviations from the upright position. The regression fit accounts
well for slowly varying CoP changes that are indicative of the
displacement of the CoM as a function of sway-rod measured
hip and shoulder displacements but not the rapid oscillations

of CoP that reflect the torque corrections used by the subject
to maintain the displaced CoM position. The fit error shows no
obvious bias and only small rapid oscillations about a constant
offset value accounted for by the B term in Equation 3. These
small oscillations are indicative of the transient corrective torques
generated to maintain the slowly moving CoM displacements.
The particular values of the Ah and As regression coefficients
depend on subject body mass distributions and the specific
heights of the sway rods and B depends on foot placement on
the surface. Across all 40 subjects, the values of the Equation
3 coefficients were Ah = 0.581 ± 0.056 (Mean ± SD) and
As = 0.345± 0.035. The value of B is not relevant to FRF analysis
since B only affects the mean value CoM displacement which is
not used in the FRF analysis.

Example Stimulus-Evoked Sway Analysis
For each subject, the calibration coefficients for that subject
are applied to the hip and shoulder displacement data on each
stimulus trial to calculated AP CoM displacement, and then,
using the estimate of the subject’s CoM height above the ankle
joint axis, Equation 4 was applied to calculate the AP CoM sway
angle. An example of CoM sway data from a single subject and
the corresponding 12-cycle surface-tilt stimulus that evoked this
sway is shown in Figure 3A. There is cycle-to-cycle variability
that partially obscures the relationship between the stimulus
and CoM response. Averaging of CoM across the last 11 cycles
clarifies the stimulus-response relationship and shows that the
subject’s CoM sway angle tends to track the surface tilt angle
(Figure 3B) and often the sway is greater than the stimulus.
For reference, if a subject was able to fully compensate for
the balance perturbation caused by the rotating surface, CoM
sway would not deviate from upright and the sway trace in
Figures 3A,B would be flat. The focus of this paper is on the
frequency domain analysis of sway responses, but time domain

FIGURE 2 | Calibration example. The test subject is instructed to sway slowly

forward and backward while recording anterior-posterior (AP)

center-of-pressure (CoP) displacement, and body displacements at hip, xh(t),

and shoulder, xs(t), levels. A least squared error fit of a linear combination of

hip and shoulder displacements to CoP provides coefficients for use in

measuring center-of-mass (CoM) displacement on subsequent tests.

Frontiers in Neurology | www.frontiersin.org 8 December 2018 | Volume 9 | Article 1045135

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Peterka et al. CSMI Test of Human Balance

FIGURE 3 | Example single-subject data and data analysis of center-of-mass (CoM) sway evoked by a surface-tilt stimulus with 2◦ peak-to-peak amplitude during

eyes closed stance. Twelve cycles of the surface-tilt stimulus and the corresponding evoked CoM sway are shown (A). Averaging across the last 11 cycles of the

stimulus and sway response reveal the close correspondence between stimulus and response (B). A frequency response function represented by gain and phase

functions [mean values ±95% confidence limits; see (30)] characterize the balance control dynamics of this individual on this particular test with a coherence function

providing information on signal-to-noise quality (C). The solid lines through the frequency response data are based on model parameter estimates. Model-predicted

CoM sway based on identified parameters is shown in (A,B) with a variance accounted for (VAF) measure showing that the model accounts for most of the

experimental stimulus evoked sway. Comparison of the actual and ideal stimulus (ideal is offset from the actual for comparison) in (B) demonstrates the accurate

delivery of the desired stimulus.

analyses are also performed in the analysis programs included in
the Supplemental Material.

An FRF derived by application of Equation 6 to the CoM sway
data is shown in Figure 3C along with the associated coherence
function derived using Equation 9. The FRF is represented by
gain and phase functions (Equations 7, 8) with each gain value
indicating the ratio of CoM sway amplitude to the stimulus
amplitude at individual frequencies and the phase indicating
the relative timing between the stimulus and response. If the
test subject had been a rigid mannequin whose feet were glued
to the tilting surface, the mannequin’s body would remain

perpendicular to the surface throughout testing. The FRF analysis
of the mannequin’s CoM response would show gains of unity
and phases of zero across all frequency components of the
surface-tilt stimulus and the coherence function values would
be unity (assuming no measurement noise in recording of body
sway and surface tilt) indicating perfect correlation between
stimulus and response. Actual human FRFs differ from the ideal
mannequin behavior in several ways. CoM response gains vary
with frequency. Typically gains are highest at mid-frequencies
(∼0.1–0.8Hz) with values often greater than one, indicating
subject sway amplitude is greater than the stimulus amplitude,
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and decrease for both lower and higher frequencies. Phase values
cross zero at ∼0.1Hz and typically show phase leads at low
frequencies and increasing phase lags at higher frequencies.
Coherence values are less than one and tend to decrease with
increasing frequency consistent with overall reduced signal-to-
noise as sway response magnitude relative to stimulus declines
with increasing frequency.

Also shown in Figure 3C is the optimization fit to the
experimental FRF obtained by adjusting model parameters
to minimize the Equation 13 error criterion. The model
accounts well for the experimental FRF and provides a set
of parameters that characterize the dynamic properties of the
balance control system for each individual subject in each test
condition.

Effect of Stimulus Duration on Parameter

Estimates
Shorter test durations are desirable in clinical applications, but
too short a test duration likely will compromise the accuracy
of parameter estimates and increase their variance. A bootstrap
analysis was used to investigate the tradeoff between test
duration and accuracy of parameter estimation. The results of
the analysis for the sensory weight parameter on the 8 test
conditions are provided in Figure 4. For each test condition
there are five vertical bars showing 95th (thin bar) and 90th
(thick bar) percentile confidence limits, and mean and median
values corresponding to the five bootstrap analyses that included
3, 6, 9, 11, 15, and 20 cycles of data (arranged in left to
right order). The percentile bars show that the distributions
generally become narrower with increasing cycle counts but the
narrowing diminishes with increasing cycle counts. The mean
and median parameter values were greatest at the lowest cycle
count suggesting bias in the parameter estimate at the lowest
cycle count and indicating that 3 cycles are not sufficient to
accurately estimate parameter values. The bias was largest for
the visual stimulus conditions (5 and 6), which are also the
conditions where the sensory weights were lowest and coherence
values were lowest (see below) indicating low signal-to-noise in
response to visual stimuli. Trends in narrowing distributions and
reduced bias with increasing cycles counts were similar for the
other model parameters.

Our conclusion is that for most test conditions, 6 stimulus
cycles are adequate for the purpose of obtaining accurate
parameter estimates. This judgment is based on the observation
that, for most test conditions, 6 cycles were sufficient to achieve
a stable variance of the parameter distribution and mean and
median values showed minimal changes when cycle counts were
further increased (Figure 4). However, an exception applied
to the visual test conditions where the responsiveness to the
stimulus and signal-to-noise were low. For these low response
conditions, 11 cycles should be considered as a lower limit of
test cycles. Additionally, our conclusions specifically apply to the
2 and 4◦ stimulus amplitudes we used. It is evident in Figure 2

that the parameter bias was greater and parameter distributions
became wider for all 2◦ compared to 4◦ stimulus amplitudes
suggesting that studies that use even lower stimulus amplitudes

FIGURE 4 | Results from a bootstrap analysis used to investigate how test

duration affects the distribution of the sensory weight parameter in the eight

test conditions. The five vertical bars for each test condition represent the 90th

percentile (thick green bar) and 95th percentile (thin blue bar) range of the

parameter when results were derived from tests that included either 3, 6, 9, 11,

15, and 20 stimulus-response cycles (arranged left to right for each condition).

Mean (red o) and median (black +) values of each distribution are shown.

will likely need to use a greater number of stimulus cycles to avoid
bias and reduce variability of parameter measures.

Identified Balance Model Parameters
Parameters of the balance control model that included torque
feedback were obtained for each of the 40 subjects on each of
the 8 test conditions (Table 1). Only one subject’s parameters
on 1 test condition were incompatible with stability and were
not include in summary statistics. Specifically, on the 2◦ visual
stimulus condition the neural controller stiffness parameter Kp

for this subject converged to the lower bound of mgh set for
this parameter. The Kp value must be greater than mgh, the
gravity stiffness constant, for the system to be stable. The FRF
data on this individual test showed very low and variable gains
and phases consistent with the low measured coherence values
(mean= 0.087).

Parameters andmean coherence values for all subjects on each
test condition are shown in Figure 5. The figure includes boxplots
that show median parameter values for each test condition and
summarize the parameters distributions. The figure also shows
parameter values of individual subjects.

The sensory weight measures showed consistent changes
across test amplitude. In each of the 4 test types, the sensory
weights on 4◦ trials were, on average, lower than on 2◦ trials
of corresponding test types. This was the case for all but
one individual in 1 test type. Because the model assumed
that a sensory weight represents the relative contribution of a
particular sensory system to overall balance control, a decrease

Frontiers in Neurology | www.frontiersin.org 10 December 2018 | Volume 9 | Article 1045137

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Peterka et al. CSMI Test of Human Balance

TABLE 1 | Parameters derived using balance control model with PD neural control plus torque feedback.

Condition Parameter Mean (SD) 5%tile 25%tile 50%tile 75%tile 95%tile

1 Wprop 0.509 (0.079) 0.367 0.461 0.512 0.557 0.676

Kp/mgh 1.51 (0.133) 1.31 1.42 1.50 1.56 1.79

Kd/mgh 0.517 (0.067) 0.421 0.465 0.521 0.565 0.627

Kf × 10,000 1.27 (0.46) 0.64 0.92 1.21 1.51 2.11

Td 0.144 (0.015) 0.119 0.133 0.143 0.157 0.168

2 Wprop 0.396 (0.070) 0.298 0.351 0.390 0.442 0.534

Kp/mgh 1.61 (0.144) 1.37 1.52 1.59 1.70 1.90

Kd/mgh 0.542 (0.085) 0.406 0.473 0.554 0.598 0.670

Kf × 10,000 1.17 (0.50) 0.48 0.77 1.13 1.52 2.21

Td 0.120 (0.013) 0.098 0.111 0.117 0.128 0.145

3 Wprop 0.299 (0.057) 0.209 0.265 0.294 0.327 0.426

Kp/mgh 1.61 (0.272) 1.34 1.41 1.56 1.71 2.51

Kd/mgh 0.523 (0.072) 0.397 0.476 0.521 0.570 0.640

Kf × 10,000 1.23 (0.56) 0.52 0.76 1.11 1.56 2.45

Td 0.126 (0.023) 0.091 0.110 0.126 0.139 0.164

4 Wprop 0.207 (0.046) 0.137 0.168 0.204 0.238 0.297

Kp/mgh 1.74 (0.341) 1.41 1.53 1.64 1.84 2.53

Kd/mgh 0.543 (0.095) 0.334 0.475 0.548 0.612 0.705

Kf × 10,000 1.35 (0.79) 0.32 0.68 1.29 1.83 3.06

Td 0.092 (0.021) 0.056 0.076 0.094 0.104 0.129

5 Wvis 0.117 (0.050) 0.051 0.086 0.107 0.135 0.216

Kp/mgh 1.24 (0.103) 1.12 1.19 1.22 1.28 1.53

Kd/mgh 0.496 (0.045) 0.412 0.467 0.501 0.524 0.596

Kf × 10,000 0.802 (0.894) 0.000 0.010 0.062 0.116 0.167

Td 0.210 (0.025) 0.173 0.187 0.212 0.229 0.256

6 Wvis 0.055 (0.026) 0.025 0.038 0.048 0.069 0.121

Kp/mgh 1,24 (0.113) 1.11 1.17 1.23 1.30 1.51

Kd/mgh 0.494 (0.066) 0.397 0.444 0.496 0.526 0.606

Kf × 10,000 0.88 (1.32) 0.00 0.11 0.47 1.06 5.11

Td 0.202 (0.029) 0.146 0.178 0.211 0.226 0.240

7 Wprop+Wvis 0.556 (0.071) 0.435 0.511 0.553 0.590 0.689

Kp/mgh 1.50 (0.137) 1.30 1.40 1.49 1.56 1.81

Kd/mgh 0.482 (0.077) 0.354 0.423 0.468 0.546 0.610

Kf × 10,000 1.19 (0.43) 0.46 0.92 1.17 1.38 1.98

Td 0.132 (0.021) 0.090 0.122 0.133 0.148 0.160

8 Wprop+Wvis 0.431 (0.064) 0.345 0.377 0.424 0.497 0.531

Kp/mgh 1.55 (0.120) 1.39 1.45 1.52 1.62 1.82

Kd/mgh 0.492 (0.085) 0.342 0.435 0.486 0.563 0.623

Kf × 10,000 1.05 (0.47) 0.34 0.73 1.00 1.47 1.92

Td 0.104 (0.018) 0.072 0.093 0.104 0.121 0.127

Mean, standard deviation (SD) and distribution percentile values are based on 40 subjects except for Condition five where one subject’s parameters were excluded. Units on Kp, Kd ,

Kf , and Td are Nm/rad, Nms/rad, rad/(Nms), and s, respectively. Kp and Kd values for each subject were normalized by the subject’s mgh (mass × gravity × center of mass height;

units Nm/rad) value.

in one weight must be associated with an increase in the
contribution of a different sensory system. Specifically, for
eyes closed surface-tilt tests (conditions 1 and 2 where only
proprioception and vestibular cues contribute to balance),Wprop

is the identified parameter and then the vestibular contribution
is given by Wvest = 1−Wprop. Vision also contributes to balance
on conditions 3 and 4 so the combined contribution of visual
and vestibular to balance is given by Wvis + Wvest = 1−Wprop.

The identified sensory weight in the visual stimulus conditions
(conditions 5 and 6) is Wvis so the combined contribution
of vestibular and proprioception is Wvest + Wprop = 1−Wvis.
Finally, in combined surface and visual stimulus conditions
(conditions 7 and 8), the identified sensory weight is the
combined visual and proprioceptive contribution Wvis +

Wprop, so the vestibular contribution is Wvest = 1−(Wvis +

Wprop).
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FIGURE 5 | Mean coherence and identified parameter values for the 8 test conditions from 40 subjects whose stimulus-response behavior was modeled using a

proportional-derivative neural controller plus torque feedback are shown in (A). Subject data points from 2 and 4◦ stimulus-amplitude tests for the 4 test types are

connected by lines with black lines and points indicating smaller parameter values on the 4◦ tests compared to the 2◦ tests and red lines indicating larger parameter

values on the 4◦ tests. Boxplots next to the individual points show median values (center horizontal line), lower and upper 25th and 75th percentile values (lower and

upper edges of the box), approximate 95% confidence limits on the median values (notches on the box), error bars (spanning smallest to largest individual values that

are not considered to be outliers), and outlying data points (+’s). (B) shows values of the normalized integration control factor derived from model fits using a

proportional-integral-derivative neural controller. Parameters from the single subject whose model fit for test condition five was not compatible with stability are not

included.

The time delay parameter was consistently smaller on 4◦ vs. 2◦

amplitude tests on 3 of the 4 test types (surface-tilt eyes open and
closed, and combined surface+ visual tilt stimuli). On these same
3 test types, the time delays were notably smaller (mean= 0.120 s
across the 3 test types) than on the visual stimulus conditions
(mean= 0.206 s).

The neural controller parameters Kp and Kd shown in
Figure 5 were normalized by dividing by mgh to account for the
high correlation of these neural controller parameters with body
mechanics parameters (Figure 6A). The high correlation was
expected since larger subjects must generate a larger corrective
torque to compensate for the larger balance disturbance caused
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FIGURE 6 | Correlation of neural controller and torque feedback parameters

with mgh (body mass excluding feet x gravity constant × center of mass

height above ankle joints). Individual values are shown for 40 subjects from the

surface-tilt, eyes closed, 2◦ tests. In (A), the Kp and Kd parameters are from

the model with proportional-derivative control plus torque feedback and Ki is

from the model with proportional-integral-derivative control. (B) shows a

negative correlation between the torque feedback parameter Kt and mgh.

by gravity with mgh being the disturbance torque due to gravity.
Similarly, the damping parameter Kd was also highly correlated
with mgh. The normalized Kp values were generally larger for
the 3 test types that include surface-tilt simulation (mean = 1.58
across conditions 1–4, 7, 8) than on the visual stimulus conditions
(mean= 1.24 across conditions 5, 6). Both normalized Kp and Kd

values were slightly larger on the 4◦ tests than the 2◦ tests for the
3 test types that include surface-tilt stimulation.

Notably there were several outlying values of normalized Kp

on the surface-tilt eyes open tests (conditions 3 and 4). There was
no indication that these outlying values were due to poor quality
parameter estimates or that these subjects had abnormal balance
control systems. A possible explanation is that a few subjects
under these test conditions used a strategy that maintained
a stiffer balance control system by using co-contraction to
increase a passive contribution to overall corrective torque

FIGURE 7 | Correlation and Bland-Altman plots comparing model fit mean

square error (MSE) and parameters from the model with PD

(proportional-derivative control) plus torque feedback with parameters from a

PID (proportional-integral-derivative) model. Comparisons are shown for

results from 40 subjects on the surface-tilt, eyes closed, 2◦ amplitude test.

production. Because our model did not separately represent a
passive component, the model fit attributed the increased overall
stiffness to a higher value of Kp. Consistent with this explanation,
the shortest time delay parameters identified on test conditions
3 and 4 were associated with the same subjects who had the
largest normalized Kp values. This is consistent because torque
generated by passive stiffness acts without time delay whereas,
the sensorimotor contribution to torque generation has a finite
time delay. Therefore, time delay values from subjects who
made greater use of co-contraction would be expected to have
shorter values since there was only one time-delay parameter
in the model that represents an overall effective time delay.
Additionally, the generally shorter time delay values on 4◦ vs. 2◦

tests across all test conditions could also be attributed a greater
contribution of passive torque. However, other explanations are
also plausible, such as there being different time delays associated
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with the different sensory contributions to balance. For example,
if the time delay of the vestibular contribution to balance was
shorter than other sensory systems, then an up-weighting of the
vestibular contribution at the higher stimulus amplitude could
also cause an apparent overall reduction in time delay.

The torque feedback parameter, Kt , modifies the contribution
of the neural controller to the generation of corrective torque.
Because of the association of torque feedback with overall torque
generation, one might expect that Kt would also scale with
increasing mgh. Kt did show a weak correlation with mgh,
however it was a negative correlation (Figure 6B). The reason
for this becomes evident if the frequency dependent relationship
between sensory error and overall corrective torque generation
is considered. Specifically, torque feedback only affects the
magnitude of torque generation at frequencies below about
0.1Hz such that larger values of Kt result in a greater reduction
in torque. If Kp and Kd are increased without changing Kt ,
the relative influence of Kt increases and there is relatively less
corrective torque generated below 0.1Hz. This effect can be
countered if Kt is decreased when Kp and Kd are increased. The
net effect is that dynamic characteristics of the balance control
system can remain invariant across subjects with different values
ofmgh if Kt is lower in subjects with largermgh.

An alternative version of the balance control model
with a PID neural controller rather than a PD controller
with torque feedback also provided a good representation
of the balance control system (parameters summarized in
Supplementary Table 1). The estimates of parameters that are
common to the two models were very similar and the overall
MSE was nearly identical. Parameters common to the two
model versions are compared in Figure 7 by showing correlation
plots (left column) and Bland-Altman plots (right column).
These parameter comparisons include sensory weights, neural
controller parameters Kp and Kd, and time delay for the two
model versions for the eyes closed 2◦ surface-tilt condition.
Although correlations were uniformly high, the Bland Altman
plots reveal small biases between parameter measures from
the two different models. Across all test conditions the mean
differences between parameters from the model with PID control
and the model with PD plus torque feedback were 0.0025,
0.059, 0.0085, and 0.0034 for sensory weight, normalized Kp,
normalized Kd, and time delay, respectively, corresponding to
percent differences of 0.77, 3.8, 1.7, and 2.4%. Positive differences
and percentages indicate that the parameters from PID model
were greater than from the PD plus torque feedback model.
Unlike the Kt parameter, the integral control parameter Ki of
the PID controller does scale with mgh (Figure 6A). Figure 6A
plots the normalized Ki values of the 40 subjects for test
condition 1.

Table 2 summarizes the VAF measures from the 8 test
conditions and the 2 model configurations (PID and PD
plus torque feedback). Both model configurations were equally
effective in accounting for the experimental evoked sway.
The VAF values were notably smaller on the visual stimulus
conditions compared to all other conditions consistent with low
sensitivity to visual stimulation (i.e., low Wvis values) and low
coherence.

TABLE 2 | Variance accounted for (VAF) measures expressed as percentages

obtained from comparisons of experimental and model simulated responses to

balance perturbations in the 8 test conditions.

Test condition VAF PD + torque

feedback model

VAF PID model

1: Surf Stim 2◦, Eyes Closed 95.1 (2.9) 94.9 (3.6)

2: Surf Stim 4◦, Eyes Closed 94.7 (3.2) 95.1 (4.3)

3: Surf Stim 2◦, Eyes Open 94.2 (5.6) 92.4 (11.0)

4: Surf Stim 4◦, Eyes Open 94.0 (5.8) 89.2 (14.1)

5: Vis Stim 2◦, Eyes Open 73.2 (22.3) 74.9 (23.2)

6: Vis Stim 4◦, Eyes Open 75.1 (19.9) 76.3 (20.9)

7: Surf+Vis Stim 2◦, Eyes Open 97.3 (1.3) 96.2 (2.6)

8: Surf+Vis Stim 4◦, Eyes Open 96.2 (2.3) 96.7 (2.2)

Mean and standard deviation (SD) values are based on 40 subjects except for Condition

five where one subject’s parameters were not consistent with a stable system and were

excluded.

Results From Lowpass Filter Estimates of

CoM
Lowpass filtering of the recorded CoP provided a measure
of CoM displacement that corresponded closely to sway rod
measures of CoM displacement (Figure 8A). Across all subjects
and tests, the cutoff frequency that provided the best fit to sway
rod CoM was tightly distributed with mean 0.469Hz ± 0.0261
SD (Figure 8B). This mean cutoff frequency was used to filter
CoP across all tests. Then this lowpass filter derived CoM sway
was used to calculate FRFs and the parameters were estimated
for the model using PD plus torque feedback. There was a
close correspondence between model parameters derived using
CoM sway rod measures and lowpass filtering (Figures 8C,D).
Across all test conditions, the mean difference between model
parameters from sway rod CoM vs. lowpass CoM was −0.015,
−0.048, −0.0062, 0.005, and −7.9 × 10−6 for sensory weight,
normalized Kp, normalized Kd, time delay, and Kt , respectively,
corresponding to percent differences of −4.7, −3.2, −1.2,
3.5, and −7.3%. Negative differences and percentages indicate
that the parameters from sway rod CoM results were greater
than from lowpass CoM. Descriptive statistics of parameters
derived using CoM from lowpass filtered CoP are given in the
Supplemental Table S2.

Examples From Subjects With Balance

Deficits
The methods related to those described in this paper have been
used to investigate how various disorders affect balance control.
Here we present some examples from previous and ongoing
studies that illustrate how application of CSMI testing can be
used to better understand how balance control is influenced by
specific deficits and to characterize mechanisms that compensate
(or not) for deficits. The examples include results from subjects
with bilateral vestibular loss, unilateral vestibular loss, and mTBI.
An addition example demonstrates the ability of CSMI tests to
identify normal balance function in an individual apparently
intent on disrupting the test procedure.
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FIGURE 8 | Results associated with phaseless lowpass filtering of center-of-pressure (CoP) to estimate center-of-mass (CoM) displacement. (A) Example traces of

CoP and CoM displacement measures from EquiTest recordings, sway rod estimates, and phaseless lowpass filtering. (B) Distribution of cutoff frequencies that

minimized errors between CoM derived from phaseless lowpass filtering and sway rod estimates. (C) Comparison of sensory weights based on sway rod and lowpass

filtered CoP measures of CoM from 40 subjects on the 4 test conditions with 2◦ amplitudes. Gray dashed line shows 1:1 slope. Significance values on all comparisons

in (C) are p < 0.001. (D) Bland Altman plots comparing the sensory weight measures shown in (C).

Proprioceptive sensory weights from 4 subjects with severe
bilateral vestibular loss tested with eyes closed using a
pseudorandom surface-tilt stimulus (peak-to-peak amplitudes
ranging from 0.5 to 4◦) that evoked AP sway are shown in
Figure 9A and are compared to mean results from 8 subjects
with normal sensory function from the same study (6). The
results confirm the expectation that orientation information
from proprioception and the vestibular system are the primary
contributors to balance control when visual cues are not available.
The vestibular loss subjects compensate for the loss by becoming
100% reliant of proprioceptive information as indicated by
the identified proprioceptive weights equal to unity across
all stimulus amplitudes. With increasing stimulus amplitude,
subjects with normal vestibular function decrease their reliance
on proprioceptive information as indicated by the decrease
in proprioceptive weights. The model-based interpretation of
this decreasing reliance on proprioception is that subjects are
increasing their reliance on vestibular cues (Wvest = 1−Wprop)
with increasing stimulus amplitude. The inability of vestibular
loss subjects to modify their proprioceptive sensory weight
with increasing stimulus amplitude confirms the model-based

interpretation of the sensory integration constraint that the sum
of the sensory weights of systems contributing to balance control
equals unity, and confirms the ability of the CSMI methods
to identify sensory weights. Additional confirmation of sensory
integration assumptions has been obtained from experiments
the independently perturbed the vestibular system using galvanic
vestibular stimuli during eyes-closed surface-tilt stimuli (7).

Mean proprioceptive sensory weights as a function of stimulus
amplitude from 11 subjects with well-compensated complete
unilateral vestibular loss in comparison to results from age
matched controls are shown in Figure 9B (11). Tests were
performed eyes closed using a surface-tilt stimulus that evoked
medial-lateral body sway. Head movements evoked by CSMI
tests are of rather small magnitude compared to the range
over which vestibular receptors can encode head motion. One
might assume that subjects with unilateral vestibular loss could
fully compensate for their loss by relying on accurate vestibular
information from their functioning ear and, therefore, would
give CSMI test results that are indistinguishable from controls.
However, this was not the case since unilateral vestibular loss
subjects showed a consistent bias toward increased reliance
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FIGURE 9 | Example results from previous studies showing sensory weight

measures in subjects with bilateral vestibular loss (A) and well compensated

unilateral vestibular loss (B) in comparison to subjects with normal vestibular

function. Bilateral vestibular loss results from Peterka (6) and unilateral loss

results from Peterka (11).

of proprioceptive cues. In particular, at the lowest stimulus
amplitude the unilateral vestibular loss subjects resembled
bilateral loss subjects in their essentially 100% reliance on
proprioception. However, larger stimulus amplitudes could
distinguish between unilateral and bilateral loss subjects since
unilateral loss subjects were able to utilize their remaining
vestibular function, although results from individual subjects
showed wide variations in this ability.

Our ongoing study of mTBI subjects with chronic balance
complaints has identified deficits primarily in the sensory-to-
motor mechanism of balance control (i.e., neural controller) in
a few subjects. An example from one mTBI subject is shown
in Figure 10 together with a control subject whose identified
proprioceptive sensory weight on an example test (eyes open,
2◦ surface-tilt; condition 3) was the same as the mTBI subject
(both had Wprop = 0.42 which were near the high end of the
range for control subjects in condition 3). The FRFs of the
mTBI and control subject were quite different with the mTBI
subject having ∼2 times larger gains in the low frequency region
below∼0.15Hz, and greater phase lags at low to mid frequencies

(Figure 10A). The solid lines show that the model fits accounted
well for the experimental FRF data.

The mTBI subject’s increased sensitivity to the surface-tilt
stimulus in comparison to the control subject was obviously
not attributed to differences in sensory weights since the mTBI
subject and control subject were selected to have the same sensory
weight. The higher sensitivity in the mTBI subject was largely
due to low neural controller stiffness (normalized Kp = 1.18—a
value below that of all control subjects). While this value was only
13% lower than the normalized stiffness of the control subject
(normalizedKp = 1.36), a low stiffness control has an exaggerated
influence on overall response sensitivity due to the feedback
nature of the balance control system. Specifically, the equations
that define dynamic characteristics of the balance control system
predict that the peak mid-frequency FRF gain is approximately:

Peak Gain = Wprop

Kp

mgh

Kp

mgh
− 1

(15)

Substituting the values for the mTBI subject and the control
subject into this equation give peak gain values of 2.8 and
1.6, respectively, which correspond well to the peak FRF gains
shown in Figure 10A. The 1.75 times greater sensitivity of the
mTBI subject to the stimulus is largely attributed to the mTBI
subject’s reduced stiffness, but a second factor also contributed
to the increasing divergence between the mTBI and control
subject’s FRF gain values at the lowest frequencies. Specifically,
the mTBI subject’s torque feedback factor (Kt = 2.7 × 10−5)
was 3.8 times smaller than that of the control subject, and was
smaller than all but one Kt value of the 40 control subjects in
this study in test condition 3. The torque feedback mechanism
contributes to balance control by moving the body toward
an upright position (even if the surface is tilted) to reduce
the overall magnitude of corrective torque generation. But this
torque feedback mechanism has an influence on sway behavior
only at frequencies below about 0.1Hz and it is the mechanism
that accounts for the low frequency decline in FRF gains. If Kt

is very small, the subject’s low frequency sway response to the
tilting surface is determined by Equation 15. The combination
of low stiffness, relatively high sensory weight, and greatly
reduced torque feedback left this mTBI subject with overall poor
balance control—the functional consequences of which were
evident in the sway responses to the stimulus (Figure 10B). The
control subject’s sway was similar in magnitude to the surface-
tilt stimulus, but the mTBI subject’s sway was much larger with
peak sway amplitudes very close to the limits of stance stability.
In fact, only the first 5 cycles are shown because the mTBI subject
fell later in the test.

A final example shown in Figure 11 is from a nominal control
subject whose body sway showed very large oscillatory motions
throughout all trials. But note that the large sway oscillations are
not correlated with the stimulus. Thus, the CSMI analysis was not
greatly affected by the large sway and was able to calculate FRFs
from the stimulus/response data (but with reduced coherence).
Parameter estimates were consistent with parameters from other
control subjects. Although we cannot rule out some organic

Frontiers in Neurology | www.frontiersin.org 16 December 2018 | Volume 9 | Article 1045143

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Peterka et al. CSMI Test of Human Balance

FIGURE 10 | Example results from a subject with chronic balance complaints following mild traumatic brain injury (mTBI) in comparison to a control subject. Model fits

(solid lines) to the frequency response function data in (A) identified equal sensory weight measures of Wprop = 0.42 for both subjects. The divergence between the

mTBI and control results are accounted for by the mTBI subject having a lower value of the neural controller proportional gain parameter, Kp, and lower value of the

torque feedback parameter, Kt. The functional consequences of these differences are that the surface-tilt stimulus evoked much larger sway in the mTBI subject (B).

dysfunction causing this highly usual sway pattern, a plausible
interpretation, based on the normal parameter measures, is that
this subject was purposely interfering with the testing procedure.
This subject’s results were not included with the other control
subjects.

DISCUSSION

This report provides detailed information on how to implement
and interpret results from a CSMI test of balance control.
Test results from 40 subjects provided sufficient information
to establish preliminary normative values for parameters that
characterize the normal performance of sensory integration and
sensory-to-motor mechanisms contributing to balance control
under a variety of test conditions. The CSMI test relies on
a model-based approach to interpret body sway responses to
sustained rotations of the stance surface and/or visual surround.
Many practical decisions were made to successfully implement
CSMI testing, but the decisions imposed limitations that are
discussed below.

Considerations and Limitations
Simplification of Body Mechanics
The CSMI analysis relates CoM body sway angle to a rotational
stimulus that evokes that sway with the body mechanics
represented by a one-segment inverted pendulum while, in
reality, the body is a multi-segment system. Although methods
exist to experimentally identify dynamic properties of multi-
segment body systems (14, 31–33), the complexity of the

identified system escalates rapidly with each added segment. If
a model-based approach is used to estimate system parameters,
reliability of parameter measures can suffer, and the proliferation
of parameters makes the interpretation of results more complex
(28).

Despite the complexity of multi-segment body motions,
physics dictates that CoMmust remain within the base of support
for stability during sustained stance. Therefore, an analysis that
focuses on CoM motion is justified. Additionally, upper and
lower body segments tend to move in phase with one another at
frequencies below about 1Hz, further justifying the relevance of
a one-segment body representation and focus on CoM motion
if perturbing stimuli remain below about 1.5Hz. However, if
measurements of body motion are made at different segmental
levels (e.g., measures of lower and upper body motion), FRFs can
still be calculated relating the stimulus to body segment motion
with interpretations made that mainly consider features of the
FRFs, such as peak gains (13), thus bypassing a model-based
interpretation.

Choice of Balance Control Model
We investigated two versions of the model shown in Figure 1.
One used a neural controller with PD properties and torque
feedback, and the other used a PID controller. An early study
employed PID control (34) and a later study using methods very
similar to the current study also choose PID control (6). However,
this later study demonstrated that the PID control model did
not account well for FRF data below about 0.05Hz because the
predicted phase of the model with PID control converges to zero
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FIGURE 11 | Example results from a subject with no known physiological

deficits but who showed large oscillatory sway patterns (A). The frequency

response function data and parameters identified from the model fit (B) are

compatible with normal balance control suggesting the possibility that the

subject was purposely trying to disrupt testing.

degrees at very low frequencies, while actual FRF data shows
low frequency phase leads. Thus, later studies favored a model
based on PD control with torque feedback that does predict low
frequency phase leads (7, 26). Additionally, the earlier models
that used torque feedback assumed first order lowpass filter
properties (i.e., a leaky integrator) for the torque feedback instead
of the current model that assumes pure integration. However, the
time constant of the leaky integrator was fairly long (about 8 s or
more) meaning that quite low frequency FRF data is needed to
obtain estimates of this time constant. Because the current study
used stimulus periods of 20 s, the lowest FRF frequency of 0.05Hz
was not low enough to accurately estimate the torque feedback
time constant, so a simpler pure integrator was used instead.

Neither version of the model included any parameter that
represents the passive/intrinsic mechanical contribution to
corrective torque generation due to muscle/tendon properties
[P(s) in Figure 1]. A previous study identified passive stiffness
and damping parameters that contributed 10–15% of the overall
corrective torque (6) consistent with a recent study showing a

relatively low contribution of passive properties under similar
conditions (35). The previous study by Peterka (6) used a
backboard to constrain the body to have one-segment inverted
pendulum mechanics and used wider bandwidth pseudorandom
stimuli. These test conditions forced a close correspondence
between the model and the actual body mechanics, possibly
facilitating reliable estimates of passive properties. In the current
study, we investigated applying model structures that included
passive stiffness and/or damping parameters but found that
we were not able to reliably estimate passive properties and
therefore chose to not include passive components in the final
models. In particular, in models that included passive and
active stiffness, the passive and active stiffness parameters could
vary widely across subjects, but the sum of passive plus active
stiffness parameters was typically equal to the value of the active
stiffness identified using a model without passive stiffness. A
recent sensitivity analysis of this type of model supports the
notion that there is considerable interaction among parameters,
making unique identification difficult among parameters, such
as passive and active stiffness, that have similar effects on the
FRFs (27). The addition of EMG recordings of leg muscles can
apparently enhance the capabilities of parameter identification
by making identification of passive parameters more reliable as
well as allowing for identification of additional parameters related
to muscle activation (36). However, for clinical applications,
the additional complexity of EMG recording may not be
justified unless there are specific patient populations were it
would be beneficial to distinguish between passive and active
contributions.

The effect of the choice to exclude a passive component is
that other parameters, mainly neural controller stiffness and
damping, and the time delay parameter, could be affected.
That is, a simple model of passive properties could include
a stiffness factor representing length-tension properties of
muscles and tendons, and a damping factor representing force-
velocity properties. Because these passive properties have very
similar dynamic characteristics as the active neural controller
parameters, except that the actively generated corrective torque
is delayed in time, it is likely that parameter identification
procedure would effectively include the passive contributions
in the neural controller parameters. Because there is no time
delay between muscle stretch and generation of passive torque,
a subject whose system had a relatively large contribution
from passive mechanical properties (possibly modulated by co-
contraction) would likely bias the overall time delay estimate
toward lower values. Indeed, a few subjects on eyes open
surface tilt test (conditions 3 and 4) had large, outlying stiffness
(Kp) values (Figure 5). These were the same subjects with
corresponding short time delays (Td) on these test conditions.

Although we were not able to reliably identify passive
muscle/tendon contributions, a recent study (13) using very
similar methods reported identifying passive stiffness and
damping values similar to those reported in Peterka (6).

Additional motivations for investigating the two model
versions were that the PID model continues to be used (13, 15)
and that the PID model may be entirely adequate for quantifying
and parameterizing balance control properties. Practical stimuli
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for clinical applications favor shorter tests. To maintain enough
cycles to allow for adequate across cycle averaging, the cycle
durations of the pseudorandom stimuli need to be shorter. The
shorter cycle durations limit the lowest frequencies of the FRFs,
and it is only at low frequencies where torque feedback provides
a better accounting for FRF data than PID control. The VAF
results (Table 2) indicate that both model versions can accurately
represent the available data.

Results shown in Figure 7 illustrate that parameters shared
by the two model versions (sensory weights, Kp, Kd, and Td)
gave very similar results. However, there were some differences
between parameters from the two model versions. The largest
difference was in normalized Kp where the Kp values from PID
model were on average 3.8% larger across all test conditions
than from the PD plus torque feedback model. Differences were
smaller in the other parameters but with values from the PID
model always being slightly larger.

The time delay parameter was consistently identified as having
a larger value in the visual stimulus conditions compared to
the surface stimulus conditions (Figure 6). This could reflect an
inadequacy of the Figure 1 model where only one time delay
parameter is included. Effectively this assumes that time delays
associated with the sensing and processing of proprioceptive,
vestibular, and visual systems are all the same. The longer overall
time delay identified with visual stimuli could be consistent with
there being a longer time delay in visual contribution to balance
control compared to other sensory systems.

Choice of Stimuli
For a clinical test, there is a tradeoff between test duration and
accuracy/bias of estimated parameters. Bootstrap analysis was
used to investigate this tradeoff using data available from the 40
participants to estimate the changes in parameter distributions
and mean and median values of parameters assuming tests had
included cycle averages ranging from 3 to 20 cycles (Figure 4).
Parameter distributions narrowed with increasing cycles with
results showing that results based on 3 cycle averages were
undesirable due to larger biases in parameters estimates. In most
test conditions, measures based on 6 cycle averages were likely
adequate for clinical application based on reduced bias and
shorter test times. However, tests based on an 11 cycle averages
are a better choice for the visual tests (conditions 5 and 6) where
sway responses were lower and signal-to-noise of the data were
lower (see coherence results in Figure 5A).

The 4 different test types were each performed at 2 different
stimulus amplitudes. The motivation for performed the same
type of test at 2 amplitudes was to have a basis for identifying
sensory re-weighting abnormalities as seen in previous results
from bilateral vestibular loss subjects (Figure 9A). Our choice of
2 and 4◦ peak-to-peak stimulus amplitudes was based on concern
over mechanical limitations of the EquiTest device that showed
gear backlash problems in the surface rotationmotor that affected
stimulus repeatability, with the repeatability being poorer at
lower stimulus amplitudes. In retrospect, a stimulus with an
amplitude smaller than 2◦ would have been a better choice since
a 2◦ stimulus can cause falls in subjects with abnormally low
neural controller stiffness and torque feedback (Figure 10). Other
similar recent studies have used lower amplitudes (0.5 and 1◦)

(13, 15, 19). Lower amplitudes have the additional potential
benefit that subjects may not even perceive that their balance
is being perturbed, and yet they respond reliably even to a 0.5◦

stimulus (6). However, longer stimulus durations should be used
to avoid measurement bias due to low signal-to-noise (Figure 4).

The desire to limit the total duration of clinical testing also
impacts the decision about which tests to include in a test battery.
Of the 4 test types we investigated, one might argue that little
additional information was gained by including both eyes-closed
surface stimulation and dual surface and visual stimulation since
parameters from these tests were quite similar. One might also
question the utility of visual stimulus tests since results were less
reliable compared to other tests. However, before deciding on a
final test battery, more results are needed from patients with a
broad range of pathologies to determine which tests are best able
to distinguish normal from abnormal balance function.

Simplified Measures of Body Sway for CSMI Analysis
We investigated the possible use of a simple method for
measuring AP CoM sway based on offline lowpass filtering of
CoP. Brenière (22) suggested that CoM could be recovered from
CoP by what amounts to appropriate symmetric (phaseless)
lowpass filtering. When 0.47Hz lowpass filter estimates of CoM
were used for FRF calculations and then for model parameter
estimation, there was good correspondence between parameters
obtained using sway rod and lowpass filtered CoM measures.
The close correspondence suggests that clinical tests can be based
on the lowpass filter method for measuring CoM. However,
differences were large enough that parameter norms should not
be considered to be fully equivalent to those using more direct
estimates of CoM motion. Nonetheless, implementation of the
lowpass filter method is easier to perform, potentially making it
a more practical tool for clinical use. This method reduces the
overall test duration and requires less expertise in setting up and
performing tests.

Also of note is that the EquiTest system provides CoM
displacement measures. As shown in Figure 8A, this measure
lags CoM sway rodmeasures and is larger in amplitude indicating
that it is derived by filtering the CoP using a conventional (not a
phaseless) filter with a cutoff frequency higher than our optimal
0.47Hz cutoff frequency. Thus, FRFs derived using the EquiTest
CoMmeasures would not provide comparable results.

Implementation
One goal of this study was to make available a detailed
explanation of the methods to performCSMI testing. To this end,
Matlab programs used to create stimuli, analyze data to obtain
FRFs, and identify model parameters that optimally account for
the FRF data are provided in the Supplementary Material.
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The weighting of the sensory inputs is not uniform during movement preparation and

execution. For instance, a transient increase in the transmission to the cortical level of

cutaneous input ∼700ms was observed before participants initiated a step forward.

The sensory facilitation occurred at a time when feet cutaneous information is critical

for setting the forces to be exerted onto the ground to shift the center of mass

toward the supporting side prior to foot-off. Despite clear evidence of task-dependent

modulation of the early somatosensory signal transmission, the neural mechanisms

are mainly unknown. One hypothesis suggests that during movement preparation the

premotor cortex and specifically the supplementary motor area (SMA) can be the source

of an efferent signal that facilitates the somatosensory processes irrespectively of the

amount of sensory inputs arriving at the somatosensory areas. Here, we depressed

mechanically the plantar sole cutaneous transmission by increasing pressure under the

feet by adding an extra body weight to test whether the task-dependent modulation is

present during step preparation. Results showed upregulation of the neural response to

tactile stimulation in the extra-weight condition during the stepping preparation whereas

depressed neural response was still observed in standing condition. Source localization

indicated the SMA and to a lesser extent the superior parietal lobule (SPL) areas

as the likely origin of the response modulation. Upregulating cutaneous inputs (when

mechanically depressed) at an early stage by efferent signals from the motor system

could be an attempt to restore the level of sensory afferents to make it suitable for setting

the anticipatory adjustments prior to step initiation.

Keywords: step movement, somatosensory evoked potential, body representation in brain, supplementary motor

area (SMA), balance control

INTRODUCTION

Anticipatory postural adjustments (APAs) precede different voluntary lower limb movements
[leg flexion: (1, 2); lateral leg raising: (3); gait initiation: (4, 5). For example, in gait initiation,
the leg movement is always preceded by a shift of the center of mass (CoM) toward the
supporting side and forward to create the condition for proper step movement execution.
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Part of these APAs are aimed at unloading the leg to be
moved and preserving balance during the movement. It has
been demonstrated by Massion (6) that the APAs are centrally
preprogrammed and prepared from at least 1,400ms before
step execution as reported by Mackinnon et al. (7). During
gait initiation, monitoring the initial standing condition is a
prerequisite for setting of the APAs [e. g., (8–11)]. For instance,
Timmann and Horak (10) showed that the anticipatory phase
that propels the body forward is reduced when a backward
platform displacement is triggered during the planning phase
of the stepping movement. This suggests that sensory inputs
regarding the new standing conditions are controlled online and
can be rapidly processed to alter the APAs based on visual,
vestibular, proprioceptive, tactile information related to body
current position relative to the support. Among the sensory
receptors that convey information concerning balance, plantar
sole tactile receptors are well suited to detect the mere transient
changes in the contact forces between the feet and the ground
to alter the forthcoming APAs. For example in the absence of any
vestibular and visual inputs, the amplitude of the APAs is changed
according to the current body position in space on the basis of
cutaneous cues with at least some contribution of proprioceptive
information (12). In addition, Lin and Yang (13) showed a
decrease of the mediolateral APAs after desensitization of the
plantar sole cutaneous receptors by immersion in cold water; the
greater the desensitization the smaller the APAs amplitude. This
is not the case, however, when some sensory inputs remained
from one of the feet (14), that is, after unilateral tibial nerve
block. Altogether, these results indicate that plantar cutaneous
and intrinsic foot muscle proprioceptive inputs (15) provide
information for shaping the centrally programmed APAs.

In support of these behavioral studies, we have recently
demonstrated using electrophysiological techniques, that the
early transmission of cutaneous inputs from the periphery to the
cortex was facilitated during the planning phase of gait initiation
[about 700ms before any muscular activity for motor execution,
(16)]. Such variation was observed as early as 55ms after an
electrical stimulation of the cutaneous receptors of the plantar
sole (16) or the fingers (17). This observation was interpreted
as reflecting the activity of the primary somatosensory cortex
(SI) (18–20). These authors and others [for example, (21)]
have shown that this early sensory process is related to the
incoming sensory inputs and is representative of the stimulus
characteristics (e.g., intensity, frequency). In addition, Duysens
at al. (22) have reported an increase of the perception of tactile
stimuli when sensory transmission is increased. Therefore, the
sensitivity of the sensory cortex to afferents is supported by
an attenuation or a facilitation of the somatosensory evoked
potentials (22, 23). A “task-related facilitation” mechanismmight
therefore contribute to enhance perception of tactile inputs when
sensory information is relevant for performing the task. This is
in line with Bolton et al.’s study (24) which demonstrated that
when the somatosensory information coming from the hand
is used to control balance, the somatosensory evoked potential
following the median nerve stimulation is increased. This process
referred to as “task-related sensory facilitation” presumably
serves to optimize the monitoring of equilibrium during quiet

upright standing (24) as well as during the planning phase of
gait initiation (16). During movement preparation the premotor
cortex and specifically the supplementary motor area (SMA) can
be the source of an efferent signal prompting sensory facilitation.
Indeed, during movement preparation, various authors have
observed a specific preparatory cortical activity known as the
movement-related contingent negative variation [CNV; (25–
28)]. During the final stage of the CNV, an increase in the SMA
activity was reported (25) possibly to set the APAs timing (29).
In addition, an increase activity of the SPL (an important node
for sensorimotor integration) was noted when somatosensory
afferents were stimulated (30). The SMA is recognized to have
direct connections with the sensorimotor cortex (31, 32) and
is also interconnected to the SPL (33). The link from the SMA
to the sensory mechanism can be indirectly revealed by source
localization analysis. For instance, activation of the SMA and
pre-motor areas were time-locked to somatosensory facilitation
following tactile stimulation (16). Such increase in the activation
of the SMA was also observed when the demands of locomotor
tasks require increased processing of sensory information even
when the tasks were imagined [imagining walking, initiating gait,
walking with obstacles, (34)].

Despite clear evidence of the effect of sensorimotor tasks on
the response to cutaneous stimulation, the neural mechanisms
underlying sensory facilitation are mainly unknown. One
hypothesis proposes that the responsiveness of afferent nerve
is increased at spinal level to improve the transmission of
information to the supraspinal center (35). Alternatively, the
specific facilitation of the response might be evoked by an
efferent signal from premotor areas. This is in line with the SMA
modulatory function of somatosensory activity used by other
cortical areas during self-generated movements (36).

In the present study, we developed a paradigm to determine if
motor preparation can evoke a cortico-cortical facilitation during
the planning phase of the stepping movement even when the
amount of plantar sole afferent is attenuated. To do so, the
afferent input from the plantar sole cutaneous mechanoreceptors
were decreased by having participants wearing a 20 kg weighted-
vest (37). We compared the somatosensory-evoked potentials
(SEPs) of healthy participants during upright standing or the
preparation of a stepping movement. We expected the SEPs to
be larger during the planning phase of the stepping movement in
the extra-weight condition.

METHODS

Fifteen healthy participants performed the experiment [8 male,
mean age: 25 ± 3 years; mean body mass index (BMI): 23.9 ±

2.9 kg/m2]. Informed consent was obtained from all participants,
and all procedures were approved by the Ethics Committee
at Laval University. In the task hereafter referred to as the
Stepping task, participants were instructed to step forward
with the right leg in response to an auditory signal (a 100-
ms tone) keeping their eyes closed (Figure 1A). This auditory
Go step signal was preceded 1 s earlier with a pre-cueing tone.
This pre-cue signal served as a warning stimulus allowing
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participants to have a period of preparation (7). During the
stepping task, the plantar sole of the forthcoming supporting
foot was stimulated twice during the preparation phase of the
step that is 600ms (early preparation, St1) and 100ms (late
preparation, St2) before the Go step signal (see below for the
stimulation technique). A control task (hereafter referred to as
the Standing task) was performed with a similar design (i.e.,
2 auditory signals and 2 electrical stimulations, St0) where
participants adopted an upright quiet standing position. In
both tasks the participants were standing upright and loading
symmetrical. At the start of a task, the participants looked at

a fixation point positioned at eye level, ∼2m directly in front

of them. One second before the pre-cue signal, participants
were asked to close their eyes and receive verbal instruction
on the nature of the upcoming task. The Standing and
Stepping tasks were randomly presented across the experimental
session to prevent preparation of a stepping movement long
before task instruction. No more than 2 Standing trials were
presented in succession. For both tasks, the same sequence of
two tones and two stimulations as in the Stepping task were
delivered.

Each participant performed 50 stepping movements (i.e.,

100 stimulations). In the Standing task 50 stimulations were
delivered. Participants were asked to stand quietly in two

conditions: (i) Loaded, participants were standing while wearing
a 20-kg weight-vest representing an increased weight of 25

± 4% (Figure 1A, right panel) and (ii) Control, without
extra-weight.

Stimulation Procedure
The electrical stimulus was delivered by an isolated bipolar
constant current stimulator (DS5 Digitimer, Welwyn Garden
City, UK). On the supporting foot, the cathode was located under
the metatarsal region and the anode underneath the heel (5 ×

9 cm electrodes, Platinium Foam Electrodes). The stimulation
consisted of a single rectangular 10-ms pulse (16, 37). The
stimulation intensity was set to avoid any cutaneous reflexes.
The electrical stimulation of the plantar sole activates all nerve
fibers associated with the mechanoreceptors including free nerve
endings. These mechanoreceptors respond to mechanical skin
deformation while electrical stimulus rather activates all the
sensory nerves in absence of skin deformation. Due to the
position of the electrodes and direction of the current flow
between the electrodes, the sensation did notmimic displacement
in center of pressure, that is a mechanical stimulation. For
instance, the electrical stimulation did not evoke a specific
percept of pressure change on the foot plantar sole leading to a
postural reaction. For each participant, while in a quiet upright
standing position, we determined the lowest intensity leading
to constant perception of the stimulation (mean amplitude of
6.9 ± 1mA). This stimulation was determined as the baseline
value. For each participant, the stimulation intensity was set at

FIGURE 1 | (A, left panel) Behavioral recordings during the Stepping task for one representative participant: mediolateral center of pressure, and foot movement in

dotted line. Electric stimulations during motor preparation was identified. (A, right panel) The 20 kg weight was distributed on the front and back of the vest. (B, left

panel) Grand average somatosensory-evoked potential (SEP). Dashed line indicates the moment of the stimulation. Note that the first potential observed −300ms

prior to the electrical stimulus was an auditory potential evoked by the pre-cue tone. (B, right panel) Mean amplitude for 15 participants of the averaged P50-N90 SEP

evoked by the electrical stimulation and recorded over Cz electrode during Standing (St0) and movement preparation (St1 and St2). (*p < 0.05 and **p < 0.01).
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25% higher than their perceptual threshold value (but below their
motor threshold). The interval between each electrical stimulus
was designed to avoid the “interference phenomenon” which is
a reduction of the somatosensory evoked potentials when two
stimulations are too close in time (38). An interval longer than
300ms would be sufficient to avoid the interference phenomenon
according to Morita et al. (39).

Behavioral Recordings and Analyses
Ground reaction forces and moments were recorded at a
sampling rate of 1,000Hz through a force platform (AMTImodel
OR-6-6, Watertown, MA, USA). The APAs were measured by
computing lateral center of pressure (CP) (Figure 1A, left panel).
First, the lateral CP shift is directed toward the side of the
stepping movement: this corresponds to a vigorous thrust onto
the ground exerted mainly by the forthcoming moving leg while
still on the ground (6). This force shifts the center of mass toward
the supporting side to unload the leg performing the stepping
movement. After removing the mean of the signal (computed
during 1 s from the recording onset), we computed the mean of
the trials of each participant and condition. The amplitude of the
thrust was defined as the difference between the initial position
and the peak toward the stepping side. An electromagnetic sensor
located on the top of the right foot recorded the kinematics of the
stepping movements (sampling frequency 100Hz, model Flock
of Birds, Ascension Technology Corporation, VT, USA).

Electroencephalography Recordings and
Analyses
Participants were fitted with an EEG system (Geodesic 64-
channel EEG sensor net GSN64; Electrical Geodesics Inc.,
Eugene) sampled at 1,000Hz. The electrodes were referenced
to the vertex (Cz), and then re-referenced to the net average.
Data pre-processing was performed with BrainVision Analyzer 2
(Brain Products, Germany). The EEG signals were filtered off-line
with 45Hz (high cut-off) filters (digital filters, 24 dB/octave) and
0.1Hz (low cut-off) filters (digital filters, 12 dB/octave). Vertical
electrodes were recorded bipolarly with electrodes placed above
and below the left eye; horizontal electrodes were recorded
bipolarly with electrodes positioned near the outer canthus of
each eye. The EEG signals were corrected for eye blinking
according to the statistical method of Gratton et al. (40).

Somatosensory evoked potentials (SEPs, Figure 1B) were
obtained by averaging, for each participant and condition, all
synchronized epochs relative to the electrical stimulus. The
average amplitude of the 60-ms pre-stimulus epoch served as
a baseline. We measured the SEPs over the Cz electrode as
this electrode overlays the sensorimotor cortices and, on the
homunculus, the feet are located on the inner surface of the
longitudinal fissure. The earliest discernible positive (P50) and
negative (N90) peaks after each stimulus were identified. These
peak latencies are comparable to latencies measured by Duysens
et al. (22) and Altenmüller et al. (23) evoked by stimulating the
sural nerve. The fact that the sural nerve is mainly a cutaneous
nerve (41) suggests that P50-N90 originates from cutaneous input.
The amplitude of the P50-N90 waveform was measured peak-to-
peak (Figure 1B, left panel).

To estimate the neural sources of the SEPs, we used dynamic
statistical parametric mapping (dSPM) implemented in the
Brainstorm software [(42), freely available at http://neuroimage.
usc.edu/brainstorm].We used the data from all sensors processed
and averaged for each participant, condition and electrode.
The forward model was computed using a 3D-shell sphere
boundary element model (BEM) on the anatomical MRI brain
MNI Colin27 template (15,000 vertices), a predominant volume
conductor model (43, 44). The cortical sources were analyzed
during 2-time windows that encompass and follow the P50-N90

SEP (i.e., [50–90ms] and [90–130ms]) to find the source of the
facilitation observed during motor preparation.

Statistical Analyses
The SEPs amplitude and latencies recorded at Cz were submitted
to repeated measures analysis of variance (ANOVA) with
condition (i.e., Loaded and Control) and epoch (St0, St1, and St2)
as factors. Post-hoc analysis was performed through Newmann–
Keuls test. The Standing task was included as a level (i.e., St0)
along with St1 and St2 epochs of the Stepping task in a one-way
ANOVA.We also conducted paired t-test for the statistical source
estimation maps for contrasts (i.e., Stepping minus Standing
tasks). The behavioral data (i.e., step kinematics and forces) were
analyzed using paired t-test. All dependent variables (EEG and
behavioral data) showed normal distributions (i.e., Ps > 0.05,
Kolmogorov–Smirnov test). The level of significance was set at
5% for all analyses.

RESULTS

Somatosensory Evoked Potential
The results for the amplitude of the P50-N90 SEPs showed a
main effect of epoch [Figure 1B right panel, F(2,28) = 9; p <

0.001]. The amplitude of the P50-N90 SEPs was greater during
the early preparation of the stepping movement (i.e., epoch St1)
than during standing (St0) or late preparation of the stepping
movement (i.e., epoch St2). The amplitude of the P50-N90 SEPs
was also altered by the loading [F(1,14) = 4.88; p < 0.05]. This
attenuationwas due to the standing condition [St0, t(14) =−2.4; p
= 0.02] as previously reported by Lhomond et al. (37). It is worth
noting, however, that the amplitude of the SEPs was similar in the
loaded and control conditions during the early preparation [St1,
t(14) = −0.66; p = 0.51] of the stepping movement. This result
suggests that despite sensory attenuation during the standing
epoch, it seems that neural mechanisms related to stepping
movement preparation alleviate sensory attenuation probably to
ascertain proficient APAs. Overall the latencies of the P50 did
not differ with loading [F(1,14) = 1.14; p = 0.3]. The latencies
were slightly longer during the early and late epochs of stepping
movement preparation (overall means of St1 and St2: 55± 11ms)
than for the standing epoch (st0) (overall mean of St0: 50± 9ms)
[F(2,28) = 4.8; p= 0.015].

Source Localization
Source analysis localized SMA and superior parietal lobule (SPL)
as the generators of the increase in amplitude of the P50-N90 SEPs
observed in the early preparation of the stepping movement (St1)
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in loading condition. Significant differences between the absolute
mean activity computed in the Loaded condition is depicted in
Figure 2. Starting during the P50-N90 period [50–90ms], the SPL
shows greater activity during the later temporal window [90–
130ms] during stepping preparation than when solely standing
still. We observed marked significant increase in the activation
of the primary sensorimotor areas in the later temporal window
[90–130ms].

Behavioral Results During the APAs
Variables related to motor execution (Stepping movement) were
analyzed to verify whether the APAs (i.e., latency, amplitude,
duration) varied across the conditions. The APAs onset occurred,
on average 120 ± 50ms after the Go step signal and this
value did not differ between conditions [t(14) = 1.48; p =

0.15]. This short latency attests that participants attempted
to synchronize step onset with the Go signal and did not
react to it. To further test whether modifications of the
APAs occurred due to loading, we analyzed the duration and
amplitude of the CP thrust (Figure 1A). The results showed that
thrust duration is unchanged by loading [overall mean: 314 ±

31ms; t(14) = 1.25; p = 0.22]. The maximal amplitude of the
thrust, however, was smaller in the loaded condition [means
of 3.7 ± 1.1 and 4.2 ± 1.2 cm for the loaded and control
condition, t(14) = 3.66; p = 0.002]. This result indicates that
the amplitude of the APAs is altered according to the loading
condition.

DISCUSSION

By adding an extra-weight on the body to increase the pressure on
the plantar solemechanoreceptors, we have shown that the neural
response to the same somatosensory stimulus evoked a decrease
of the early P50-N90 neural response when standing still and an
increase of this neural response when preparing for a stepping
movement. In the loaded condition during standing, the fact that
the P50-N90 neural response to the stimulation was decreased
is consistent with the hypothesis of a depressed transmission of
cutaneous inputs arriving at the cortical level (37). This is likely
the result of an increase pressure of the foot plantar sole where the
mechanoreceptors are embedded (15, 45–49). By contrast, when
preparing for a stepping movement the depressed transmission
did not prevent the facilitation of sensory processing to occur.
This upregulation is consistent with the hypothesis of an efferent
signal coming from the premotor areas. The SMA and to a
lesser extent the superior parietal lobule (SPL) areas are the likely
sources of sensory processing facilitation.

During the early preparation of the stepping movement
(i.e., some 720ms before the APAs execution), efferent signals
from the frontal cortex could restore a certain level of sensory
processing to ascertain proficient setting of the APAs prior to
step initiation. Indeed, motor preparation of the transition from
stance to stepping movement requires an estimation of the body’s
orientation relative to gravity (50). Although several sensors
contribute to that “prior knowledge” of body orientation, it
can be determined from foot plantar sole cutaneous receptors

FIGURE 2 | Statistical source estimation maps for St1vs. St0 contrast (i.e., Stepping minus Standing tasks) in the Loaded condition. Significant t-values (p ≤ 0.05, n

= 15) of the source localization during the [50–90ms] and [90–130ms] time windows projected on a cortical template (MNI’s Colin 27). For both windows we display

the top cortical view and the internal view of the left hemisphere for the P50-N90 SEP. The red color represents a higher activity in St1 relative to St0.
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and intrinsic foot muscle proprioception in absence of visual,
vestibular or proprioceptive inputs (12, 15). Depressed afferents
reaching the cortical level may have prompted the SMA to
provide an efferent signal to the somatosensory regions (31, 32,
36). This is supported by the fact that SMA neurones are sensitive
to somatosensory stimuli (here depressed) (51) and that SMA is
connected to SI [with no direct connection from the thalamus,
for a review (52)]. These interconnections to SI are compatible
with the idea that this area may in turn have facilitated the
sensory processing during the early motor preparation. In line
with this suggestion is the fact that the SMA is known to be
activated specifically during movement preparation as it has
been reported in studies assessing cortical network related to
motor imagery (34, 53). It has been suggested, by Jeannerod
(54), that motor imagery is functionally equivalent to movement
preparation. For instance, when demands of the locomotor tasks
require increasing cognitive and sensory information processing,
the left SMA becomes progressively engaged (34).

The increased SPL activity for St1 relative to St0 observed from
the P50 component and strengthened after N90, suggests that this
region contributed to the sensory facilitation via thalamocortical
projections. Indeed, a large proportion of thalamic neurons
directly project to the SPL (55–58). The increase of the SPL region
could entail that the sensorimotor integration mechanisms
were updating the current body representation to adapt the
feedforward setting of the APAs as evidenced later with the
smaller thrust peak in the Loaded compared to the Control
conditions. In the Loaded condition, a crucial update of the body
representation was likely needed as loading increases sensory and
motor noise (59). This is in line with the proposition that to
update body representation, simultaneous integration of sensory
and motor signals overtime is required (10, 60). A key region for
this process would be the SPL as it has been demonstrated that a
patient with a lesion of the SPL failed to maintain a constant grip
force or to perform accurate slow reaching movement in absence
of vision (61). The authors suggested that, for this patient, the
storage mechanism was damaged thus stored state estimate of
body representation decayed over time.

During the later stage of the preparation process (St2) the
sensory transmission did not remain as high as in the early stage
of the preparation phase (St1) likely because at that time the
APAs preparation was almost finished thus online change was not
possible. For instance, MacKinnon et al. (7) reported that when a
startle-like acoustic stimulus was delivered to release the planned
movement 100ms before the go cue signal for step initiation,
the muscles activation sequence was like control voluntary step
in duration and amplitude. The fact that St2 P50-N90 magnitude
was like St0 (Standing only) confirms that no further down- or
up-regulation of somatosensory transmission occurred as it was
reported in a previous study (16).

In conclusion, sensory facilitation is restored at an early
stage of the preparation process, that is, when participants
needed to perform proficient APAs before executing stepping
movements. This action occurs regardless of the quantity of
afferents arriving at the cortical level. Specifically, when plantar
sole cutaneous afferents were attenuated, sensory processing
could involve both interconnections between the primary
somatosensory cortex and SMA and an indirect thalamic
connection to PPC which bypass primary somatosensory cortex.
Restoration of sensory facilitation in SPL and SMA regions
prior to stepping is consistent with the involvement of these
two sensorimotor areas in body representation and motor
preparation.
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Research highlights the detrimental effect that directing too much conscious attention

toward movement can have on postural control. While this concept has received

support from many studies, recent evidence demonstrates that this principle does

not always translate to aging clinical populations. Given the increasing clinical interest

in this topic, the current study evaluated if the original notion (that an internal focus

results in compromised balance performance) is upheld in young and older adults during

a challenging balance task where we are able to objectively corroborate changes in

attentional focus; using an electroencephalography (EEG) method previously identified as

an objective indicator of conscious movement control. This method assesses the neural

coherence, or “communication,” between T3 (verbal-analytical) and Fz (motor-planning)

regions of the brain. Thirty-nine young and 40 older adults performed a challenging

balance task while holding a 2-meter pole under two randomized conditions:

Baseline and Internal focus of attention (directing attention internally toward movement

production). Results showed that young adults demonstrated increased EEG T3-Fz

coherence in conjunction with increased sway path during the Internal focus condition.

However, no significant differences were observed in older adults between conditions for

any measure. The current study provides supporting evidence for the detrimental effect

that adopting an Internal focus can have on postural control—especially in populations

able to govern these processes in a relatively “automatic” manner (e.g., young adults).

However, this work illustrates that such observations may not readily translate between

populations and are not robust to age-related changes. Further work is necessary to

examine mechanisms underlying this clear translational issue.

Keywords: attention, internal focus, EEG, T3-Fz coherence, balance, aging

INTRODUCTION

Traditional conceptualizations have viewed postural control as a largely automatic process
requiring minimal conscious involvement. However, recent decades have seen this notion become
increasingly discredited, largely based on observations made in dual-tasking paradigms, where
poorer performance on a range of different balance tasks are observed when carrying out a
simultaneous cognitive task [for reviews see (1, 2)]. While dual-task related breakdown in postural
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control is often reported in young adults [e.g., (3, 4)], these
decrements appear to be particularly pronounced in older adults
(1). This observation has led researchers to propose the existence
of an age-related increase in the minimum amount of controlled
(conscious) processing required to effectively regulate postural
stability (1). Therefore, while older adults can maintain similar
levels of postural stability (compared to young adults) during
conditions of single-task, doing so will likely require increased
attentional resources necessary for such controlled processing—
resources less available during dual-task conditions.

These findings illustrate that postural control, particularly in
older adults, requires some level of conscious, attentional input.
However, other lines of research highlight the detrimental effect
that directing too much conscious attention toward movement
can have on postural control. For example, seminal work
published by Wulf and colleagues describes enhanced postural
stability when performers direct attention externally (e.g., toward
ensuring markers placed on a stabilometer remain horizontal),
rather than internally (e.g., toward minimizing movement in the
ankles) (5, 6). These findings have since been replicated during
other experimental conditions designed to similarly limit the
amount of conscious attention directed toward postural control
in both young and older adults (7–9). This has led researchers
to suggest that stability may be enhanced during balance tasks
by promoting the use of more automatic control mechanisms
(6, 7, 9). It would, therefore, appear that while the control of
posture and gait does require some level of cognitive input (1, 2),
these processesmay typically be governed using largely automatic
processes. As such, it has been suggested that adopting an internal
focus of attentionmay disrupt the “automatic” processes typically
used to regulate posture, leading to superfluous muscle activity
and constrained motor outputs (10).

This perspective has received support from research carried
out in various contexts, especially skilled sports performance
[e.g., (10–12)]. However, recent evidence demonstrates that
this principle does not always translate between contexts
as expected and that the behavioral (e.g., performance)
consequences of adopting an internal focus may depend on
several factors, including the performer’s level of skill/movement
proficiency (13–16). For example, Castaneda and Gray (14)
found that highly skilled baseball players benefited from an
external focus during a batting simulation, whereas novices
performed best when adopting an internal focus. In the
context of rehabilitation after Stroke, compared to an external
focus condition, adopting an internal focus has also been
shown to enhance movement proficiency (17, 18), thus
seemingly contradicting basic assumptions established through
observations in young healthy adults completing identical tasks
[e.g., (19)]. Kal et al. (18) argued that, similar to when novice
performers attempt to learn a sporting skill for the first time,
in situations where automatic processes lack the requisite
“knowledge” to proficiently carry out the given task, it may be
necessary to allocate attention toward the conscious control of a
skill in order to avoid gross performance errors. In other words,
in the absence of adequate automatic control processes, motor
tasks that were once completed with relative ease now present
a formidable challenge and command significant cognitive
resources during their execution. As such, one might argue that

changes in task difficulty are sufficient to determine whether
the adoption of an internal focus represents an adaptive or
maladaptive strategy.

When attempting to translate the above-described notions
proposed by Wulf and colleagues (6, 10) to different clinical
groups, this issue of task difficulty/increased reliance on
conscious control processes is rarely noted and could explain
discrepancies in findings observed between young healthy adults
and clinical populations [e.g., (18, 19)]. Furthermore, in the
absence of a validated method for objectively measuring the
degree to which a performer is focussing internally, previous
research on this topic has almost exclusively relied solely on
experimental manipulations of, and/or self-reported changes in,
attentional focus to rationalize observed changes in performance.
Utilizing an objective, real-time measure would allow for
further investigation into the mechanisms through which these
aforementioned discrepancies may occur. For example, if certain
clinical populations do, in fact, benefit from adopting an internal
focus, then we would expect objective measures to record
heightened levels of conscious movement processing at baseline.

Considering the above, and given the ever-increasing interest
(from both researchers and clinicians) in this topic, the current
study aimed to address two fundamental issues. First, we
evaluated if the original notion proposed by Wulf and colleagues
(5, 6, 10) is upheld in young adults during a challenging
balance task where we are able to objectively corroborate changes
in attentional focus using an electroencephalography (EEG)
method capable of objectively measuring changes in conscious
control processes (described below). Second, given discrepancies
in observations made between young healthy adults and older
adults with neurological conditions [e.g., (18, 19)], we aimed to
evaluate if our observations in young adults are robust simply
to age-related changes (i.e., without the added complexity of co-
morbidities and neurological complexities). This was achieved by
inviting an active and healthy cohort of older adults to complete
the same protocol as the young adults, while attempting to
normalize the difficulty of the balance task to account for age-
related changes in balance control. Based on this task-difficulty
normalization process, we predicted to observe similar patterns
of behavioral outcomes in both the young and older adults—
whereby the adoption of an internal focus results in disrupted
regulation of postural stability. Furthermore, as this previous
research tends to contrast conditions of internal focus with an
external focus of attention, rather than exploring how directing
attention internally alters postural control when compared to a
baseline no-instruction condition [e.g., (5–8)], it is difficult to
isolate the effects of adopting an internal focus. As such, the
present research compared the effects of adopting an internal
focus of attention to a baseline no-instruction condition.

Research suggests that EEG coherence, or “communication,”
between T3 (verbal-analytical) and Fz (motor-planning) regions
of the brain may provide an objective, real-time measure of
attentional focus during postural control tasks. For example,
Ellmers et al. (20) reported significantly higher T3-Fz coherence
during a postural sway task when young adults consciously
controlled their swayingmovements (“internal focus” condition),
compared to when attention was directed toward either an
external auditory cue (“external focus” condition) or a baseline
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(no instruction) condition. Similarly, T3-Fz coherence when
regulating postural stability has also been shown to increase
in line with task difficulty (21). These findings suggest that
consciously processing postural control may be characterized by
increased conscious verbal-analytical or cognitive processes, thus
supporting previous research which implicates verbal processes
in the conscious control of posture and gait (22). These findings
are also in line with the predictions presented in the Theory of
Reinvestment [for a review, see (23)], which posits that conscious
motor processing is characterized by an increased reliance on
explicit verbal cues/rules. As such, while the regulation of
postural stability typically occurs with low levels of explicit
verbal-analytical processes, attempts to consciously control or
monitor posture results in an increased reliance on such explicit
processes. These results describing increased T3-Fz coherence
during conditions of heightened conscious postural control also
support those presented previously during other motor tasks
(24, 25). For example, Zhu et al. (25) observed greater T3-Fz
coherence during a golf putting task performed by individuals
reporting a greater propensity for consciously controlling their
movements. In a second experiment, the authors similarly
reported increased T3-Fz coherence in individuals performing
a golf putt under conditions designed to promote heightened
conscious, cognitive involvement. Taken together, these findings
suggest that conscious, controlled motor processing (including
during postural control tasks) can be characterized by heightened
EEG T3-Fz coherence—indicating increased verbal-analytical
involvement during motor planning and control.

In the present study, healthy young and older adults
completed a challenging postural control task under conditions
of Baseline and Internal focus, while measuring changes in EEG
T3-Fz coherence. We predicted to observe the following results
in young adults: (1) Increased EEG T3-Fz coherence during
Internal focus; (2) Decreased postural stability (i.e., increased
sway) during Internal focus; (3) Significant positive associations
between the change in T3-Fz coherence and postural sway
between Baseline and Internal focus; (4) Significant positive
associations between a trait propensity to consciously control
and monitor movement, and both T3-Fz coherence and body
sway during Baseline. Furthermore, as attempts were made to
normalize the difficulty of the postural task for older adult
participants, we predicted to observe the same patterns of results
in a group of healthy older adults with high levels of functional
balance, deemed to be at a low risk of falling.

METHODS

Participants
Thirty-nine young adults (20 men and 19 women) aged between
18 and 39 years of age (M = 23.5 years, SD = 5.2 years), and
forty older adults (12 men and 28 women) aged between 65 and
83 years (M = 69.7 years, SD = 3.8 years), participated in the
research. Young adults were recruited from undergraduate and
post-graduate courses in London and Hong Kong, while older
adults were recruited from different elderly community centers
in Hong Kong. The inclusion criteria for young adults were: (i)
aged 18 or above and below 40 years; (ii) ability to provide written

informed consent; (iii) ability to stand independently without
any walking aid, and; (iv) no history of cerebral vascular disease,
Parkinson’s or any other neurological impairments. Inclusion
criteria were identical for older adults, but with the following
amendments/additions: (i) participants were aged 65 years or
above; (ii) a score of 24/30 or above in the Chinese version of
Mini-Mental State Examination [MMSE-C (26, 27)], and; (iii) a
score of 45/56 or higher on the Berg Balance Scale [BBS (28)].
The older adult participants had a mean MMSE-C score of 29.23
(SD= 0.92) out of 30, and a mean BBS score of 54.88 (SD= 1.52)
out of 56. These variables were not assessed in the young adult
participants, given that young adults typically score 100% on both
assessments. Two (out of 40) older adults reported that they did
not engage in weekly exercise (compared to 5/39 young adults),
and all but one older adult reported their health status as fair–
excellent (compared to 38/39 young adults reporting their health
status as fair–excellent).

Participants had no prior experience with the specific tasks
utilized in the current protocol. The study protocol was approved
by the Institutional Review Board of the University of Hong
Kong/Hospital Authority Hong Kong West Cluster (HKU/HA
HKW IRB).

Task and Procedure
For young adults, the balance task required participants to stand
as still as possible in tandem stance on a 19.7′′ × 16.1′′ ×

2.4′′ foam-pad (Balance Pad Elite, AIREX, Switzerland), while
horizontally holding a 2-m pole. Participants held the pole with
their hands facing upwards and elbows tucked against their
body. Older adults undertook an identical procedure, the only
difference being that they performed the balance task while
standing with a narrow base of support (standing with their feet
together), rather than in tandem stance. This methodological
alteration was deemed necessary to ensure a comparable level of
task difficulty between young and older adult participants, as pilot
testing revealed that many older adult participants were unable
to complete a 20s trial standing in tandem stance. As narrow-
based standing is ranked as the next most challenging standing
position, after tandem standing [according to the BBS (28)], this
was deemed the most appropriate modified balance task for older
adults to complete.

All participants performed two 20s trials under conditions
of: Baseline (no instructions, other than to “stand as still as
possible”), and; Internal focus (instructed to focus explicitly
on lower limb movement: “Try to focus on your lower limb
movement while performing the task”). Trials were presented in
a randomized order. Participants fixated a point on a featureless
wall 2-meters in front of them, with approximate head-pitch and
general gaze fixation monitored and noted by the experimenter
during each trial to ensure consistency between conditions1. The

1Participants also completed an additional two 20s trials under conditions of

External focus, whereby they were instructed to keep the pole as stable and level

as possible. However, as these instructions often resulted in participants visually

fixating the pole (unlike the fixations made toward the distant wall during Baseline

and Internal focus), we deemed that these between-condition differences in gaze

distance would likely confound results. Consequently, data from the External focus

condition have not been included in the analysis.
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balance task and attentional focus instructions were derived from
those previously used by Wulf et al. (6).

Apparatus
Electroencephalographic activity was recorded using a wireless
EEG device (Brainquiry PET 4.0, Brainquiry, The Netherlands)
at a sample rate of 200Hz. EEG data were recorded using
real-time biophysical data acquisition software (BioExplorer
1.5, CyberEvolution, US). EEG activity was recorded from
two scalp locations [T3 [verbal-analytical] and Fz [motor
planning]; see Ellmers et al. (20)] referenced to the right mastoid
and grounded to the left mastoid using disposable electrodes
(ARBO H124SG Ø 24mm, Kendall, US), in accordance with
the standard international 10–20 system (29). An impedance
test was conducted to ensure a sufficient signal-to-noise ratio
before each measurement. EEG signals were pre-processed
(low-pass filter: 42Hz, high-pass filter: 2Hz) to remove
potential biologic artifacts. T3-Fz coherence was calculated in
1Hz frequency bins throughout each trial, using algorithms
previously described by Zhu et al. (25). Previous research
(20) has demonstrated that alpha2 (10–12Hz) T3-Fz coherence
is sensitive at detecting within-subject changes in conscious
movement processing/attentional focus during a postural sway
task (while no such changes were observed for alpha1(8–10Hz)
T3-Fz coherence). Similar results were also presented by Chu and
Wong (21), whereby only alpha2 T3-Fz coherence was sensitive
at detecting increases in task difficulty during a postural stability
task. These findings support those presented by Zhu et al. (25)
which highlight T3-Fz coherence as being sensitive to detecting
differences in conscious movement processing during a golf-
putting task. Consequently, the main EEG variable of interest was
alpha2 T3-Fz coherence, with alpha2 T3-Fz coherence averages
calculated for each trial, and then averaged across the relevant
conditions. EEG pre-processing and coherence calculations were
conducted using custom scripts in a biophysical data processing
and analysis software (BioReviewer 1.6, CyberEvolution, US).

Body sway data were collected using 3-D motion capture with
aminimum capture frequency of 100Hz, using reflectivemarkers
placed on participants’ sternum. Postural sway was obtained
by calculating the root-mean-square of sternum co-ordinates in
the horizontal (X–Z) plane throughout the 20-s trial. Raw data
were passed through a low-pass Butterworth filter with a cut-off
frequency of 5Hz and analyzed using custom Matlab (R2015B
Mathworks Inc., Natick, USA) scripts to calculate the variable of
total body sway (mm).

Questionnaires
Participants’ trait propensity to consciously process their
movement was assessed using the Movement Specific
Reinvestment Scale [MSRS; Masters et al. (30)]. This 10-
item questionnaire consists of two 5-item subscales: conscious
motor processing (“movement control”; e.g., “I am always trying
to think about my movements when I carry them out”) and
movement self-consciousness (“movement monitoring”; e.g.,
“I’m self-conscious about the way I look when I am moving”).
Items are rated on a 6-point Likert scale (1 = strongly disagree;
6 = strongly agree). Both subscales range from 5–30, with higher

scores reflecting a higher propensity for reinvestment. Both
subscales have good internal validity and test-retest reliability
(30).

Data Analysis
Baseline-Internal Focus Changes
As the majority of the variables were non-normally distributed,
it was not possible to run a 2 × 2 (Young/Older adults ×

Condition) ANOVA. Furthermore, while attempts were made to
normalize the difficulty of the balance task between groups, we
cannot ensure parity in the task difficulty. Therefore, we treated
the young and older adult data as two separate datasets and
analyzed them as such. For young adults, a paired-samples t-test
was used to explore any differences in T3-Fz coherence between
Baseline and Internal focus. For older adults, between-condition
changes in T3-Fz coherence were examined using aWilcoxin test.
The use of a non-parametric test was deemed necessary here,
and elsewhere, as data were non-normally distributed. Separate
Wilcoxon tests were used to determine the Baseline-Internal
focus change in total body sway for both young and older adults.
For all statistical comparisons, effect sizes are reported as Cohen’s
d, unless the assumption of normality is violated, where effect
sizes are reported as r=Z/

√
N (31).

Correlations
Separate bivariate correlations were used to investigate the
association between the Baseline-Internal focus percentage
change in both T3-Fz coherence and total body sway, in
young and older adults. Separate bivariate correlations were
also used to explore any associations between MSRS scores and
either Baseline T3-Fz coherence or Baseline total body sway,
in both young and older adults. All analyses were conducted
with Spearman’s non-parametric correlations (given the failures
to meet parametric assumptions), aside from the correlation
exploring MSRS scores and Baseline T3-Fz coherence in young
adults.

RESULTS

Young Adults
There was a significant increase in T3-Fz coherence fromBaseline
(M = 0.327, SD = 0.12) to Internal (M = 0.366, SD = 0.12),
t(38) = −2.07, p = 0.023, d = 0.33 (see Figure 1). Increased
coherence was accompanied by significantly greater total body
sway during Internal (M = 30.48mm, SD= 22.68), compared to
Baseline (M = 24.46mm, SD = 11.50), Z = −1.76, p = 0.040,
r = 0.28 (see Figure 2). Percentage change data for both analyses
are presented in Figure 3.

Older Adults
There was no significant change in T3-Fz coherence observed
from Baseline (M = 0.333, SD = 0.13) to Internal (M = 0.331,
SD = 0.14), Z = −0.36, p = 0.36, r = 0.06 (see Figure 1).
There was a similar lack of significant change in total body sway
observed between Baseline (M = 29.08mm, SD = 7.98) and
Internal (M = 28.06mm, SD = 9.58), Z = −0.83, p = 0.20,
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FIGURE 1 | Electroencephalographic alpha2 (10–12Hz) T3-Fz

coherence during conditions of Baseline and Internal focus (mean ± standard

error), *p < 0.05.

FIGURE 2 | Total body sway (mm) during conditions of Baseline and Internal

focus (mean ± standard error), *p < 0.05.

r = 0.13 (see Figure 2). Percentage change data for both analyses
are presented in Figure 3.

Correlations
Percentage Change
There were no significant correlations observed between the
percentage change in T3-Fz coherence and total body sway from
Baseline to Internal in either young (r = 0.09, p = 0.30) or older
adults (r = 0.13, p= 0.22).

Trait MSRS
In young adults, MSRS scores were not significantly correlated
with either Baseline T3-Fz coherence (r = 0.11, p = 0.26)
or Baseline total body sway (r = −0.05, p = 0.38). There
were a similar lack of significant correlations observed in older
adults between MSRS scores either Baseline T3-Fz coherence
(r = −0.09, p = 0.30) or Baseline total body sway (r = −0.25,
p= 0.06).

FIGURE 3 | Mean percentage change (mean change ± standard error of the

mean change) between Baseline and Internal focus in T3-Fz coherence and

total body sway for young and older adults, *percentage change significant to

p < 0.05. Note: Positive values indicate an increase during Internal focus,

compared to Baseline.

DISCUSSION

The current study provides strong support for the notion that
adopting an internal focus of attention can disrupt performance
of motor tasks that are typically governed by largely automatic
processes—with young adults demonstrating greater postural
sway during conditions of Internal focus. The current findings
support the original notion proposed by Wulf and colleagues
(5, 6, 10), in addition to numerous subsequent suggestions [e.g.,
(11, 12, 19)], that the adoption of an internal focus disrupts the
ability to control motor performance in a task typically governed
using largely automatic processes. While previous research has
used EEG to infer alterations in attentional focus during a
postural task (32), to our knowledge, this is the first instance
where such associations have been demonstrated and compared
between young and older adult groups.

We aimed to also evaluate whether this principle could be
readily translated to clinical contexts by replicating the protocol
in a cohort of older adults, while normalizing for task-difficulty.
We had expected to observe comparable results in both our
young and older adult cohorts, given both the older adults’
relatively high-levels of physical functioning and the attempts
to normalize task difficulty between-groups. However, any
statistically significant effect of the internal focus manipulation
(on both EEG T3-Fz coherence and postural sway) was restricted
to young adults, as no significant changes in either measure were
observed in older adults (see Figure 3).

Observations in Young Adults
Given the weight of evidence supporting an association between
internal focus of attention and disrupted motor performance
on tasks normally regulated through “automatic” processes,
any contradictory results would have been highly unexpected.
Nevertheless, given the scale of recent and ongoing efforts
to apply this perspective to various clinical (i.e., complex)
contexts [e.g., (17, 18, 33)], it was important to re-establish these
fundamental associations using an objective corroboration of
the attention manipulation used. We suggest that our current
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observations in young adults fulfill this objective and, while
further research is necessary to better-establish underlying
mechanisms mediating this relationship, our findings help to
establish a foundation from which we can evaluate the degree
to which such associations translate to other contexts and
populations.

It is important to note that, when calculating the percentage
change in EEG T3-Fz coherence and postural sway between
Baseline and Internal conditions, no significant correlation
was found between these two variables. In light of previous
validations of the EEG protocol (20, 21, 25) and the clear changes
observed in EEG T3-Fz coherence between conditions in young
adults indicating a greater reliance on cognitive verbal-analytical
processes to regulate motor output, we suggest that the lack of
any statistical association between metrics indicating percentage
change cannot be primarily due to poor sensitivity in the EEG
T3-Fz measurement. As such, despite our results highlighting an
increase in both conscious movement processing and disrupted
postural stability during conditions of internal focus in young
adults (see Figure 3), the current data show no evidence for
the concept that the degree of increased conscious control is
associated with magnitude of behavioral change.

According to the basic principle that a propensity to
consciously control movement will jeopardize movement
automaticity and compromise motor performance, one would
also expect to observe an association between MSRS scores—a
trait measurement of an individual’s propensity to consciously
control and monitor their movement—and total body sway at
Baseline. Our results, however, show no such association. In
contrast to the clear support the current results (in young adults)
show for the seminal findings of Wulf and colleagues (5, 6),
the lack of any significant correlation observed concerning the
MSRS raises important concerns about whether simple measures
of dispositional traits can be expected to associate with complex
attentional processes across a range of tasks. This proposal
is further supported by a similar lack of association between
MSRS scores and EEG T3-Fz coherence during Baseline—
results in line with previous research which demonstrates a
lack of between-group difference (based on MSRS scores) in
EEG T3-Fz coherence (20, 21). While previous research has
suggested a weak positive association between the MSRS and
postural sway in young adults during a simple, quiet standing
task whereby participants were instructed to stand as still as
possible while standing in a comfortable, self-selected stance
(34), no such associations were evident in older adults. This
led the authors to suggest that scores on the trait measure
of the MSRS may not necessary reflect the true amount of
conscious involvement that individuals will “reinvest” into
postural control—and instead propose that “. . . state measures
of conscious movement processing (i.e., using MSRS as a
context specific measure or assessing neural activity)” [(34),
p. 448] may provide a more accurate indication of state
processes.

Observations in Older Adults
We predicted that significant Baseline-Internal focus increases in
both EEG T3-Fz and postural sway observed in younger adults

(see Figure 3) would also be observed in older adult participants.
Considering that attempts were made to normalize task difficulty
between groups and the circumstance that the cohort of older
adults were relatively highly functioning both in cognition and
physical status, we saw no clear reason to expect findings to
contradict those observed in young adults. The lack of significant
results observed in our older adult cohort is therefore surprising,
as previous research suggests that adopting an internal focus of
attention may disrupt the “automatic” processes typically used
to regulate posture, leading to superfluous muscle activity and
constrained, less effective motor outputs in both young and
older adults (10). However, it is worth noting that this previous
research tends to contrast conditions of internal focus with an
external focus of attention, rather than exploring how directing
attention internally alters postural control when compared to
a baseline no-instruction condition [e.g., (5–8)]. As such, it is
possible that these previous results are a consequence of the
positive impact of an external, rather than a negative effect of
an internal focus of attention—an idea supported by findings
presented by Richer et al. (9). The internal focus manipulation
did, however, negatively impact young adults’ regulation of
postural stability. The lack of significant effect on either EEG T3-
Fz coherence or postural sway was only observed in the older
adult sample. We offer several speculations below in an attempt
to rationalize these null results.

It is possible that our cohort of older adults adopted an
internal focus of attention during Baseline trials, thus reducing
the potential for change between conditions. For example, while
the young adults may have been able to achieve the task of
“standing as still as possible” with relatively “automatic” postural
control processes, it is possible that such instructions may have
induced a more conscious strategy of postural control in the
older adult sample. This would support the notions presented
previously by Boisgontier et al. (1), who suggest an age-related
increase in the level of controlled conscious processing needed
to regulate postural stability. However, we suggest this to be
unlikely, due to the identical between-group values in Baseline
EEG T3-Fz coherence (young adult M = 0.33, SD = 0.12; older
adult M = 0.33, SD = 0.13). It is, however, possible that while
EEG T3-Fz coherence is sensitive at detecting within-subject
change in conscious movement processing during postural tasks
[as indicated by the significant increase in coherence observed
between Baseline and Internal focus in young adults in the
present study, in addition to results presented previously by both
Chu and Wong (21) and Ellmers et al. (20)], this method lacks
sensitivity for detecting between-subject differences in internal
focus. This could, potentially, account for the lack of association
between MSRS scores and EEG T3-Fz coherence observed both
in the present research and in previous studies (20, 21).

Another suggestion for the lack of comparable (to young
adults) Baseline-Internal focus change in older adults relates to
the potential between-group differences in how these instructions
were interpreted and subsequently utilized to regulate posture.
For example, Mak and colleagues (35, 36) have found evidence
to suggest that the manner with which older adults alter
their behavior following the adoption of an internal focus was
dependent on previous experiences with falling—with these
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experiences resulting in different interpretations of the internal
focus instructions. For example, fallers might instinctively
think about significant and problematic factors that jeopardize
their balance on a daily basis, whereas their non-falling
counterparts may be more inclined to focus attention on more
generic movement rules. In other words, the manifestation of
internal focus will likely be highly personalized and dependent
on the unique interaction of traits and experiences present
within each individual. While such individual differences will
inevitably be present in young adults, we speculate that such
differences are likely to be compounded by increased age and
associated decline in automatic postural control mechanisms
(1). Consequently, it is possible that while young adults relied
on generic, explicit movement rules to control posture during
Internal focus, their older adult counterparts instead adopted a
more individualistic approach—which, for example, may have
included ruminations unrelated to the conscious, cognitive
control of posture and, thus, unlikely to have been registered
through T3-Fz coherence. Regardless of the specific reasons, we
must conclude that the basic notions proposed by Wulf and
colleagues (5, 6, 10) cannot be assumed to readily translate
to clinical contexts, even within a relatively simple “static”
balance task.

In the complex attentional processes that have, hitherto,
frequently been categorized as representing either an “external”
or “internal” focus, the scope for between-subject differences
are vast, especially when considering complexities associated
with increased age and/or neurological impairment. To evaluate
these complex processes we need to isolate and categorize
the various multifaceted cognitive and attentional processes
pertinent to different cohorts/conditions and associate changes
in these measures with behavioral metrics indicative of both
movement efficiency and efficacy. We anticipate that failure to
acknowledge and evaluate these complex mechanisms will lead
to the continued emergence of conflicting results, as identified by
Kal et al. (18).

LIMITATIONS

This study is not without its limitations. Firstly, the study failed
to measure self-reported changes in attentional focus. As such, it
is possible that the lack of behavioral change observed in older
adult participants was simply due to these participants simply
failing to successfully engage in the manipulation and direct
attention internally. We suggest that this is unlikely, as these
internal focus instructions were derived from, and identical to,
previous research demonstrating significant behavioral effects
[e.g., (5, 6, 10)]. Another potential limitation of this research
relates to the possibility that there were between-condition
differences in the level of attention allocated toward the
postural task. For example, as the task involved participants
standing in a challenging stance whilst holding a 2-m pole, it
is possible that the differences observed between how young
and older adults responded to the internal instructions may

have been a consequence of differences in Baseline levels of
task prioritization: Whilst the older adults may have been
focused entirely on maintaining postural stability, it is possible
that the young adults were also directing attention toward
minimizing the movement of the pole. However, given that the
postural task was designed to be challenging, and participants
were instructed to “stand as still as possible,” we deem it
unlikely that participants would have been directing explicit
attention toward the pole at the expense of maintaining postural
stability.

CONCLUSIONS

The current study provides further support for the concept
that adopting an internal focus of attention disrupts motor
performance in tasks typically considered to be largely automatic.
To our knowledge this is the first instance where such
associations have been demonstrated in conjunction with an
objective corroboration of the Internal focus condition; in
this instance this was represented as an increase in EEG T3-
Fz coherence. We aimed to evaluate whether this principle
could be readily translated to clinical contexts by replicating
the protocol in a cohort of older adults, while normalizing
for task-difficulty. When instructing older adults to adopt an
internal focus of attention during the balance task, we observed
a lack of significant change in both EEG T3-Fz coherence
and balance performance. We identify several reasons for this
discrepancy. However, we conclude that, regardless of the
underlying mechanisms, the current results indicate that we
cannot assume that basic concepts associated with internal focus
and motor performance (10) are easily transferrable to different
cohorts/populations, especially those influenced by age-related
changes.
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Differently in Aging and Parkinson’s
Disease

W. Geoffrey Wright*

Neuromotor Sciences Program, College of Public Health, Temple University, Philadelphia, PA, United States

The combination of phasic and tonic neuromuscular processes are involved in the

maintenance of normal upright posture. The latter is of particular importance in some

pathologies, such as Parkinson’s Disease (PD), which is known by one of its cardinal

symptoms—tonic dysfunction (i.e., rigidity). Changes in tonic function may also occur

during healthy aging. In this investigation, somatosensory input was manipulated by

changing the support surface orientation for prolonged periods of quiet stance (QS).

The aim was to shed light on how long-term tonic responses called postural lean

after-effects are affected by aging and age-related neuropathology. Forty one participants

were tested: 19 healthy young (25±5 years), 13 healthy older (63±8 years), and 9 adults

with PD (63±5 years). Baseline conditions were eyes-closed QS on a stable surface or

standing on an unstable, sway-referenced (SR) surface. Four experimental conditions

combined two types of toes-up ramp tilt adaptation (120 s of toes-up static 7◦ tilt or

sinusoidal 7◦ ± 3◦ tilt) with two types of post-adaptation (120 s of QS or SR). Results

revealed postural after-effects during post-adaptation QS showing significant anterior

COP shift for both young and older adults (p < 0.0001), but not PD (p > 0.06, n.s.).

Compared to young, postural after-effects in older adults showed longer decay constants

and did not return to baseline COP within the 120 s post-adaptation period (p < 0.05).

Postural after-effects during SR, which appeared as toes-up surface tilt were highly

significant in healthy populations (p = 0.001), but took longer to develop in PD. Younger

adults showed significantly larger dorsiflexion (p < 0.01) and faster decay constants than

older adults (p < 0.05). In summary, (1) postural after-effects decayed to baseline when

post-tilt surface was stable but were retained and even grew larger post-adaptation in the

SR surface conditions in all groups, (2) postural after-effects differed between healthy age

groups, (3) PD showed less adaptation to surface changes. Differences in size and decay

of after-effects between healthy and PD groups suggest tonic neuromuscular processes

play a role in how adaptable postural control is to changing surface conditions and this

is affected by healthy aging and basal ganglia function.

Keywords: postural tone, rigidity, Parkinsion’s disease, basal ganglia, pedunculopontine tegmental nucleus,

dopamine

165

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2018.01130
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2018.01130&domain=pdf&date_stamp=2019-01-21
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:wrightw@temple.edu
https://doi.org/10.3389/fneur.2018.01130
https://www.frontiersin.org/articles/10.3389/fneur.2018.01130/full
http://loop.frontiersin.org/people/82046/overview


Wright Postural Adaptation in Aging and PD

INTRODUCTION

Normal upright posture relies on accurately determining the
orientation of the support surface with respect to gravity (1–
3). While it is well-understood that phasic processes reliant on
short latency automatic and reflexive pathways are important to
posture and gait, background tonic neuromuscular activity also
plays an important role in postural control and locomotion (4–
7). Sustained fatigue-resistantmuscle activity, referred to as tonus
andmore specifically postural tone, counteracts gravity and keeps
the numerous body segments appropriately aligned in order to
maintain upright, stable posture (8). The importance of tonic
drive for healthy motor functioning has long been recognized
in clinical practice, where tests of muscle tone are considered a
highly sensitive sign formeasuring central nervous system health.
Inmany, neuropathologies, such as stroke, multiple sclerosis, and
Parkinson’s Disease (PD), muscle tone is used to assess health
status and guide treatment (9–11). In fact, a cardinal symptom
of PD is tonic dysfunction, which manifests as rigidity or
hypertonicity (12, 13). This type of tonic dysfunction contributes
to disabilities affecting balance, locomotion, and increased fall-
risk (14–16). Changes in muscle tone and to the processes that

control tonic level are present even in healthy aging, which can
increase fall risk (17, 18). Falls in the elderly, whether healthy
or neurologically impaired, are a leading cause of injury-related
death and non-fatal hospitalization, with direct costs related to

falls in older adults exceeding $30 billion per year in the US (19).
Postural control has been described as a sustained contraction

produced by a descending tonic drive from tonigenic sub-cortical
structures (20). A number of brainstem regions are thought

to be involved in these tonic neuromuscular processes, which
include mesopontine regions that have connectivity to the spinal
cord, the basal ganglia, cerebellum, and cortical sensorimotor
areas such as M1 and the supplementary motor area (7, 21).
Basal ganglia-brainstem-spinal pathways have been identified
in the regulation of postural tone and locomotion (6, 7, 22).
Specifically, pathways from the substantia nigra pars reticulata
(SNpr) to the pedunculopontine tegmental nucleus (PPTN)
play an important role in regulating postural tone (7). The
mesencephalic locomotor region (MLR) is also closely linked
to SNpr and is important for preparing the postural system to
begin locomotion (7). While much of this work was performed
on animal models, there is also evidence from human case
studies and surgical intervention. For example, a lesion in the
posterolateral mesopontine tegmentum can also affect tone;
the typical decrease in muscle tone (i.e., atonia) during REM
sleep does not occur following damage to this region (23).
A lesion to the more medial part of the pedunculopontine
complex impairs the ability to stand and walk (24). The PPTN
has also been used as a site for deep brain stimulation (DBS)
surgery in PD patients (25, 26), which has shown positive impact
on postural tone and gait (27). Identifying these tonogenic
structures has shed some light on their involvement in postural
control, but the importance of these subcortical processes is
under-appreciated.

Systematically studying how tonic drive influences postural
control in humans can be challenging because mechanical

perturbations to the system must be long-lasting and behavioral
measures must be sensitive enough to differentiate among
short-term phasic responses (e.g., stretch reflexes), volitional
interference due to conscious awareness of change, and the long-
term tonic adaptations that one is interested in. One means
of investigating this has been accomplished by examining the
muscle set-points. A muscle set-point can be thought of as the
postural tone of flexor and extensor muscle activity about a
joint used to maintain a body part in a position, e.g., postural
maintenance. While control of muscle set-points can show
segmental autonomy, it is thought that in an intact system
this is ultimately under the control of central command (8).
Changes in set-point can be seen in lean after-effects, which have
provided a useful behavioral technique for investigating tonic
postural control. A lean after-effect is seen when normal upright
stance, which typically aligns with gravity and is orthogonal
to a horizontal surface, is altered (3, 28). Use of the support
surface as a somatosensory reference for orientation is seen by
alignment of the body to the surface when a surface is slowly
tilted (2, 29, 30). However, this reference changes if it is altered
for an extended period of time, for example, by standing on a
stable, tilted surface or a dynamically tilted surface for a few
minutes. The surface-to-body angular relation after a surface
is tilted toes-up will be maintained in a dorsiflexed position
when the surface is returned to horizontal, thus resulting in
forward lean. This after-effect can also be observed on a sway-
referenced (SR) surface, whereby the individual adopts a surface
tilts toes up posture during the post-adaptation period (3). These
lean after-effects and surface-tilt after-effects together fall under
the umbrella term of postural after-effects. In both cases, they
presumably represent a recalibration in postural reference frame
with a new tonic set-point of muscle activity. Evidence that this
after-effect is centrally driven is suggested by the fact that global
postural variables, not simply local muscle group set-point, are
altered (31). If centrally driven, this raises the question of how
central disease or pathology might affect changes in set-point.

The goal of this study is to determine if tonic processes
underlying postural control change across the lifespan or with
disease by investigating postural after-effects in healthy young
adults, healthy older adults, and adults with PD. The presence,
magnitude, and time course of postural after-effects are assumed
to be an indicator of some of the variables that drive tonic
neuromuscular processing. Specifically, postural after-effects
represent an ability to adapt to long-lasting sensory inputs, i.e.,
tonic input, which help define a set-point from which phasic
activity originates. In other words, the starting point for a phasic
movement is defined by an “initial condition” which is set
by tonic control. The importance of investigating changes in
postural adaptation is that dysfunction in tonic control likely
plays a significant role in motor, postural, and gait deficits, which
both healthy older (32) and to a greater degree PD populations
must contend (15, 16, 33). As previous studies have shown, it
may not simply be the presence of hypertonicity that causes
postural instability and gait dyscoordination (34, 35), but rather
how adaptable the motor system is when changing from one state
to another (36). Greater understanding of these relationships
could, in turn, lead to new and innovative treatment approaches
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that improve the standard of living for our ever-growing aging
population.

MATERIALS AND METHODS

Participants
Nineteen healthy, young participants (20–32 years old, 9M), 13
healthy older adults (50–74 years old, 8M), who were age and
gender-matched to the PD participants, and 9 individuals with
PD (53–70 years old, 6M) participated in this study. All healthy
participants had no known neuromuscular impairment, and no
history of PD, neurological disease, or sensorimotor deficits. All
PD participants were classified as Hoehn and Yahr 2–3 and
were responsive to anti-Parkinson drug treatment as verified by
the referring neurologists. Parkinson’s Disease (PD) participants
were tested ON medication. Participants were included only
if able to stand unassisted for at least 10min periods of
time and had normal ankle range of motion (Dorsiflexion
= 12◦, Plantarflexion = 55◦). The protocol was approved by
the local IRB at Temple University, and all participants gave
written, informed consent before participating in this study.
Investigators adhered to the policies regarding protection of
human participants as prescribed by the Helsinki Accords.

Protocols
All data was collected using a 3-degree of freedom (DOF)
posture platform (Neurocom Inc.) with integrated dual triaxial
AMTI (Watertown, MA) force plates. All conditions required
participants to stand in a relaxed stable, upright posture with
arms hanging comfortably to the sides with eyes-closed. In the
traditional quiet standing (QS) conditions, the surface was fixed
in place to provide a stable support surface during which center-
of-pressure (COP) time series data was collected. During surface
sway-referencing (SR) trials, the servo-driven surface has a pre-
programmed capability to allow the surface to tilt with reference
to changes in the COP. To ensure proper function of the surface
SR, the participant’s lateral malleoli were alignedwith the rotation
axis of the tiltable surface at the center of the force plate. Thus,
the zero point for COP was aligned with the participant’s ankle
with positive COP values representing points anterior to the
rotation/ankle axis.

The order of tests for participants first involved baseline
testing in two 120 s conditions: Eyes-closed on a firm surface,
and eyes-closed on a SR surface, i.e., forward sway causes the
surface to tilt toes-down in an amount proportional to the
forward COP shift, and vice versa. Participants were then tested
in four conditions each lasting 240 s. The four counter-balanced
conditions were as follows: (1) toes-up static-ramp for 120 s
followed by standing on a SR surface for 120 s, (2) toes-up sine-
ramp (7◦ ± 3◦ ∗ sin πt

2 at 0.25Hz) for 120 s followed by standing

on a SR surface for 120 s, (3) toes-up sine-ramp (7◦ ± 3◦ ∗ sin πt
2

at 0.25Hz) for 120 s followed by quiet-stance on a static flat
surface for 120 s, (4) toes-up static-ramp (7◦) for 120 s followed
by quiet-stance on a static flat surface for 120 s (Figure 1). All
conditions were tested eyes-closed, shoes and socks removed, and
a harness secured to the ceiling was used to prevent falls without
restricting movement.

Data Collection and Analysis
Time series data was collected at 200Hz sampling rate for all
dependent variables (DV). In the static, flat surface conditions,
only COP (cm) was collected since surface tilt equals zero at
all times. In SR trials, COP and surface tilt (degrees) were
collected. Only anterior-posterior (AP) COP was analyzed since
all perturbations were along the AP axis. AP COP was measured
relative to the axis of surface rotation. During SR trials, the
surface is driven in response to the movement of the participant’s
COP with a gain of one by converting COP linear movement into
a surface tilt angle normalized relative to the participant’s height.
Therefore, the COP data in the AP direction closely matches
the surface orientation data in degrees, however, the zero-point
of the surface orientation is able to change with a net shift in
center of mass, while the phasic patterns of the COP and surface
orientation remain similar with minimal low-pass filtering and
negligible phase lag. Because data for all subjects in all four
conditions were not available, either due to subject fatigue (in PD
group), equipment failure, or data loss, the data from matching
post-adaptation conditions (SR: Cond 1 pooled with Cond 2;
Static flat surface: Cond 3 pooled with Cond 4) were pooled after
it was determined that they did not differ significantly (p > 0.34,
n.s.). All subsequent analyses were performed on pooled data.

Postural after-effects were compared using a 3 × 3 (time-
by-group) mixed model repeated-measures analysis of variance
(rmANOVA). The three time periods were baseline (an average
of first and last quartile of the baseline time series), first quartile
(Q1) of the 120 s period after the ramp adaptation, and last
quartile (Q4) of the 120 s period after the ramp adaptation (3).
When significant differences were found in the 3× 3 rmANOVA,
subsequent 2 × 3 and univariate rmANOVA and planned
comparisons were tested to determine where these differences
were. Specifically, following prolonged stance on a toes-up tilted
surface during the adaptation phase (i.e., the first 120 s), the
surface was returned to its flat position and the time series data
was measured during the post-adaptation phase. This second
120 s was divided into four quartiles. The amplitude of lean after-
effects was analyzed by comparing the average AP COP position
between baseline and Q1 using a 2 × 3 rmANOVA. The decay
of lean after-effects was analyzed by comparing the average AP
COP position at Q1–Q4 using a 2× 3 rmANOVA. To determine
if the postural after-effect completely decayed after 120 s, Q4 was
compared to baseline. In the SR conditions, the analysis of the
amplitude and decay of surface-tilt after-effects was performed in
a similar manner, the only difference being that average surface
tilt angle at baseline, Q1, and Q4 was used. Significance was set at
p ≤ 0.05.

RESULTS

Baseline
Baseline AP COP was significantly different across groups [F(2,37)
= 4.92, p = 0.013, η

2
= 0.21]. PD participants showed a

significantly greater anterior position of the AP COP (7.27
± 0.59 cm), relative to healthy age-matched controls (5.79 ±

0.46 cm). The young adult group showed the smallest anterior
distance between the center of the force plate and AP COP (5.06
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FIGURE 1 | Postural test conditions. Condition 1: toes-up static-ramp for 120 s followed by standing on a sway-referenced surface for 120 s. Condition 2: toes-up

sine-ramp (7◦ ± 3◦ * sin πt
2 at 0.25Hz) for 120 s followed by standing on a sway-referenced surface for 120 s. Condition 3: toes-up sine-ramp (7◦ ± 3◦ * sin πt

2 at

0.25Hz) for 120 s followed by quiet-stance on a static flat surface for 120 s. Condition 4: toes-up static-ramp (7◦) for 120 s followed by quiet-stance on a static flat

surface (120 s).

± 0.38 cm), but was not different from the healthy older baseline
COP (p = 0.23, n.s.). The average surface tilt during baseline SR
measures showed no difference between groups [F(2,37) = 0.93, p
= 0.40, n.s.).

After-Effects on a Fixed Surface
The 3 × 3 rmANOVA showed significant main effects [F(2,74) =
24.4, p < 0.00001, η

2
= 0.40] and a significant time-by-group

interaction [F(4,74) = 3.35, p = 0.014, η
2
= 0.15] (Figure 2).

Looking specifically at the AP COP shift between baseline and
Q1 (i.e., lean after-effect) while standing on a fixed surface after
the 120 s of ramp tilt adaptation, a significant effect was found
[F(1,37) = 47.4, p < 0.00001, η

2
= 0.56]. A significant time-by-

group interaction was found [F(2,37) = 4.19, p = 0.023, η
2
=

0.18]. Planned comparisons revealed the young (p < 0.00001)
and old (p < 0.0003) groups both had significant lean after-
effects. While the PD group did not show a significant difference
using an analysis of variance [F(1,7) = 5.02, p = 0.06, n.s.], 7 out
of the 8 PD participants (Exact binomial, p = 0.031) showed a
forward shift in the AP COP, which is in the same direction as the
healthy cohorts. The amplitude of lean after-effects of the older
adult group were larger on average than the in PD group, but did

not reach significance [F(1,19) = 4.02, p = 0.059, η2
= 0.17, n.s.].

However, the healthy young adult group showed a significantly
larger lean after-effect than the PD group [F(1,25) = 7.38, p =

0.012, η2
= 0.23]. No difference was found between the younger

and older healthy adult groups [F(1,30) =1.64, p > 0.10, n.s.].
The decay of the lean after-effect when standing on a

fixed surface was analyzed by comparing AP COP at Q1 vs.
Q4 (Figure 2). This revealed that the after-effects significantly
decayed back toward the baseline over the course of 120 s post-
adaptation period [F(1,37) =33.8, p < 0.00001, η

2
= 0.48].

Planned comparisons by group revealed the healthy younger (p
< 0.00001) and older (p = 0.0024) adult groups both showed
significant decay back toward baseline. However, the PD group
did not decay during the post-adaptation period (p = 0.50,
n.s.), despite having shown a small, albeit non-significant lean
after-effect. These group differences were further substantiated
by a significant time-by-group interaction [F(2,37) = 7.54, p <

0.002, η
2
= 0.29]. When comparing the change from Q1 to

Q4, the PD group did not change significantly, but the older
healthy adult group did when compared to the PD group [F(1,19)
= 4.77, p= 0.042, η

2
= 0.20], and the younger group decayed

even more than the older group [F(1,30) = 5.25, p= 0.029, η
2
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FIGURE 2 | Fixed surface COP during QS. Lean after-effects as measured by the AP COP position on a fixed surface at baseline, then following ramp tilt adaptation

at Q1 and Q4. Q1 represents the first 30 s of post-tilt adaptation, which starts immediately after the 120 s of ramp tilt adaptation. Q4 is the last 30 s of the post-tilt

adaptation period. The three lines represent each group (Young, Old, PD ON-meds). A positive value represents a forward shift in COP. The post-tilt adaptation values

are the average of two trials—QS following fixed ramp tilt adaptation, QS following sine ramp tilt adaptation.

= 0.15], all suggesting differences in adaptation. There was no
difference between baseline and Q4 for all groups [F(1,37) =

2.07, p= 0.15, n.s.] suggesting a return to baseline COP had
occurred.

After-Effects on a Sway-Referenced

Surface
The 3 × 3 rmANOVA showed significant main effects across
time [F(2,72) = 37.4, p < 0.00001, η

2
= 0.51] and a significant

time-by-group interaction [F(4,72) =4.27, p< 0.004, η
2
= 0.19]

(Figure 3). Looking specifically at the initial surface-tilt after-
effect in Q1, a significant toes-up change in surface-tilt between
baseline andQ1was observed while standing on a SR surface after
the 120 s of ramp tilt adaptation [F(1,36) = 21.8, p = 0.00004, η2

= 0.38]. Planned comparisons revealed that the healthy younger
(p < 0.00001) and older (p = 0.008) adult groups both had
significant postural after-effects in Q1 relative to baseline, but
the PD group did not (p = 0.44, n.s.). The size of these after-
effects were significantly different as revealed by a time-by-group
interaction [F(2,36) = 3.37, p = 0.046, η

2
= 0.16]. Specifically,

the tilt surface amplitude in the older adult group did not differ
significantly from the younger adult [F(1,30) =2.62, p= 0.12, n.s.]
or PD [F(1,18) = 1.58, p = 0.23, n.s.] groups at Q1 during the
post-adaptation period, but the younger adult group showed a
significantly larger toes-up surface tilt than the PD group [F(1,24)
=4.98, p= 0.035, η2

= 0.17].
The decay of the postural after-effects when standing on

a SR surface was analyzed by comparing the angle of SR
surface tilt at Q1 vs. Q4 (Figure 3). Unlike in the fixed surface

post-adaptation conditions, the after-effects in the SR conditions
grew significantly over the course of 120 s post-adaptation period
[F(1,36) = 47.1, p < 0.00001, η

2
= 0.57]. In other words, the

surface tilt after-effects did not decay during post-adaptation
period, but instead showed a significant increase away from
baseline, as has been shown before in healthy young adults (3).
Planned comparisons revealed that all three groups, young (p
< 0.00001), old (p < 0.0005), and PD (p < 0.01) showed a
significant increase in toes-up surface tilt from Q1 to Q4 during
120 s post-adaptation period, however, the size of these after-
effects were different across groups as revealed by the significant
group-by-time interactions [F(2,36) = 3.27, p < 0.05, η2

= 0.15].
Planned comparisons revealed that young adults showed a larger
increase in toes-up surface tilt from Q1 to Q4 relative to the older
adults [F(1,30) = 5.24, p = 0.029, η

2
= 0.15], but there was no

difference between the older adult and PD groups for this variable
[F(1,18) = 0.22, p= 0.64, n.s.].

DISCUSSION

Differences in postural adaptation were found between young

and old age groups and between healthy and PD groups. These
findings provide evidence that changes in postural adaptation

exist not only when changes in tonic neuromuscular processing

due to PD are present, but also due to healthy aging. The tonic
differences were seen in both the initial adaptation resulting in

lean after-effects, and in the decay pattern following the removal
of the tonic tilt input. Significant postural after-effects were seen

in all conditions for the healthy groups, regardless of the ramp
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FIGURE 3 | Sway-reference surface tilt. Postural after-effects as measured by the degree of average surface tilt on a sway-referenced surface at baseline, then

following ramp tilt adaptation at Q1 and Q4. Q1 represents the first 30 s of post-tilt adaptation, which starts immediately after the 120 s of ramp tilt adaptation. Q4 is

the last 30 s of the post-tilt adaptation period. The three lines represent each group (Young, Old, PD ON-meds). A negative value represents a toes-up (dorsiflexed)

surface tilt. The post-tilt adaptation values are the average of two trials—SR following fixed ramp tilt adaptation, SR following sine ramp tilt adaptation.

adaptation (fixed or sine ramp) or the post-adaptation condition

(fixed or sway-referenced surface). However, when comparing
the healthy older adults to the younger adults, the older adults

showed a significantly different decay in their after-effects. When
looking at the PD results, this group showed only a small, non-
significant change in AP COP on average, and when tested on the
SR surface, they also did not show a significant increase in surface
tilt between the baseline and the 1st quartile, as was observed in
the healthy groups. The only significant postural after-effect in
the PD group was an increase in surface tilt between the 1st and
4th quartiles. Together these PD group results suggest that the
tonic adaptability is not completely absent but it occurs to a much
lesser degree in PD. These findings are discussed further in the
following sections.

Postural After-Effects in Healthy Adults

Affected by Age
Postural after-effects were present in all the healthy participants,
which far exceeds the 50% prevalence reported when only a
fixed ramp adaptation and fixed flat surface post-adaptation was
employed in previous studies (28); their approach only allowed
for lean after-effects, but did not investigate surface-tilt after-
effects. By employing the techniques described in an earlier study
(3), it was established that postural after-effects can be induced in
most individuals. Using an experimental technique able to induce
postural after-effects with such high prevalence was important
when comparing between populations, since this reduced the
need for extremely large sample sizes, and decreased the risk

of being under-powered and missing effects (Type 2 errors).
The use of a SR surface during the post-adaptation to measure
postural after-effects addresses some of the limitations of the
normal test of lean after-effects that had been performed on a
fixed surface. For a lean after-effect to appear on a fixed surface,
this requires that the test participant moves out of alignment
with the gravitational vertical, e.g., forward lean. Maintenance of
normal upright posture is accomplished using sensory input from
vision, vestibular, and somatosensory inputs. In an eyes-closed
paradigm, an individual might detect that they are leaning, rather
than standing straight upright, using proprioceptive input from
the feet soles and ankles and graviceptive inputs from the otoliths
and specific internal organs (1, 37). Therefore, an individual
may resist the lean after-effect because they are aware of being
misaligned with vertical or even sense that they are approaching
their limits of stability and are at risk of falling. Unconsciously,
automatic postural processes may also be responsible for tonic
changes in the postural set-point, causing the lean after-effect
to dissipate quickly or not appear at all. When using a SR
surface during the post-adaptation period, muscle set-points in
the various body segments can be adopted without significantly
moving the center-of-mass toward the limits of stability. This
may account for the much higher prevalence of postural after-
effects in the current populations.

Despite the fact that both the healthy older and younger
adults all showed postural after-effects, when the amplitude and
temporal dynamics of this adaptation process was analyzed,
differences between age groups were found. At baseline, there
were no significant differences in AP COP position or surface tilt
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(p> 0.10) that could account for a postural predisposition toward
leaning. The younger adult group showed a faster return toward
baseline COP in the fixed surface post-adaptation condition than
the healthy older adults. This suggests that despite having a larger
after-effect, they were able to efficiently use the reliable vestibular
and somatosensory inputs to recalibrate their postural vertical
relative to the fixed horizontal surface during the post-adaptation
period. There was also a persistence of the surface-tilt after-effect
on the sway-reference surface during post-adaptation period in
younger adults that was greater than in the healthy older adults.
This persistent and increasing postural after-effect can be seen
as adaptive because the SR surface is not a reliable reference
for maintaining upright posture and the vestibular vertical stays
aligned with gravity throughout the postural after-effect in the
SR condition. Therefore, the postural system maintains its last
reliable set-point, i.e., dorsiflexed ankle. While the underlying
physiological mechanism for this difference was not examined
in the age-dissociated populations, one possible contribution to
this difference in tonic behavior could be due to age-related
loss of dopamine in healthy individuals. Even in older adults
without PD, dopamine loss occurs at a rate of 7% per decade
(38–40). This loss has been correlated with motor and postural
control impairments (17, 41). Imaging studies suggest that this
decrease in dopamine is related to the loss of dorsal SN cells
in healthy older adults (42). The current evidence may provide
further evidence of a behavioral link between the dopaminergic
system, tonic neuromuscular processes, and changes in postural
and motor control in a healthy aging population. Furthermore,
when dopamine loss reaches pathological levels such as in PD, the
effects of these tonic differences become even more pronounced,
as discussed below.

Postural-After Effects in Parkinson’s

Disease
In addition to the evidence that aging alters postural adaptation,
this study suggests basal ganglia disease does as well. The size and
decay of postural after-effects in adults with PDwere significantly
different from healthy adults. Specifically, the size of after-effects
was smaller than the healthy older and younger adults. And
unlike in the healthy adults who showed decay of lean after-
effects back to baseline when standing on the fixed surface,
the small lean after-effects that the PD group showed did not
decay back to baseline within the 120 s post-adaptation period.
A similar finding on the SR surface occurred in that the PD’s
small toes-up surface-tilt after-effects did not change during the
post-adaptation period. This suggests that PD’s show less postural
adaptation and it takes longer to change the posturally-relevant
tonic muscle set-point than in healthy adults.

Difficulty in regulating appropriate levels of background
postural tone has been shown before by using fast, external
perturbations (36), but the current study shows that this difficulty
extends far beyond phasic response time-scales. The conditions
tested here were on the order of minutes and while healthy adults
were able to adapt to new tonic neuromuscular inputs within tens
of seconds, the PD group in some cases were unable to adapt for
periods 10 times longer than that. Although, it is well-understood
that phasic processes reliant on short latency, reflexive pathways
and late occurring automatic postural responses affect posture

and gait in PD (43, 44), the current study provides new evidence
that tonic neuromuscular processing also plays an important
role in postural adaptation. The background muscle tone present
during postural maintenance is thought to provide a sustained
muscle activity needed to counteract gravity and keep the
numerous body segments appropriately aligned (1). The current
study adds to the growing body of evidence that deficits in
postural tonic control, especially in the axial musculature (15, 16)
can play an important role in balance deficits in PD.

The dopamine system’s role in postural tone and motor
control in healthy and PD populations is known (7, 36, 44)
and there is evidence that dopamine treatment can help posture
and gait control in PD (45). However, there are numerous
studies showing that these behaviors can be resistant to dopamine
therapy even though other symptoms abate (44, 46). The origin
of such prolonged tonic muscle contraction is thought to come
from sub-cortical and brainstem structures (20), which are tightly
connected to nigrostriatal regions. Among these structures are
mesopontine tegmental regions with descending and ascending
connectivity (21). The involvement of these neural regions in
posture and gait has led researchers to use the PPTN as a site
for implanting DBS electrodes in PD patients (25, 26). Although
this has had mixed success [(47, 48)], at least a few studies have
shown reduction in axial tone and improvement in the symptoms
of Postural Instability and Gait Disturbance (PIGD) (27).
While results from the current study provide some additional
insight into how changes in function of the basal ganglia and
associated nuclei can affect postural behavior, its likely that tonic
dysfunction observed in PD is the result of a widely distributed
cortical/subcortical network (49). Further evidence is needed to
determine how effective targeted treatment of only the dopamine
system may be, since standard dopaminergic pharmacological
treatment of PD has in some cases been shown to have little effect
on axial tone or symptoms related to posture and gait (15, 16, 44,
46). Studies are underway, which involve testing PD both ON and
OFF medication in the current experimental procedure, which
may provide additional insight into this question.

A number of alternative explanations were considered, all
of which could not be completely ruled out. These findings
presuppose that all participants had no limitation in their ankle
joint, which was verified by screening all participants for normal
ankle ROM. All participants were able to maintain dorsiflexion
by standing un-aided on the toes-up tilted surface for the full
120 s adaptation period. In the sine-ramp tilted condition, this
required at least 10◦ dorsiflexion, which is almost an order
of magnitude greater than the size of the after-effect. Another
explanation that can be ruled out is the forward lean that
the PD showed at baseline. A symptom of PD is excessive
kyphosis, marked by a forward stooped-posture, and there
is some evidence (50), albeit mixed (51), that this inherent
anterior flexion contributes to deficits in automatic postural
stabilization. The presence of a significant anterior baseline
shift in the PD group may have limited how large the lean
after-effect could shift forward before reaching the limits of
stability, however, the decay timeline still differed from the
healthy group. Furthermore, during the post-adaptation period,
the lean after-effect failed to return as quickly as the healthy
adults. Additionally, in the baseline SR condition, there was
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not a difference between groups. Another factor that could
contribute to group differences in the after-effects is the presence
of proprioceptive deficits in PD. These proprioceptive deficits
may affect the ability to correctly orient stance relative to vertical
and/or the surface (52–54). They may also be reflective of more
general sensorimotor integration problem, which when treated
can improve balance in PD (55). Finally, the role of bradykinesia
must be considered since bradykinetic-rigidity dominant PD
has been identified as one of the four subtypes of PD (56, 57).
Bradykinesia is a slowness of movement often observable during
phasic activity such as reaching, manipulation, or stepping.
Bradykinesia during slow tonic activity is more difficult to
measure. Because the underlying causes of bradykinesia and
rigidity are not well-understood, one can speculate whether
bradykinesia falls along a spectrum from akinesia to ballismus
that is inversely related to hyper- and hypotonicity. Thus, while
the current study did focus on very slow movements (>60 s),
the role of bradykinesia could not be completely ruled out as a
contributing factor.

CONCLUSION

In summary, (1) tonic postural after-effects were observed
in all groups, however there were differences in amplitude
and temporal properties between groups, (2) postural after-
effects decayed to baseline when post-tilt surface was stable but
were retained and even grew larger post-adaptation in the SR
surface conditions in all groups, (3) PD participants showed
less adaptation to surface changes than healthy age-matched and
younger adults. Differences in size and decay of after-effects

between young, old and PD groups suggest tonic neuromuscular
processes play a role in how adaptable postural control is to
changing surface conditions and this is affected by function
of basal ganglia and associated nuclei as observed in healthy
aging and neuropathology. Advancing our understanding of how
posture and gait are coupled through phasic and tonic processes
is a necessary step for improving rehabilitation of PD (58) and
reducing fall risk in the aging population.
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Background: Recent studies have shown that alterations in executive function and

attention lead to balance control disturbances. One way of exploring the allocation of

attention is to record eye movements. Most experimental data come from a free viewing

of static scenes but additional information can be leveraged by recording eye movements

during natural tasks. Here, we aimed to provide evidence of a correlation between

impaired visual alteration in natural tasks and postural control in patients suffering from

Radiation-Induced Leukoencephalopathy (RIL).

Methods: The study subjects were nine healthy controls and 10 patients who were

diagnosed with RIL at an early stage, with isolated dysexecutive syndrome without

clinically detectable gait or posture impairment. We performed a balance evaluation and

eye movement recording during an ecological task (reading a recipe while cooking).

We calculated a postural score and oculomotor parameters already proposed in the

literature. We performed a variable selection using an out-of-bag random permutation

and a random forest regression algorithm to find: (i) if visual parameters can predict

postural deficit and, (ii) which are the most important of them in this prediction. Results

were validated using the leave-one-out cross-validation procedure.

Results: Postural scores indeed were found significantly lower in patients with

RIL than in healthy controls. Visual parameters were found able to predict the

postural score of RIL patients with normalized root mean square error (RMSE) of

0.16. The present analysis showed that horizontal and vertical eye movements,

as well as the average duration of the saccades and fixations influenced

significantly the prediction of the postural score in RIL patients. While two patients

with very low MATTIS-Attention sub score showed the lowest postural scores,

no statistically significant relationship was found between the two outcomes.
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Conclusion: These results highlight the significant relationship between the severity of

balance deficits and the visual characteristics in RIL patients. It seems that increased

balance impairment is coupled with a reduced focusing capacity in ecological tasks.

Balance and eye movement recordings during a natural task could be a useful aspect of

multidimensional scoring of the dysexecutive syndrome.

Keywords: balance control, attention, ecological tasks, eye movements, machine learning, radiation-induced

leukoencephalopathy, dysexecutive syndrome

INTRODUCTION

Radio-induced Leukoencephalopathy (RIL from now on) is a
diffuse pathology of the white matter, consecutive to brain
radiotherapy (RT) that was used to treat brain tumors.
It is currently the most frequent and threatening delayed
complication of cerebral RT. Symptoms may be manifested
months or even decades after either cerebral RT alone or
cerebral RT combined with chemotherapies (1). Cognitive
impairment such as attention or memory deficits are the primary
manifestations of the disease followed by balance and gait
impairment and, at an advanced stage, urinary incontinence
(1, 2). They have a significant impact on the patient’s life,
often permanently affecting his/her autonomy. Progressively, RIL
patients may also suffer from severe dementia and total loss of
autonomy (2–4). In the severe stage of RIL syndrome, patients
may benefit from specific motor and cognitive re-education
programs. Early diagnosis could be advantageous to prevent
balance and gait disability.

Cognitive deficits are the earliest signs of RIL and affect
mainly the attention and executive functions in a fronto-
subcortical pattern with consequences on long-term memory
and information processing (1, 3, 5–7). Anatomical white
matter alterations after radiotherapy and/or chemotherapy have
been recently correlated with cognitive impairment (8, 9). As
dorsal periventricular tracts of the corona radiata -preferentially
altered whatever the irradiation scheme- disrupt, patients
progressively display balance and gait impairment resembling
apraxia developing into dysexecutive syndrome (2). Chronic
oculomotor dysfunction due to radiotherapy has been also
previously reported. Clinical cases of patients with RIL reported
deteriorated smooth pursuit eye movement with occasional
saccadic intrusions as well as altered voluntary saccades. Still,
the mechanisms remain unclear. Eye movement recordings
have been reported as reflections of tenuous cognitive deficits
before their clinical manifestation (10). Oculomotor and balance
functions are also closely interwoven. Defective gaze behavior
has been associated with impaired posture control in elderly
(11) as well as in Parkinsonian patients (12) and it has been
proposed as a biomarker of impaired posture (13). Several studies
explored the interrelation between eye-movements and posture,
since several brain regions (parietotemporal cortex, brainstem,
superior colliculus, and cerebellum) are involved in both eye
movements and postural control (14, 15).

Attention is necessary to both postural control (16) and
eye movements (17, 18). The frontal cortex which is strongly

connected to the parietal areas (19), may also play an important
role in the interaction between visual and postural systems (20).
Ecological tasks enable researchers to study the executive control
of gaze and have been used in several contexts in recent years
(14). In this context, it has been highlighted how prominent the
role of attention and task demand toward explaining oculomotor
behavior can be.

The newly proposed data mining techniques have been
shown to have an added value to the exploitation of the
available datasets, especially when multiple variables occur and
the number of available individuals is limited. In this study, we
explored posture and oculomotor control in patients recently
diagnosed with RIL (using brain MRI), at the early stages
of dysexecutive syndrome. At the process of the patients’
neurological examination, no balance or gait impairment was
detected. The present work, attempts to investigate (a) the level
of association between early balance/gait and oculomotor deficits
in RIL patients and (b) whether these balance/gait deficits reflect
patients’ cognition impairment. Early detection of balance, gait
and oculomotor abnormalities in RIL patients could lead to new
rehabilitation strategies and reassessment of current therapeutic
interventions.

MATERIAL AND METHODS

Participants
Ten patients between 19 and 63 years old (average age 50.9
± 15.9 years old; 4 women) and nine healthy participants
between 27 and 54 years old (mean age 43.4 ± 10.2 years old; 3
women) participated in this study. The patients were enrolled in
the Neurology department at Percy Hospital, Clamart (France),
referred for RIL after a brain tumor treatment or metastatic
prophylactic cerebral irradiation. Patients were examined by
neurologists of our center, and inclusion criteria were: (i) Patients
diagnosed with RIL according to MRI and clinical criteria
as previously detailed (2). All patients had extensive FLAIR
hyperintensities also in other lobes (at least one), different
than this of the initial tumor location, as well as in corona
radiata. (ii) with dysexecutive syndrome as defined by the
GREFFEX criteria on the cognitive battery (2), (iii) with no
complains of balance or gait impairment, (iv) normal visual
acuity (corrected visual acuity with glasses was permitted) (v)
having understood and agreed on the aim of the study and
given informed consent. Exclusion criteria were (i) vestibular
or proprioceptive dysfunctions according to the neurologist
examination, (ii) balance impairment detected at the visual
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TABLE 1 | Synthetic view of characteristics for the participants’ sample.

Participant characteristics Patients

Mean

(±SD)

Control subjects

Mean (±SD)

Mean age (in years) 50.9 ±15.9 43.4 ±10.2

Women 4 3

Delay since brain irradiation (years) 13.6 ± 13 –

TYPE OF TUMOR

Glioma 5 –

Medulloblastoma 2 –

Astrocytoma 1 –

Prophylactic brain irradiation 1 –

Primitive central nervous system lymphoma 1 –

Romberg test performed by the neurologist, (iii) ongoing
psychiatric pathology, (iv) unable to understand and follow
instructions.

The control subjects were all naïve regarding the aim of the
study. They were recruited among the hospital personal. They
had no complaint and no history of brain radiation, traumatic
brain injury. Table 1 presents a synthetic view of characteristics
for the participants’ sample.

Ethical Statement
This study was registered at ethical committee CPP Nord Ouest
III with the number ID RCB: 2017-A01538-45. All participants
(controls and patients) received written and oral information and
gave written consent.

Ecological Tasks Assessment
The participants were instructed to follow a recipe to prepare a
chocolate cake (See Table A1). During the entire task, a nurse
accompanied both patients and control. The participants were
equipped with a mobile eye tracking system (Tobii Pro Glasses 2,

coupled with the Tobii pro lab analyzer edition software©, with
a sampling frequency of 100Hz). A calibration of the eye tracker
was made at the beginning of the experiment. Figure 1 provides
a snapshot of the “reading recipe while cooking” task.

Data Analysis
For the purpose of this study, we concentrated the oculomotor
analysis on the time periods when the participants read the
recipe. Algorithms and statistical analysis has been performed in
Matlab platform R2018a.

Oculomotor Parameters
Most of the calculated parameters have been previously proposed
as visual characteristic (21). The main idea of this feature
engineering process is to base our analysis to already known
parameters from the oculomotor scientific community to
facilitate the reader’s interpretation. However, in order to further
exploit the richness of the eye movement in time, characteristics
inspired by analytical studies with similar two-dimensional
datasets (such as the center of mass coordinates changes
in postural control research) (22, 23) were applied in the

FIGURE 1 | Snapshot of a patient while reading the recipe. Note that the

participant is wearing a Tobii glasses 2® eye tracking device and that there is a

Clinical Research Nurse in the background. Written informed consent was

obtained from the participant for the publication of this image.

eye movement datasets. Table 2 provides the names and the
description/values (where needed) of the biomarkers that were
initially included in the model.

Statistical Analysis

Postural differences between RIL patients and controls
All individuals completed the basic Romberg test (upright
position, without shoes, feet placed in comfort for the patient
but in the shoulders’ projection area on the force platform, arms
laying at the side, 25 s eyes open, 25 s closed eyes) on the Wii
balance board R© (WiiBB). WiiBB has non-constant frequency
during the record and so the signal was resampled at 25Hz
using the SWARII algorithms previously described (24). For
acclimatization purposes withWiiBB, a period of 35 s (minimum)
has been kept before the open and closed-eyes recordings.
Statokinesigrams were analyzed using the LAGMM (Local
Analysis of Statokinesigrams using Gaussian Mixture Models)
algorithm already proposed in (22) for statokinesigram datasets
and it is available online (http://taureau.pppcmla.ens-cachan.fr/).
Briefly, the proposed model creates a multidimensional profile
for every individual using both open and closed eyes parameters
and analyses their center of pressure (CoP) trajectories in “local
parts” (time frames). The scores per individual are initially given
by the value 1 minus the percentage of unquiet periods for both
eyes closed and eyes open. The final score is given by the average
of these two scores and it is scaled to the 0–100 scale. The given
scores (0: Bad, 100: Excellent) for every individual were analyzed
using the univariate non-parametric Wilcoxon test in order to
see if there is a significant difference between controls and RIL
patients.

Oculomotor and posture control correlation in RIL patients
Our objective was to propose a model that finds significant
elements of ocular-postural coupling particularly for the RIL
patients. Therefore, we checked the power of visual characteristic
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TABLE 2 | Visual parameters that were initially calculated and included in the

model.

Biomarkers Description

DYNAMIC VISUAL PARAMETERS

RangeX (degrees/s) Range of horizontal eye movement per second

during task

RangeY (degrees/s) Range of vertical eye movement per second during

task

RatioRange RatioX/RatioY

VarianceX (degrees/s) Variance of horizontal eye movement per second

during task

VarianceY (degrees/s) Variance of vertical eye movement per second

during task

VelocityX (degrees/s) Average instant velocity of horizontal eye movement

during task

VelocityY (degrees/s) Average instant velocity of vertical eye movement

during task

Velocity (degrees/s) Average instant velocity of eye movement during

task

EllArea(degrees/s)

Horizontal and vertical

field of view

Confidence ellipse that covers the 95% of the

trajectory points. The horizontal and vertical field of

view per second are the axes of the ellipse.

STANDARD VISUAL PARAMETERS

MeanFix (ms) Average duration of fixations during task

VarianceFix (ms) Variance of durations of fixations during task

SkewFix Skewness of durations of fixations during task

KurtFix Kurtosis of durations of fixations during task

MeanSac (ms) Average duration of saccades during task

VarianceSac (ms) Variance of durations of saccades during task

SkewSac Skewness of durations of saccades during task

KurtSac Kurtosis of durations of saccades during task

Fix2SacNratio Number of Fixations/Number of Saccades

This table separates the parameters into dynamic [mostly inspired by the posture

evaluation literature (22, 23) (upper part), and more standard visual parameters (Lower

part)].

to predict the postural score only in RIL patients. We performed
a regression prediction using the random forests algorithm (25)
only for the RIL patients. Briefly, random forest uses multiple
weak classifiers (such as decision trees) using random subsamples
(randomly selected observations and biomarkers (i) for every
tree) of the initial training sample and merges their results in
order to get the final classification result. Due to the limited
available dataset, results were validated using the well-known
leave-one-out validation. Dataset was split N times where train-
test was the N-1 and test set was every single individual one.

Moreover, in order to evaluate the influence of every variable
in predicting the right label, we estimated the well-known out-of-
bag predictor importance by random permutation (26). Briefly,
the more critical is the predictor, the more important would
be the affectation of the model error (d). The permutation of a
non-influential predictor will have minimum or no effect on the
model’s error. So the final importance is given by

Impi = di/σi (1)

TABLE 3 | Patients’ MATTIS-Attention sub-scores.

Patient MATTIS attention sub-score

Patient 1 23/37

Patient 2 25/37

Patient 3 34/37

Patient 4 34/37

Patient 5 34/37

Patient 6 35/37

Patient 7 36/37

Patient 8 36/37

Patient 9 37/37

Patient10 37/37

Where Impi the importance of every biomarker i, di the average
change of error after random permutation of biomarker i from
trees that i was selected and σi is the standard deviation of
the difor trees that i was selected. The out-of-bag predictor
importance was run five times. Variables that the 25% quartile
of Imp was >0.1 were marked as significant variables.

MATTIS-Attention Subscore and Correlation With

Posture
As mentioned previously, all included patients had impaired
scores on the tests from the GREFEX battery in a manner that
dysexecutive syndrome could be diagnosed according to the
GREFFEX criteria (27). However, it was difficult to give a general
score of their cognitive impairment that takes into account all the
scores of the battery. We assumed that the attention subscore
of the MATTIS scale, included in the patients’ GREFFEX
battery (27), reflects their global cognitive impairment. Table 3
summarizes the patients’ MATTIS-Attention subscores. Below
31/37, the score is considered pathological (28).

Moreover, we used linear Pearson correlation for MATTIS-
Attention and postural score in order to check the association
of the posture dysfunction with the intensity of the cognitive
impairment.

RESULTS

Postural Differences Between RIL Patients

and Controls
Postural control was found significantly lower in patients [30 (17,
50)] [median, (whiskers)] than in controls individuals [62 (57,
69)] (p < 0.01). The boxplot in Figure 2 below shows the clear
separation between the two groups.

Visual Parameters: Differences Between

RIL Patients and Controls
Table 4 below summarizes the values of the calculated
parameters.

Visual Parameters and Posture in RIL

Patients
Considering only the RIL population, we first checked the
importance of the calculated parameters. Figure 3 shows the
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relative parameters’ importance, which allows us to predict the
final postural score of every participant.

The variables that have been finally selected are presented in
Table 5.

Some of the selected parameters in Table 5 (see also
Tables 3, 4) might have a certain overlap in terms of explanatory

FIGURE 2 | Boxplot of postural score between controls and patients who

suffer from radio-induced leukoencephalopathy (RIL). Red lines inside the

boxes indicate median and end of boxes indicate the whiskers.

Non-parametric Wilcoxon test showed that RIL’s score was found significantly

lower compared to those of healthy controls (p < 0.01).

power (ex. RangeY, VarianceY, VelocityY). These variables should
be seen more as unity (as a profile) rather than three independent
and different parameters. Therefore, we generally observed
that movement in horizontal (RangeX, VarianceX, VelocityX)
and vertical axes (ex. RangeY, VarianceY, VelocityY) are both
increased significantly with the degradation of postural control

FIGURE 3 | Oculomotor Parameters’ importance resulted by the prediction

importance algorithm. Red lines indicate the median and the horizontal lines of

boxes indicate the whiskers. The biomarkers with low whisker >0.1 were

considered as predictors that have very high possibility to have a beneficial

effect on the final predictions.

TABLE 4 | Average (±SD) of the included variables for RIL patients with relatively low and medium postural score.

Biomarkers RIL Posture score<30 (N = 5) RIL Posture score>30 (N = 5) Controls (all have Posture score>30)

DYNAMIC VISUAL PARAMETERS

RangeX (degrees/s) 14.6 ± 5.6 6.0 ± 1.6 10.7 ± 4.5

RangeY (degrees/s) 9.5 ± 3.7 3.4 ± 1.0 5.5 ± 2.1

RatioRange 1.6 ± 0.6 2.0 ± 0.8 2.1 ± 0.8

VarianceX (degrees/s) 4.8 ± 1.7 2.1 ± 0.5 3.6 ± 1.4

VarianceY (degrees/s) 3.1 ± 1.1 1.2 ± 0.4 1.8 ± 0.7

VelocityX (degrees/s) 65 ± 22 23 ± 12 67 ± 87

VelocityY (degrees/s) 52 ± 8 18 ± 8 38 ± 31

Velocity (degrees/s) 92 ± 91 33 ± 15 85 ± 97

EllArea(degrees/s), (field of view) (Horizontal/Vertical) H:27.6 ± 9,

V:10 ± 3.4

H:12 ± 2.5,

V:3.7 ± 1.2

H:20.5 ± 7,

V:6.4 ± 2.7

STANDARD VISUAL PARAMETERS

MeanFix (ms) 153 ± 31 316 ± 141 226 ± 89

VarianceFix (ms) 169 ± 63 318 ± 149 134 ± 60

SkewFix 6.1 ± 4.2 3.1 ± 1.6 1.7 ± 0.8

MeanSac (ms) 52 ± 11 41 ± 5 44 ± 9

VarianceSac (ms) 39 ± 28 28 ± 11 36 ± 14

SkewSac 3.2 ± 1.8 1.8 ± 0.7 2.7 ± 1.6

Fix2SacNratio 0.37 ± 0.15 1.05 ± 0.36 0.74 ± 0.35

RIL patients with relatively higher postural score had many ocular parameters significantly different (see Table 5 below). Controls were presented in order to help the comparison between

these populations. Worth to be noted that sometimes controls present values closer to the RIL with low postural control than those with relatively higher postural score.
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TABLE 5 | Biomarkers that were found valuable in the prediction process of the

postural score for RIL patients.

Biomarkers Median (whiskers) of Importance

DYNAMIC VISUAL PARAMETERS

RangeX 0.16 (0.15, 0.18)

RangeY 0.24 (0.18, 0.27)

VarianceX 0.12 (0.02, 0.18)

VarianceY 0.19 (0.11, 0.26)

VelocityX 0.21 (0.17, 0.24)

VelocityY 0.18 (0.15, 0.23)

Velocity 0.21 (0.20, 0.22)

EllArea 0.32 (0.29, 0.34)

STANDARD VISUAL PARAMETERS

MeanSac 0.15 (0.12, 0.21)

Fix2SacNratio 0.18 (0.15, 0.23)

Horizontal and vertical eyemovement increase significantly with the loss of postural control

(see Table 4 above) and also the saccades become numerous and more extensive (in

duration).

(Table 4). Considering the standard oculomotor parameters,
the average duration of the saccades was also increased and
the average fixation period has been dramatically dropped (see
Table 4). Interestingly, not only durations but also the ratio
between numbers of fixations and the number of saccades
per second was decreased with the decrease in postural score.

Figure 4A below shows the scatter plot between the
observed postural score and the predicted one (by oculomotor
parameters). The prediction is fairly accurate with an RMSE =

0.2 (Normalized value–RMSE divided by 100–0). However, this
value is increased by an individual (red STAR in the graph) that
its prediction was not accurate. The RMSE without the outlier
drops to 0.15. On the other hand, when we re-run the model
after the inclusion of only the important parameters (Table 5),
the prediction accuracy has been increased (RMSE = 0.16)
(Figure 4B). However, the same patient as previously has been
relatively mispredicted. The RMSE decreased at 0.11 after the
exclusion of this case.

Posture and Attention
We correlated the measured postural score with the attention
scale of the MATTIS-Attention subscore using the Pearson linear
correlation coefficient. Despite the fact that the patients with
lower MATTIS-Attention subscore also had a low postural score,
(patients with 23/37 and 25/37 had a postural score of 5/100 and
26/100 respectively), all the other patients had score close to 37
and so we did not find any statistical significance in order tomake
safer conclusions (r = 0.39, p= 0.28).

DISCUSSION

One should bear in mind that the neurological examination
of patients in question who suffered from RIL at the early
stage of dysexecutive function, did not show any balance or
gait impairment. The objective of the present work was: (1)
to initially explore possible postural control degradation in the

patients involved using a simple Romberg test and data mining
techniques and consequently associate this degradation with
cognitive impairment, (2) to investigate whether there is any
relation between the aforementioned postural deficits and the
oculomotor control. It was shown that the horizontal and the
vertical eye movements as well as the average duration of the
saccades are significantly increased in RIL patients with relatively
low postural control compared to those with higher postural
control. What’s more, critical attentional deficits seemed to be
coupled with postural impairment leading us to believe that
further research into a larger population is required to validate
these preliminary findings.

Postural and Visual Deficits in RIL

Syndrome
This study is the first detailed report to our knowledge which
connects the postural and visual deficits in a RIL patient’s cohort.
Despite the fact that initially the patients were not diagnosed
either with balance or with gait dysfunction caused by the treated
tumor or the RIL, these results present scores indicating postural
impairments or at least lower scores compared to the healthy
controls. Besides, RIL patients were found to suffer from various
visual impairments, which, in result, may have contributed to
imperfect information processing during complex tasks, such
as the ecological reading task assigned. This is of significant
importance because usual clinical tests appear less sensitive
toward detecting such issues, despite relevant patient complaints.

Vision and Posture Association in RIL

Patients
The proposed method offered the advantage of checking all
parameters simultaneously and thus avoiding the consecutive
univariate parametric or non-parametric tests (such as T-Tests or
Wilcoxon with or without corrections) often criticized especially
in exploratory studies (29). Although a predictive model has been
used, this result should not be mistaken for a unidirectional
causal relationship between oculomotor deficits and postural
control. Our results should be seen mostly as a confirmation
that vision deficits may reflect posture ones, and vice versa. The
results seem promising in the sense that they strongly encourage
further research in this direction, in order to gain a better
insight into the neurological basis of the radiation-induced brain
damage. Patients were characterized by an heterogeneity of the
brain lesions caused by the tumor and a relative homogeneity
of the delayed periventricular tracts disruption caused by brain
irradiation. This taken into account, it is interesting to see that
all patients showed both postural and visual impairments, even
at various degrees. To our knowledge, such a phenomenon
has never been reported in other conditions close to the radio
induced leukoencephalopathy. However, recent studies have
shown that there is a relation between saccades and posture in
control populations. Saccadic eye movements affect posture by
decreasing the magnitude of body sway both in children (30)
and older adults (31). Three different mechanisms have been
suggested, that work toward the visual stabilization of posture.
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FIGURE 4 | (A) Scatter plot between observed and predicted postural score of RIL patients using all the oculomotor biomarkers mentioned in Table 2 (RMSE = 0.2).

(B) Scatter plot between observed and predicted postural score using only the selected oculomotor biomarkers mentioned in Table 5 (RMSE = 0.16). Both graphs

contain an outlier prediction which increases the RMSE significantly (Red star).

1. The afferent motion perception, which uses information
contained in the optic flow to minimize retinal slip and
stabilize the distance between the eye and visual scene.

2. The efferent motion perception, which is based on either the
copy of motor command or extra visual muscle afferents that
are consecutive to eye movements.

3. The attentional aspects that relate to the execution of the
eye-movement task and possibly influence patients ‘postural
performance in the present study.

Specifically, attentional demands involved during the reading
task, are consistent to an adaptive resource sharing model (32),
which postulates that postural and supra-postural tasks compete
for the same limited attentional resources. The increased body
sway in RIL patients, despite increased saccadic movements,
suggests at least a disruption in the normal relationship between
saccades and posture. The fact that the patients in the present
study suffered from a cognitive impairment, without clinical
evidence for postural deficit, presents some interesting caveats
to the cognitive penetrability of posture. We may suppose that
altered visual strategy has a detrimental effect on posture (33).
Also, ignoring irrelevant visual information is paramount to
attend and interpret the essential parts of a visual event. We
can assume that the modifications found in RIL patients have a
detrimental effect on the quality of the visual input, but also partly
upset the attentional system, as happens in Parkinsonians (34).
This explains why, until recently, balance control was described
as a predominantly automated motor process, requiring almost
no cognitive input. However, recent studies have shown that
alterations in executive function and attention lead to balance
control disturbances (35). Our hypothesis and results are in line
with these recent findings.

Limitations
There are several limitations we would like to address. In
terms of chosen analysis, the current analysis (predictive

model) highlighted the ability of oculomotor parameters
to predict postural control, without excluding that posture
parameters might also predict oculomotor deficits. Therefore,
our results indicate a strong interrelation rather than a
causal relationship between oculomotor deficits and postural
control.

The limited number of available patients, especially in a
single clinical center, restrains the evaluation. The fact that
we could conduct such an experiment in the neurology
department is a strong opportunity to better understand the
RIL syndrome. Plans have been made to work toward a more
multi-centric approach in the future. The fact that we did
not find statistically significant correlation between postural
score and MATTIS-Attention sub-score might be also due to
the aforementioned lack of large cohort. However, it should
be also mentioned that postural score derived by the basic
Romberg test, which is not extremely demanding in terms
of cognition, might be insufficient to reflect mild cognitive
deficits. Richer Romberg protocols (such as dual task (36)
which presumes that cognitive functions and postural control
compete for limited attentional capacity (32, 37), might be
more appropriate in order to acquire more sensitive postural
scores.

Additionally, there is a delicate tradeoff between
controllability and practical choices in an ecological setting.
More precisely, it is necessary to use a cooking recipe and test
the reading parameters for this task. The text has a procedural
organization, and the corpus is related to a specific semantic
field. A further point of contention is the age difference
between patients and controls. Still, the primary visual issue
between 40 and 50 years, namely presbyopia, cannot affect our
results. To our knowledge, no difference has been reported
in the statokinesigrams between 40 and 70 years old, either.
Most changes in saccadic eye movement in healthy subjects
occur after 60 years (38) and thus any age bias is expected to
be minor.
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Conclusion
The proposed method was based on multi-dimensional machine
learning techniques. It offered the advantage of checking the
importance of the ocular parameters to explain the postural
impairment in RIL patients, while avoiding the consecutive
Wilcoxon tests often criticized in exploration studies. The results
of the present study are as follows. (1) Most RIL patients have
significantly lower postural control scores when compared to
the healthy controls. (2) The severity of these postural deficits is
strongly associated with the increased vertical and horizontal eye
movements as well as with longer saccades. (3) No statistically
significant association was found between postural score and
MATTIS-Attention sub-score in RIL patients. However, the fact
that two RIL patients with very low MATTIS-Attention sub-
score showed very low postural score too, is an element that
needs further investigation. A larger sample of participants
suffering from a wider range of postural stability and cognitive
deficits as well as a richer Romberg protocol might be required
to emphasize the reliability of the present result. Additional
measures will enable researchers to clarify the underlying nature
of the neurological lesions that cause cognitive impairment.
Future works should focus on correlations of the above postural
and visual deficits with brain imaging (MRI) as well as on the
increase (as possible) of the sample.

A further establishment of the present results in the future,
would render the ecological protocols and parameters we

propose, as a complement of the cognitive tests, a major
assistance in assessing the stage of the patients’ conditions
and facilitating the patients’ follow-up examinations. Such
approaches may also have a positive effect on the rehabilitation
strategies at an early RIL stage.
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APPENDIX

Table A1| Recipe and associated elements per instruction.

Instruction Elements/ actions

1. Melt the chocolate and the

butter in the microwave. Mix well

the two ingredients (The

microwave is already

programmed, just press

to start it).

• Chocolate bar

Butter (opening and closing fridge)

Container: choice

Spoon: any choice

Oven (opening + start + closing)

2. Mix the flour, the sugar and the

egg yolks in a bowl.

• Flour

Sugar

Balance or measuring cup

Eggs (opening and closing fridge)

Containers (x2: white mixing and separation)

3. Stir the chocolate-butter mixture

into the previous mixture.

• Optional: opening / closing oven if the mixture

has not already been removed

Spoon: choice

Optional: dishwasher

4. Beat the egg whites with the

electric mixer until stiff and fluffy.

• Electric mixer (plug, turn on)

Whisks (to be installed on the mixer)

Salad bowl where are the whites

5. Gently incorporate the egg

whites in the mixture with a

wooden spoon.

• Wooden spoon

Salad bowl (egg whites, mix)

6. Pour the mixture into the mold. • Bowl with mix

Mold

Spoon: choice

that actual recipe was presented in a more readable format, with
a size font suitable for a distant reading.
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Perturbation-based balance training has shown to induce adaptation of reactive balance

responses that can significantly reduce longer-term fall risk in older adults. While specific

cortical and subcortical areas in control of posture and locomotion have been identified,

little is known about the training-induced plasticity occurring in neural substrates for

challenging tasks involving reactive balance control. The purpose of this study was to

use functional neuroimaging to examine and determine the neural substrates, if any,

involved in inducing adaptation to slip-like perturbations experienced during walking

over 3 consecutive training days. We used a mental imagery task to examine the neural

changes accompanied by treadmill-slip perturbation training. Ten healthy young adults

were exposed to increasing magnitude of displacements during slip-like perturbations

while walking, with an acceleration of 6 m/s2 on a motorized treadmill for 3 consecutive

days. Brain activity was recorded through MRI while performing imagined slipping

and imagined walking tasks before and after the perturbation training. The number of

compensatory steps and center of mass state stability at compensatory step touchdown

were recorded. As compared with day 1 (first trial), on day 3 (last trial) there was

a significant reduction in number of compensatory steps and increase in stability

at compensatory step touchdown on the mid and highest perturbation intensities.

Before perturbation training, imagined slipping showed increased activity in the SMA,

parietal regions, parahippocampal gyrus, and cingulate gyrus compared with rest. After

perturbation training, imagined slipping showed increased activation in DLPFC, superior

parietal lobule, inferior occipital gyrus, and lingual gyrus. Perturbation training was not

associated with decline in activity in any of the brain regions. This study provides evidence

for learning-related changes in cortical structures while adapting to slip-like perturbations

while walking. The findings reflect that higher-level processing is required for timing and

sequencing of movements to execute an effective balance response to perturbations.

Specifically, the CNS relies on DLPFC along with motor, parietal, and occipital cortices

for adapting to postural tasks posing a significant threat to balance.

Keywords: fMRI, pertubation, balance, stability, cortex
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INTRODUCTION

The central nervous system (CNS) possesses the ability to
adapt to novel sensorimotor stimuli. With regards to controlling
stability during dynamic balance tasks, the adaptive capacity of
CNS has been studied by exposing healthy younger and older
adults to repeated slip-like perturbations (1, 2). This is also
known as perturbation training, a novel paradigm for preventing
falls while walking. During subject-controlled perturbations,
i.e., overground slip-like perturbations, the CNS utilizes error
information from initial perturbations to shift from a feedback
or reactive control to a feedforward or proactive control to
produce protective responses (1, 3). Feedforward adaptations are
observed in the form of reduced ankle dorsiflexion, increased
knee flexion, and reduced heel contact velocity of the slipping
leg which influence the ground reaction forces resulting in
a reduced slip-perturbation intensity (4–7). On the other
hand, during experimenter controlled perturbations, CNS relies
predominantly on feedback system, for example, increasing
compensatory step length to maintain a more forward center
of mass state (position and velocity) at step completion, thus
achieving a more stable position (8, 9). These studies provide
a substantial understanding about the behavioral mechanisms
involved in adaptation to perturbations however, the neural
mechanisms underlying such adaptions remain unclear and
largely speculative.

Extensive research has identified the widespread neural
networks engaged in regular locomotion by examining
both mental imagery of walking via functional magnetic
resonance imagining (fMRI), and real walking through
single-photon-emission-computed-tomography (SPECT) and
positron-emission tomography (10, 11). While there is strong
evidence for cortical and subcortical control of steady state
walking (10–13), other studies show that a specific neural
activation pattern is involved in challenging walking tasks. A
recent study using high-density EEG identified cortical activity
related to loss of balance while walking on a balance beam
mounted on a treadmill. Interestingly, they found an increase
in theta band spectral power in anterior cingulate, posterior
cingulate, anterior parietal, sensorimotor and dorsolateral-
prefrontal cortices exclusively during loss of balance from the
balance beam (14). Another study using functional MRI reported
modulation of brain activity, specifically in bilateral superior
parietal lobule and middle occipital gyrus with mental imagery
of walking on a narrow path compared with a wider path (15).
The above studies suggest that maintaining balance in presence
of task constraints is associated with different neural activation
pattern than regular walking.

Neural adaptations to improvement in posture control has
been examined predominantly during standing balance training
through modulation of H-reflex responses (16). Many studies
report down regulation of the spinal, H-reflex following single
and multiple sessions of balance training (17, 18). For example,
Trimble and Koceja reported a 26.2% reduction in the H-
reflex amplitude post-training compared with pre-training (18).
Similarly, Mynark and Koceja reported a reduction in H-
reflex relative to background muscle activity after 2 days of

balance training which related with reduced body sway while
standing (19). It is suggested that adaptation to balance tasks
through reduced modulation of H-reflex is accompanied by
greater influence of the supraspinal mechanisms for balance
control (20). While these studies provide evidence for a possible
supraspinal modulation with improved balance control, the
specific structures involved in adaptation to balance tasks are not
known.

Balance recovery from external perturbations require rapid
processing of sensorimotor information and execution of an
accurate reactive or compensatory response (21). Walking
involves constantly shifting balance between double and single-
limb support phases while maintaining forward progression.
Furthermore, external disturbance in balance can occur at
any point in the gait cycle which increases the challenge
for maintaining balance in case of an external disturbance.
However, the neural changes involved in adaptation to external
perturbations during walking are poorly understood. A few
studies have examined corticomotor excitability before and after
locomotor training using transcranial magnetic stimulation.
Fisher et al. demonstrated an improvement in stride length and
increased cortical silent period after high intensity locomotor
training in people with Parkinson’s disease, suggesting locomotor
training alters the corticomotor activity (22). Furthermore, in
stroke survivors, improvement in motor threshold (measured
with TMS) following locomotor-balance training correlated with
increased step length while walking (23). These studies support
the view that locomotor training is related to modulation of
cortical activity. It is therefore likely that perturbation based
locomotor training could involve changes in neural activity.

Reactive balance responses are likely to engage brain areas
related to evaluation of sensory information, development of a
new motor plan or recalibration of an existing motor plan to
carry out an appropriate action. Perturbation training studies
(2, 24), neurophysiological studies (25, 26), and neuroimaging
studies (27) support that reactive responses to large perturbations
may be modulated through cortical regions particularly, motor
cortex. For instance, Adkin et al. demonstrated a negative
potential in the fronto-central cortical area occurring 100ms
after perturbation onset while standing (26). Such a response
is linked with error detection (28), suggesting a role of
cortical areas inmodulating reactive balance responses. Although
reactive responses involve long and short loop reflexes at
spinal cord and brainstem levels (29–32), it is likely that
initial adaptation to novel unexpected perturbations may involve
cortical regions for error detection and feedback. Therefore,
the purpose of this study was to identify the neural regions
involved in adaptation to slip-like perturbations during walking.
In particular, we were interested in identifying areas showing
changes (increase or decrease) in activation during mental
imagery of walking slip-perturbations after undergoing 3
consecutive days of treadmill-slip perturbation training among
healthy young adults. Considering that slip perturbation was
a novel stimulus during walking, we hypothesized that after
training there would be increased activation in regions related to
sensorimotor processing, balance control, sequence control, and
memory.
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METHODS

Participants
Ten young adults (27 ± 4 years; range 20–34 years) were
enrolled into the study after obtaining a written informed consent
approved by the Institutional Review Board. The participants
were screened for magnetic resonance imaging (MRI) safety and
any neurological, musculoskeletal or cardiovascular disorders.
All participants underwent 3 days of treadmill-slip perturbation
training while walking. They also performed mental imagery
tasks in the MR scanner before and after perturbation training.
Figure 1 shows a schematic presentation of the study protocol.

Regular and Perturbed Walking Tasks
The regular and perturbed walking trials were performed before
the first fMRI session (i.e., pre-training fMRI recording). In this
session, all the participants were familiarized to regular walking
on the treadmill and slipping while walking on the treadmill to
facilitate mental imagery of these tasks in the MR scanner. A
single regular walking and a single perturbed walking trial was
performed. Participants stood at the center of the ActiveStep
treadmill (Simbex, NH) with their feet shoulder width apart. All
participants donned a safety harness which prevented their knees
from touching the treadmill belt in case they experienced a fall.

FIGURE 1 | A schematic representation of the experimental protocol. The

initial session in the experimental protocol comprised participant screening for

fMRI (functional magnetic resonance imaging) safety, familiarization to

treadmill, and fMRI tasks, and the first, pre-training fMRI scan. The

familiarization and pre-training scan were performed on the same day. This

was followed by treadmill slip-perturbation training for 3 consecutive days. The

next day after perturbation training, we performed the post-training fMRI scan.

While standing on the treadmill, participants faced a window
covered with blinds to prevent any distraction in treadmill
tasks. At the start of every treadmill trial, participants were
reminded to look straight at the window in front of them. The
treadmill walking tasks comprised of—(1) regular walking and
(2) experiencing a single unexpected slip i.e., backward loss of
balance while walking. During regular walking, participants were
instructed to walk naturally and the treadmill speed was adjusted
to their preferred walking speed (0.9–1.2 m/s). Participants
walked at their preferred walking speed for 1minute. Following
this, participants were instructed that they may experience a
sudden slip-like perturbation at an unpredictable instant on the
following walking trial. Participants were asked to recover their
balance to the best of their ability. Participants were exposed to
a single slip-like perturbation with an acceleration of 12.00 m/s2

(0.25m displacement for 0.25 s). This perturbation intensity was
chosen to provide a real-life like slipping and falling experience
and to facilitate the mental imagery of slipping while walking
in the MR scanner. During the walking tasks, participants
were instructed to concentrate on the experience of walking on
the treadmill with regards to movement of their body parts,
differences in movement of the body segments and sensory
stimuli experienced on the feet. The experimenter standing
nearby provided verbal cues to assist the participants in noticing
the body movements and sensations. The verbal cues included
“focus on position of the different body segments” and “focus on
the sensations on the feet.” The same researcher provided these
verbal cues to each participant. This procedure was performed
only before the pre-training fMRI session and not before the
post-training fMRI session.

Treadmill-Slip Perturbation Training
Participants were informed that they may or may not experience
sudden slip-like perturbations while walking on a treadmill
without any prior indication. First all participants walked
naturally on the treadmill. The treadmill speed was adjusted
to match their self-selected walking speed (0.9–1.2 m/s). After
four natural walking trials, on the fifth walking trial, participants
were exposed to a slip-like perturbation on the treadmill at an
unexpected time. Participants were asked to perform a natural
response to recover balance to the best of their ability and
continue walking on the treadmill. The very first treadmill-
slip perturbation was delivered at the lowest intensity (level
I, distance 0.12m for 0.2 s and acceleration 6 m/s2). Further,
participants were subjected to three more perturbation trials
at the same intensity. If the participant successfully recovered
from the treadmill-slips on three out of four perturbation trials
(i.e., no falls) at a particular perturbation intensity, they were
exposed to four additional treadmill-slip trials on the next higher
perturbation intensity (level II, distance 0.18m for 0.25 s and
acceleration 6 m/s2) wherein they were again exposed to four
consecutive treadmill-slip perturbations. Following consecutive
recoveries, participants were subjected to higher intensities
of treadmill-slips up to the highest perturbation intensity
(level VI) (Figure 2A). This comprised of the incremental
treadmill-slip perturbation training block. After the incremental
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FIGURE 2 | (A) Treadmill-slip perturbation training profile of level III perturbation intensity with an acceleration of 6 m/s2 at constant belt velocity of 1 m/s, and

perturbation displacement and duration of 0.27m and 0.3 s, respectively. Part A signifies the time instant at which the treadmill belt starts moving backwards and

participant initiates walking. The treadmill belt backward velocity ramps up to −1 m/s (A to B), followed by a phase of constant velocity equal to the normal gait speed

of healthy young adults (∼1 m/s) (B to C). Part C signifies the time instant at which treadmill belt movement reverses in the forward direction to initiate a slip-like

perturbation. The treadmill belt suddenly accelerates at a rate of 6 m/s2 (C to D), inducing a slip-like perturbation resulting in a backward loss of balance during

walking. The treadmill belt then continues to move backward and accelerates (D to E) to reach the constant velocity allowing regular walking (E to F) followed by a

gradual stop (F to G). vo, initial belt velocity in m/s; vt, terminal belt velocity in m/s; t, perturbation duration in seconds; α, belt acceleration in m/s2. The six different

perturbation intensities were generated by modulating time (t) taken to achieve the final velocity (vt) at the constant acceleration of 6 m/s2. (B) Treadmill-slip

perturbation training protocol for 3 consecutive days demonstrating an initial incremental (increasing intensity) perturbation training block followed by a mixed

perturbation block comprising of different perturbation intensities. Nat walk, Natural walking without experiencing any perturbations; LI to LVI: The difference levels of

perturbation training intensities. (C) A typical trajectory of center of mass state (COM position and velocity) stability relative to the most posterior margin of base of

support (BOS) (black line) from perturbation onset (PO, star) until the completion of the recovery response i.e., compensatory step touchdown (TD, circle). The gray

like represents the theoretical threshold for backward loss of balance (BLOB) (37). After treadmill-slip onset, the COM state stability transitions to a more posterior

(negative) state at compensatory step liftoff (LO) causing BLOB and then shifts to a more anterior (positive) state as the BOS is re-established with a compensatory

step leading to no loss of balance (NLOB).

treadmill-slip perturbation training, participants were exposed

to mixed treadmill-slip perturbation training block at levels IV–
VI (Figure 2B). If the participant had a fall on any of the

treadmill-slip trials in a given block, the perturbation intensity

was not progressed to the higher level and the training continued
at the same perturbation intensity followed by a mixed block
of perturbations at the level where the participant fell and
its consecutive next lower intensity. The same procedure was
followed for 3 consecutive days of treadmill-slip perturbation
training.

In each training session, all walking trials (perturbation

and regular) lasted for 10 s. At the beginning of training

session, participants were informed that they may or may
not receive a perturbation on the following walking trials.

In the perturbation trials, the perturbation onset was set to

occur after initial 3–7 steps to reduce predictability of the

perturbation. While the participants were aware that they
would be exposed to several perturbed walking trials, they were
unaware that they would be exposed to different perturbation
intensities. The training perturbation intensity (acceleration
and displacement) was selected such that it would sufficiently

challenge participant’s reactive balance as well as provide
opportunity to improve reactive balance through training.
Further, the training perturbation intensity was also chosen based
on our previous study demonstrating that treadmill-based slip
perturbation training at 5–6 m/s2 with displacements 0.1 to 0.9m
improves reactive balance on novel overground slips (33).

fMRI Tasks
The fMRI sessions were conducted 3–4 days before the first
treadmill-slip training session and immediately after the third
training session on the same day. fMRI is a non-invasive
functional neuroimaging technique wherein activation of brain
areas is tracked by detecting the change in blood flow using
the blood oxygen level dependent (BOLD) contrast. It is a
widely used technique to map the brain regions linked with
functions such as movement, speech, and cognition. Prior to each
MR session, participants were trained on the mental imagery
of the experimental tasks, instructing them to rely upon their
experience of walking and slipping on the treadmill. Their
ability to form a mental imagery was assessed with Vividness
of Visual Imagery Questionnaire. During the observation tasks,
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participants were instructed to observe a video of another person
walking, or slipping while walking on the treadmill in a situation
similar to what they had experienced during the familiarization
trials. To facilitate participant’s visualization of slipping while
walking, the videos included the posterior (back) view of a
person walking, or slipping while walking on the treadmill. All
the imagined and observed tasks were performed before and
after perturbation training. During the MRI session, subjects
laid still in the MR scanner and were instructed to perform
two different mental imagery tasks. While in the MR scanner,
participants alternated between four tasks—(1) mental imagery
of themselves slipping while walking on the treadmill (imagined
slipping), (2) mental imagery of themselves walking on the
treadmill (imagined walking), (3) observation of another person
slipping while walking on the treadmill, and (4) observation of
another person walking on the treadmill. These experimental
tasks were interspersed with periods of rest. The duration of
mental imagery, observation, and rest was 30 s. All tasks were
presented in a randomized order. Each participant performed
two blocks of two trials for each condition. We presented
auditory cues to indicate the start and end of metal imagery tasks.
At the beginning of mental imagery tasks, participants received
the auditory cue “close your eyes and imagine yourself walking
or slipping while walking on the treadmill.” At the end of mental
imagery tasks, participants received the auditory cue “open your
eyes” to proceed to the next fMRI task. In the rest condition,
participants were instructed to focus on “X” sign presented on
the screen, trying not to think about anything else. After each
MRI session, we surveyed the participants for the number of slips
imagined in the imagined slipping condition.

Behavioral Data Acquisition and Analysis
Full body kinematics were recorded using an eight camera 3D
motion capture system (Motion Analysis, Corp, Santa Rosa,
California). The Helen Hayes marker set comprising of 29
passive markers placed on the bony landmarks of bilateral upper
extremities and lower extremities, trunk and head was used
to compute the joint centers and center of mass (COM) (34).
The motion capture data was collected at a sampling rate of
120Hz. The raw marker data were low-pass filtered through
fourth-order Butterworth filter with a cut-off frequency of 6Hz.
A load cell connected in series with the harness measured the
amount of body weight supported by the harness during each
trial. The kinematic variables were computed using a custom-
written algorithm in MATLAB (version 2014b, The Mathworks
Inc, Natick, MA, USA).

Behavioral Outcomes
To examine adaptation to slip perturbation training wemeasured
the following outcomes measures: (i) perturbation outcome, (ii)
number of compensatory steps, and (iii) COM stability.

Perturbation outcome: For each perturbation trial, we
determined whether the participant experienced a fall or showed
a recovery response. The trial was identified as a fall if it was
apparent that the participant was supported by the harness and
the force exerted on the load cell exceeded 30% of the body weight
for >1 s after perturbation onset (35), or when the subjects failed

to initiate a stepping response resulting in a catch by the harness.
The remaining trials were identified as recoveries.

Compensatory Step
The number of steps taken between perturbation onset (phase
C–E in Figure 2A) to perturbation termination were counted.
The first compensatory step was described as a step taken with
the trailing limb and landing behind the slipping limb. The
subsequent steps could be taken with the slipping or the trailing
limb; however, always landing behind the contralateral limb. The
compensatory stepping phase was also termed the loss of balance
phase. If subjects were able to successfully take a forward step
in presence of the perturbation it was considered a regular step
with no balance loss. The Z-coordinate of the stepping limb heel
marker was used to identify the unloading of the foot.

Stability
The center of mass (COM) position was calculated relative to
the rear of the base of support (BOS) i.e., heel of the most
posterior limb (slipping limb during single leg stance at liftoff
of the trailing limb and trailing limb at step touchdown). The
COM position was then normalized by the participant’s foot
length. The COM velocity was obtained by the first order
differentiation of the COM position. The COM velocity was
calculated relative to the heel velocity of the most posterior limb
(similar to COM position) and normalized by a dimensionless
fraction of

√
g∗h, where g denotes gravity and h denotes the

individual’s body height. The COM stability was computed as the
shortest distance of the instantaneous COM state (position and
velocity) with respect to the theoretical boundary for backward
loss of balance (36, 37). A negative stability value indicated by
a COM state below the threshold boundary signifies a greater
predisposition for backward balance loss. If the stability value
is 0 it indicates that the COM state lies on the computational
boundary. While positive stability values signify recovery from
loss of balance indicating the COM state lies within the boundary
(Figure 2C). Stability values were obtained at touchdown of the
first compensatory step.

fMRI Data Acquisition
Whole brain imaging was performed with a 3.0 T GE Discovery
scanner (Milwaukee, WI) using a standard radio frequency
coil and T2∗-weighted pulse sequence. BOLD functional images
were collected using a gradient-echo axial echo planar imaging
sequence (38) at University of Illinois at Chicago. The following
parameters were used: repetition time = 2,000ms, echo time =
22.2ms, flip angle = 90 degree, 64 by 64 parcellated matrix of
220mm by 220mm field of view, slice thickness = 3mm, 44
slices, and voxel size of 3.4mm by 3.4mm. The repetition time
is defined as the time between the beginning of two consecutive
pulse sequences, the echo time is the time between the center of
exciting RF pulse and the center of spin echo, and the field of
view (FOV) is defined as the rectangular region over which the
MRI image is acquired. The matrix size refers to the parcellations
of the field of view. The matrix size determined the size of
the voxels contained in the FOV. An axial T1 spoiled gradient
structural image was obtained for each using 182 axial images and
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1mm in thickness for spatial normalization [minimum TR/TE
(9.292 ms/3.77ms) TI = 450ms]. During scanning, participants
completed the observed and imagined tasks. Prior to scanning,
the importance of remaining motionless was conveyed to each
participant. There were two runs of the experimental tasks, each
lasting 5min and 20 s, and acquiring 120 volumes. Overall, across
the two runs, each of the mental imagery, observation and rest
tasks were performed four times. Each condition was averaged
across both runs, prior to the creation of subtraction contrast
analyses.

fMRI Preprocessing
Images underwent slice-timing corrections with SPM8
(http://www.fil.ion.ucl.ac.uk/spm/doc/) and motion detection
algorithms with FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).
During pre-processing, images were visually inspected for
motion>1.5mm across more than three TRs. This motion check
did not result in the exclusion of any participants from analyses.
Structural and functional images were co-registered and then
the co-registered T1-SPGR underwent spatial normalization
(DARTEL to MNI template). The resulting normalization
matrix was then applied to the slice-time-corrected, movement-
adjusted time series data and smoothed with a 5mm Gaussian
kernel. Resulting T2∗ images were 2mm on a side with isotropic
voxels.

Statistical Analysis
The effect of perturbation training was analyzed by comparing
the number of compensatory steps and COM state stability
at touchdown between the first trial of first training session
(day 1) and the last trial of last training session (day 3) for
low, mid and highest perturbation levels (I, III, and VI). The
change perturbation outcome and in number of compensatory
steps between day 1 and day 3 was compared using the
Wilcoxon Signed Rank test. The effect of perturbation intensity
on perturbation outcome and number of steps was examined
by Kruskal–Wallis test. A significant main effect was then
followed up by Mann-Whitney U test for comparison between
the perturbation intensities. The changes in COM state stability at
touchdown was examined by 2 × 3 two-way analysis of variance
(ANOVA) with stability at touchdown as dependent variable
and perturbation intensity (I, III, and VI) and training sessions
(day 1 and day 3) as independent variables. Post hoc paired and
independent t-tests were performed to resolve any significant
main effects and interactions. All 10 participants completed the
three consecutive treadmill-slip perturbation training sessions.
Therefore, all analyses were performed on 10 participants. The
significance level was set at p < 0.05.

With regards to fMRI data analysis, we compared changes
in neural activation before and after perturbation training only
in the imagined conditions. Our recent study demonstrated
that mental imagery of slipping induced greater engagement
(corresponding with more areas of activation) of neural
structures than the observation of slipping. There was no
difference in neural activation between mental imagery and
observation of regular walking (39). Based on these recent
findings, in current study, we considered only the imagined

conditions for comparing pre- to post-perturbation training
fMRI changes. First, activation during rest in the pre-training
scan was subtracted from activation during the experimental
conditions in the pre-training scan to create two baseline
contrasts of interest: baseline IS minus rest and baseline IW
minus rest. Second, activation during rest in the post-training
scan was subtracted from activation during the experimental
conditions in the post-training scan to create two post-training
contrasts of interest: post IS minus rest and post IW minus rest.
Then, using a within-group ANOVA in SPM8, activation during
the post-training scan was compared to pre-training activation
by subtracting the respective contrasts of interest from each
scan, e.g., baseline IS compared to post-training IS. We also
examined the difference between post-training activations in the
IS and IW conditions. A gray matter mask was applied and
whole brain alpha of .01 was achieved for each contrast. The
default familywise error option in SPM was not used. Instead,
cluster extent was determined based upon 1000 Monte Carlo
simulations in the bug-fixed 3dClustSim tool (40), resulting in a
joint threshold of height and extent (p < 0.01, extent of 640 mm3

or k = 80 voxels). The Monte Carlo approach was intended to
balance Type I and Type II error.

RESULTS

Adaptation to Treadmill-Slip Perturbations
All participants upon perturbation onset (Figure 2C, star)
experienced loss of balance observed by initiation of a
backward compensatory step, with the COM state traveling
below the computational backward balance loss threshold
(Figure 2C, square) in response to treadmill-slip perturbation
at all perturbation intensities. Participants demonstrated a
compensatory step for recovery from balance loss resulting in a
positive stability with the COM state lying above the threshold
for backward balance loss (Figure 2C, circle). With regards to
perturbation outcome, there was no difference in falls incidence
on level I perturbations between day 1 (0%) and day 3 (0%) (p >

0.05). Similarly, there was no change in falls incidence on level III
perturbations between day 1 (10%) and day 3 (0%) (p> 0.05). For
level VI perturbation intensity, the incidence of falls significantly
reduced from day 1 (60%, 6/10) to day 3 (0%) (Z = −2.44, p <

0.05).
On the lowest perturbation intensity (level I), there was no

change in number of compensatory steps from day 1 to day 3
(Z =−1.89, p > 0.05, Figure 3A). The number of compensatory
steps significantly reduced on the level III (Z = −2.33, p <

0.05) and level VI (Z = −2.15, p < 0.05) perturbations on day
3 compared with day 1. There was a significant main effect of
perturbation level on number of steps. More number of steps
were observed at higher perturbation intensities for day 1(χ2

=

14.32, p < 0.01) and day 3 (χ2
= 15.91, p < 0.01). For COM state

stability at compensatory step touchdown, comparison of the
training session (day 1 and day 3) across the three perturbation
intensities (levels I, III, and VI) showed no significant training
session × level interaction F(2,24) = 0.06, p > 0.05, Figure 3B.
There was a significant main effect of training session F(1,24) =
10.67, p < 0.01, partial η2

= 0.30 and a significant main effect of
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FIGURE 3 | Changes in mean (±SD) (A) number of compensatory steps after perturbation onset and (B) COM state stability at compensatory step touchdown (TD) at

lowest (level I), mid (level III), and highest (VI) perturbation intensities between first training trial on day 1 and last training trial on day 3. *p < 0.05 and **p < 0.01

indicates significant differences between different perturbation intensities on the same day and #p < 0.05 indicates significant differences between same intensities

on first (day 1) and last day (day 3).

perturbation intensity F(2,24) = 3.60, p < 0.05, partial η2
= 0.23.

On lowest perturbation intensity (level I), there was no significant
difference in stability at touchdown from day 1 and day 3 (p >

0.05). On level III & VI perturbation intensity, the stability at
touchdown significantly increased from day 1 to day 3 (t=−2.80,
p= 0.01 for level III, t =−2.07, p= 0.03 for level VI).

Changes in Neural Activation With
Behavioral Adaptation
All participants reported the ability to form a mental image of a
motor task prior to performing the fMRI tasks, with a median
score of 4.5/5 on vividness of visual imagery of questionnaire.
During both MRI sessions, the participants imagined 3–5 slips in
the imagined slipping condition. At baseline, prior to treadmill-
slip perturbation training imagined slipping and imagined
walking demonstrated increased activation in several cortical and
subcortical areas (Table 1). As compared with the rest condition,
imagined slipping yielded activation in the frontal, parietal, and
limbic regions including superior frontal gyrus (SMA, BA6),
inferior frontal gyrus, inferior parietal lobule, parahippocampal
gyrus, cingulate gyrus, and posterior cerebellum (p < 0.01,
Table 1). Imagined walking demonstrated an increased activation
in the left medial frontal gyrus (BA 32), left precentral gyrus, and
right inferior frontal gyrus (p < 0.01, Table 1).

After treadmill-slip perturbation training, there was an
increased activation in several cortical regions in the imagined
slipping condition (Table 2). These include left middle frontal
gyrus (dorsolateral prefrontal cortex, BA 9), right superior
parietal lobule (BA 39), right inferior occipital gyrus (BA
18), and left lingual gyrus (BA 18) (p < 0.01). The heat
map showing greater activation in cortical areas post-training
compared with pre-training is shown in Figure 4A. None of
the brain areas showed a decrease in activation post-training
in the imagined slipping condition. Treadmill-slip perturbation
training also influenced the brain activation in the imagined
walking condition. There was an increased activation in the
frontal, parietal, and occipital regions (p < 0.01), including left
inferior frontal gyrus (BA 44), right inferior parietal lobule (BA

40), and right superior parietal lobule (BA 39) in the imagined
walking condition (Figure 4B, Table 2). There was no significant
decrease in activation in any of the brain regions post-training
(p > 0.01). Further, a comparison of post-training imagined
slipping and post-training imagined walking conditions revealed
significant differences in cortical and subcortical activations
between the two conditions (p < 0.01). Specifically, the bilateral
anterior cerebellum, bilateral posterior cerebellum, superior and
middle temporal gyrus, right middle frontal gyrus (BA 10),
left supplementary motor area (BA 6), left precuneus (BA 31),
anterior cingulate (BA 25), and posterior cingulate (BA 23),
and left parahippocampal gyrus showed increased activation in
post-training imagined slipping compared with post-training
imagined walking condition (Table 3).

DISCUSSION

The current study provides evidence regarding the specific
neural structures associated with mental imagery of slipping
after adaptation to sudden slip-like perturbations while walking.
Over a period of 3 consecutive days, the participants adapted to
small and large magnitude treadmill-slip perturbations showing
reduced incidence of falls and increased COM state stability
at compensatory step touchdown on day 3 compared with
day 1. Behavioral adaptation was accompanied by increased
activation in several cortical and subcortical areas in the imagined
slipping and imagined walking conditions. Finally, post-training
imagined slipping showed greater engagement of motor, sensory,
limbic, and cerebellar areas compared with post-training mental
imagery of regular walking.

A general baseline activation was observed in SMA (superior
frontal gyrus), inferior frontal gyrus, inferior parietal lobule,
parahippocampal gyrus, and cingulate gyrus during imagined
slipping (Table 1). But following 3 consecutive days of treadmill-
slip perturbation training, we identified increased activity
predominantly in the frontal and parietal cortical areas in the
imagined slipping condition. These findings suggest a significant
role of frontal and parietal cortical structures in learning a
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TABLE 1 | Differences in brain activation between imagined slipping, imagined walking, and rest conditions in the pre-training fMRI session.

Contrast Anatomical regions Voxels MNI coordinates

Lobe Gyrus BA Side x y z Z-value

IS vs. Rest Frontal Superior frontal gyrus 6 L 130 −32 12 54 3.80

Inferior frontal gyrus 45 R 475 56 10 22 3.92

Parietal Inferior parietal lobule 40 L 115 −46 −46 46 3.48

Limbic Parahippocampal – R 123 14 −10 −18 3.34

Cingulate gyrus 24 L 3716 −4 −8 50 4.07

Cerebellum Posterior lobe-declive – R 210 28 −74 −28 3.77

L 184 −38 −60 −30 3.54

IW vs. Rest Frontal Medial frontal gyrus 32 L 162 −6 6 50 3.49

Precentral – L 100 −48 6 14 3.53

Inferior frontal gyrus 44 R 95 54 10 20 3.11

IS, Imagined slipping; IW, Imagined walking; MNI, Montreal Neurological Institute; BA, Broadmann area; SMA, Supplementary motor area. All activations were observed at p < 0.01

and k = 80.

TABLE 2 | Differences in pre and post treadmill-slip perturbation training brain activation in imagined slipping and imagined walking conditions.

Contrast Anatomical region Voxels MNI coordinates

Lobe Gyrus BA Side x y z Z-value

IS Frontal Middle frontal gyrus 9 L 190 −48 26 30 3.44

Parietal Superior parietal lobule 39 R 87 30 −68 46 3.30

Occipital Inferior occipital gyrus 18 R 174 32 −92 −6 3.12

Lingual gyrus 18 L 226 −22 −90 −10 3

IW Frontal Inferior frontal gyrus 44 L 140 −56 18 18 3.52

Parietal Inferior parietal lobule 40 R 201 38 −46 44 3.75

Superior parietal lobule 39 R 268 28 −66 44 3.42

IS, Imagined slipping; IW, Imagined walking; MNI, Montreal Neurological Institute; BA, Broadmann area. All activations were observed at p < 0.01 and k = 80.

relatively novel, less practiced postural task related to perturbed
locomotion. Behavioral adaptation to perturbations was evident
on mid (level III) and highest (VI) perturbation intensities as
the stability at compensatory step TD increased from day 1 to 3
reflecting that the participants acquired the ability to maintain a
more anterior i.e., more stable COM state following perturbation.
Thus, with repeated exposure to such perturbations, the reactive
response was refined to achieve an improved dynamic stability
control against slip-like perturbations.

We also found significant changes in neural activation
evidenced by increased recruitment of dorsolateral prefrontal
cortex (DLPFC, middle frontal gyrus, BA 9) after 3 consecutive
days of perturbation training. Learning a new task requires
attention which would be particularly higher in the early phase
when the CNS is forming the association between the tasks
details and the necessary responses (41). Thus, DLPFC which
plays a key role in decision making and working memory
(42), is likely recruited to temporarily store the sensorimotor
and joint position information following each perturbation, to
inhibit the unwanted response and carry out the perturbation
specific response, as the CNS becomes progressively more aware
of perturbation characteristics. Prefrontal cortex activation has
been observed during tasks requiring greater balance demands

rather than during static standing or regular walking e.g., walking
on a narrow pathway (40) and heel-to-toe walking (14). Thus,
increased activation in DLPFC during imagined slipping after
training could suggest that significant attention is required to
recover balance from sudden slip-like perturbations.

DLPFC is also implicated to play a role in learning novel
tasks. It is particularly activated when performing tasks that
involve learning new motor sequences (41, 43). It is postulated
that with repeated perturbation exposure the CNS updates
its internal representation of stability limits with the sensory
feedback of previous trials and subsequently builds a motor
repertoire. On subsequent exposure to a similar perturbation the
CNS can trigger the motor repertoire with greater stability and
resulting recovery strategies (36, 44, 45). Few studies have shown
cortical modulation during reactive balance response preparation
and execution even for the very first novel recovery response,
primarily through involvement of prefrontal cortex, premotor
and parietal areas (26, 27, 46). In our study, greater activation
in DLPFC during imagined slipping after training indicates a
potential role of the prefrontal lobe in developing the internal
representation of the motor response for a relatively novel
balance task. Although there is evidence that DLPFC activation
reduces after the initial motor sequence learning phase (43),
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FIGURE 4 | Heat map demonstrating areas with greater activation in the (A) imagined slipping condition and (B) imagined walking condition after 3 consecutive days

of treadmill-slip perturbation training. Increased activation was noted in different regions in the frontal, parietal, and occipital lobes (p < 0.01, k = 80).

we found increased activation in DLPFC in the post-training
compared with pre-training imagined slipping. It is likely that
such increase in prefrontal activation with a short training period
may decline with further training or time lapse due to the process
of consolidation as the behavioral learning response stabilizes.

Adaptation to treadmill-slip perturbations also showed
increased activation in right superior parietal lobe (BA39) and
BA 18 (right inferior occipital gyrus & left lingual gyrus) during
imagined slipping. Activation in these areas suggests greater
engagement of the association areas in the parietal and visual
regions while learning complex postural tasks. Association areas
seem to be involved in higher order processing of information
rather than only identifying simple characteristics of the sensory
input (47). With repeated exposure to varied intensities of slip-
like perturbations, association areas perhaps combine the visual
and kinesthetic feedback for faster processing of visuo-spatial
information to aid decision making. Such involvement of visual
and parietal association areas is consistent with adaptation to
visuomotor tasks. Studies have shown activation of parieto-
occipital sulcus while learning visuomotor tasks (48–50). Further,
there is contribution of inferior occipital and lingual gyrus (BA
18) during adaptation and transfer of learned visuomotor tasks
to the untrained hand (51). Considering that these areas did
not show activation at baseline (before training) but showed

increased activation post-training, suggests that the association
areas could play a significant role in acquisition of movements
requiring visuomotor coordination.

Limited studies have examined changes in brain activation
pattern with adaptation of locomotor balance tasks. Ionta et al.
examined cortical plasticity after a single session of treadmill-
delivered locomotor-balance training via a mental imagery
paradigm. They observed increased activation in SMA, thalamus,
right basal ganglia, and right cerebellum during the imagined
walking condition, after 20min of walking practice (52). Our
study extends findings to balancing during a locomotor task
showing recruitment of specific brain regions after locomotor-
balance training sessions. However, unlike Ionta et al. (52) our
study showed increased activation post-training predominantly
in the cortical regions. Such differences in current and previous
findings could be related to the walking task. Ionta et al. (52)
examined pre to post neural changes after regular walking,
a task relatively more practiced task than perturbed walking.
The authors suggest that increased recruitment of lower brain
centers (subcortical regions) could be related to maintaining
sequence, timing, and coordination of limb movements rather
than recruiting higher centers to establish a new internal
presentation of body schema. On the other hand, increased
recruitment of higher brain centers (cortical areas) in our study
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TABLE 3 | Differences in brain activation between post perturbation training imagined slipping and post perturbation training imagined walking conditions.

Contrast Anatomical region Voxels MNI coordinates

Lobe Gyrus BA Side x y z Z-value

IS vs. IW Frontal Medial frontal gyrus 10 R 1182 8 56 −4 4.56

Superior frontal gyrus 6 L 125 −6 8 64 3.16

Parietal Precuneus 39 L 203 −40 −74 36 3.21

Temporal Superior temporal gyrus 38 L 225 −50 8 −12 3.16

Middle temporal gyrus 39 R 107 54 −66 26 3.14

Limbic Posterior cingulate 31 L 1871 −8 −58 24 3.73

Anterior cingulate 25 L 83 −6 20 −2 3.35

Parahippocampal – R 105 24 −30 −20 3.30

Cerebellum Anterior lobe – R 182 14 −46 −30 3.62

– L 182 −8 −46 −28 3.21

Posterior lobe – L 372 −8 −64 −24 3.33

– R 107 26 −76 −22 3.07

IS, Imagined slipping; IW, Imagined walking; MNI, Montreal Neurological Institute; BA, Broadmann area. All activations were observed at p < 0.01 and k = 80.

could be related to processing of novel somatosensory stimuli to
learn and execute a different motor response than that involved
in regular walking.

Before training, in the imagined slipping condition,
activations were observed in SMA, parahippocampal gyrus,
cingulate gyrus, and posterior cerebellum (see Table 1) which
was not modulated (neither increased nor decreased) through
adaptive perturbation training (see Table 2). These findings
suggest that the above areas could be consistently activated
pre- and post-training in balance recovery from treadmill-slip
perturbations. Activation in these brain centers also represents
recruitment of indirect neural pathways, predominantly
responsible for planning and modulation of movements
during locomotor tasks (11). This idea is also supported
by another study showing increased activation of SMA and
parahippocampal gyrus during imagined locomotor task which
involved navigating around a series of obstacles (53). Similarly,
in our study, repeated exposure to external perturbations would
require extensive planning based on prior exposures, monitoring
of ongoing movements at the time of perturbation, and executing
a planned response.

Locomotor treadmill-slip perturbation training also resulted
in an increased activation in the parietal regions during imagined
walking. The 3-day training task although was targeted to
improve reactive balance, it also provided substantial walking
exercise and hence could have provided some locomotor
training itself. Further, the subjects who participated in training
were asked not to perform any form of locomotor exercise
training (treadmill walking, running, bicycling etc.) during the
perturbation training period. Secondly, considering that both
imagined conditions involved walking, it is likely that both
conditions could share similar neural pathways and therefore
resulted in increased activation in some common cortical
areas after perturbation training. Nevertheless, we found that
after perturbation training, the brain activity differed between
imagined slipping and walking conditions.

Post-training, imagined slipping compared with imagined
walking yielded greater activity in medial and superior frontal,
parietal, cingulate, parahippocampal, and cerebellar regions.
Some of these regions also demonstrate increased activation
in imagined-slipping post-perturbation training, suggesting that
changes in neural activation pre- and post- imagined slipping
could be related to slip-perturbation training. In contrast to
regular walking, slipping introduces movement errors in walking
that need corrective responses and therefore, possibly exerts
higher cognitive load for balance control. Accordingly, we found
stronger brain activity in post-training imagined slipping vs.
post-training imagined walking. The slip-perturbation training
resulted in improved reactive postural stability through feedback
learning which involved mapping of movement errors and
updating the resultant motor responses. Regions such as medial
frontal region, anterior cingulate, and cerebellum are associated
with motor error detection and error-processing within the
feedback control (54–56). These regions were particularly more
active in post-training imagined slipping than post-training
imagined walking, explaining that potentially different brain
regions are engaged in learning reactive balance strategies in
walking than regular walking.

Previous studies using functional imaging through mental
imagery, electroencephalography, and functional near-infrared
spectroscopy report a predominance of activity in left pre-
frontal, frontal, and parietal regions during a relatively complex
locomotor tasks (e.g., increasing walking speed, walking while
talking, walking on a balance beam, and external perturbations
in standing), suggesting that the left sensorimotor areas play a
role in executing complex and skilled movements in locomotion
(13, 14, 57, 58). Our findings concur with previous studies
to some extent such that post-training, we found increased
activation in left frontal areas in both the metal imagery
conditions and increased activation in left fronto-parietal
regions in post-training imagined slipping verses imagined
walking.
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Given that the evidence regarding neural pathways related
to reactive balance is still emerging, this study provides novel
insights into the specific brain areas involved in learning
a locomotor reactive balance task in healthy young adults.
Our findings should however be interpreted in light of some
limitations. An important limitation of the study includes use of
mental imagery instead of real locomotion. While there is some
evidence regarding overlapping brain activity between mental
imagery and overt movements (11, 59) the mental imagery
of slipping while walking may not emulate the sensorimotor
experience of actual movements. Further, it is difficult to ensure
consistency in mental imagery across participants. Although
we screened for the ability to perform mental imagery prior
to MR scans, adherence to mental imagery during the scan is
difficult to assess. We however decided to incorporate the fMRI
approach based on the extensive evidence supporting use of
mental imagery for examining neural activity of locomotor tasks
(13, 15, 60) and to achieve better spatial resolution comparedwith
other more portable imaging techniques like fNIRS or EEG (61).
Additionally, the study design did not allow for identification
of changes in neural activity during the exact instant when
the participants imagined slipping. Therefore, we included the
imagined walking as a control condition to be able to compare the
differences, if any, in neural activity related to perturbed walking
practice vs. regular walking practice. Due to lack of research
on neural changes involved in adaptation to locomotor balance
tasks, this study was designed as a proof of concept study and is
therefore limited by a small sample size.While our study provides
proof of feasibility, future studies with a larger sample size are
recommended. Future investigations should also compare neural
activation between perturbation-training and regular walking
training for further insight into neural mechanisms specific to
reactive balance adaptation.

This fMRI study identified a specific brain areas involved in
learning of a locomotor reactive balance task involving balance
recovery during slip-like external perturbations. The findings

support that learning challenging balance tasks requiring precise
and coordinated movements is associated increased activity in
DLPFC, parietal, and visual association areas. In addition, there
is continued activation of the parahippocampal and cingulate
regions which assists in the learning process.
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Parkinson’s disease (PD) is a neurological disorder traditionally associated with

degeneration of the dopaminergic neurons within the substantia nigra, which results

in bradykinesia, rigidity, tremor, and postural instability and gait disability (PIGD). The

disorder has also been implicated in degradation of motor learning. While individuals

with PD are able to learn, certain aspects of learning, especially automatic responses to

feedback, are faulty, resulting in a reliance on feedforward systems of movement learning

and control. Because of this, patients with PD may require more training to achieve and

retain motor learning andmay require additional sensory information or motor guidance in

order to facilitate this learning. Furthermore, they may be unable to maintain these gains

in environments and situations in which conscious effort is divided (such as dual-tasking).

These shortcomings in motor learning could play a large part in degenerative gait and

balance symptoms often seen in the disease, as patients are unable to adapt to gradual

sensory and motor degradation. Research has shown that physical and exercise therapy

can help patients with PD to adapt new feedforward strategies to partially counteract

these symptoms. In particular, balance, treadmill, resistance, and repeated perturbation

training therapies have been shown to improve motor patterns in PD. However, much

research is still needed to determine which of these therapies best alleviates which

symptoms of PIGD, the needed dose and intensity of these therapies, and long-term

retention effects. The benefits of such technologies as augmented feedback, motorized

perturbations, virtual reality, and weight-bearing assistance are also of interest. This

narrative review will evaluate the effect of PD on motor learning and the effect of

motor learning deficits on response to physical therapy and training programs, focusing

specifically on features related to PIGD. Potential methods to strengthen therapeutic

effects will be discussed.

Keywords: Parkinson’s disease, motor learning, gait and balance, motor training, postural learning, physical

therapy, repeated perturbation training
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INTRODUCTION

Parkinson’s disease (PD), a neurological disorder characterized
by bradykinesia, rigidity, tremor and postural instability and
gait disability (PIGD), is known mainly as a degeneration
of the dopaminergic neurons of the substantia nigra pars
compacta. Resulting inhibition of the direct pathway and
excitation of the indirect pathway in turn excites the globus
pallidus interna (GPi), which leads to inhibition of the thalamus
and the pedunculopontine nucleus (PPN) (1). Up to 80% of
dopaminergic neurons may be destroyed before a patient exhibits
significant signs of PD. The loss of such a substantial portion of
dopaminergic cells affects the cardinal motor symptoms of PD
and contributes to non-motor symptoms, including autonomic
dysfunction, cognitive and neurobehavioral abnormalities, and
sleep disorders (1–3). While levodopa is extraordinarily helpful
for some of the symptoms of PD, others, especially related
to PIGD and non-motor features, are relatively unaffected
by current pharmacological or surgical treatments (4–10),
making physical therapy and motor training one of the most
promising current options for improving these symptoms (11–
16). However, research indicates that PD leads to degradation of
motor learning, which could limit the benefits of therapy (17–24).
Tomaximize the benefit that may be achieved, themechanisms of
learning affected by PD need to be understood and the strategies
that best circumvent these difficulties be researched.

While the dopaminergic system is the one most frequently

implicated in PD, other neurological systems are also affected,

including the cholinergic, noradrenergic, glutaminergic, and
GABAergic pathways (25–28). The cholinergic system in

particular has been intensely researched recently, though motor
learning literature specifically related to the PPN and other
cholinergic centers is still sparse. Research supports the effect
of cholinergic denervation on attention, fall history, levodopa
resistance, more advanced symptoms, and non-tremor dominant
subtypes of PD (24, 29–32). All of these factors have also
been related to motor learning degradation, suggesting that the
cholinergic system and possibly other affected systems may play
a role in modulating learning behavior (33–40). Multifactorial
influence helps to explain somewhat heterogenous results of
studies of both baseline gait and balance and motor learning
in PD (17–24). Understanding these interconnected pathways
and their effects in PD can help to identify the aspects of gait,
balance and motor learning that patients struggle with and help
to proscribe therapies and treatments most likely to benefit.

This paper will discuss previous research into the effects
of PD on motor learning, focusing on the types of learning
affected, the severity of these deficits, and modifications that
might negate some of these effects. Taking these factors
into account, recent research regarding the ability of patients
with PD to respond to physical, exercise, and repeated
perturbation training (RPT) therapies will be reported, with
specific focus given to those studies related to the training of
gait and balance. Methods utilized for literature review and
article selection are further detailed in the Appendix. Future
directions for research into the mechanisms related to gait,
balance, and motor learning in PD and potential training

strategies to improve motor learning and retention will also
be discussed.

MOTOR LEARNING IN PD

Studies have closely linked the striatal system to motor learning
(22, 41, 42), suggesting that patients with PD would, in addition
to the degradation of their movement patterns at baseline, have
difficulty acquiring movement schema to learn tasks. However,
studies examining the ability of patients with PD to learn and
adapt to motor tasks have been somewhat inconsistent (11–
24, 43–51). While studies indicate that individuals with PD are
still able to learn motor tasks, there is disagreement about the
amount and type of possible improvement. One explanation for
this is that conflicting studies utilized different types of learning.
Specific aspects of learning are more severely impacted by PD
than others, especially in the early stages of the disease. It has
been indicated that people with PD are able to learn specific tasks,
though they may need more practice than healthy controls to
do so, but that these skills are not easily generalizable to other
tasks, even if those tasks are similar (22, 43–48). The slower rate
of learning, lack of generalizability, and the difficulty individuals
with PD exhibit in dual-tasking imply that people with PD are
still able to learn in a feedforward manner, but that they are
unable to easily adjust to changes requiring use of automatic or
reactivemechanisms. Because of this inability, they have difficulty
adapting to changing conditions or monitoring multiple tasks,
both of which are often required for balance and gait. To better
understand why this is this case, it is important to differentiate
types of motor learning and how they are specifically affected
by PD.

Explicit vs. Implicit Learning
Existing literature about the deficits of persons with PD in explicit
and implicit learning has been somewhat conflicting, due in part
to differing experimental definitions of the terms. Implicit, or
procedural learning, is generally defined as motor skill learning
acquired incidentally through practice and is often considered to
be due to unconscious or reactive mechanisms. Explicit learning,
on the other hand (or declarative learning), is more intentional
learning often defined as consciously learned. It is based on
past similar experience and has previously referred to cognitive
tasks, such as remembering lists of words, while motor tasks
would have been grouped with procedural learning. Because of
this, motor learning researchers, in adapting implicit vs. explicit
learning definitions to describe aspects of motor learning, have
often differed in exact usage, which has led to confusion about
what aspects are affected in PD. In order to better clarify the types
of learning affected by PD, this paper will discuss the results of
papers using differing definitions of explicit vs. implicit learning
separately and then attempt to unite these findings in a cohesive,
multifaceted whole.

The most commonly adopted definition of implicit learning is
the ability of subjects to learn a repeating task without awareness
of the pattern (in comparison with ability to learn a randomized
task), while explicit learning may be measured as the ability
to improve in the context of a known pattern. Studies have
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indicated that implicit and explicit learning of this type utilize
different neural pathways. Implicit learning is associated with
basal ganglia structures while explicit learning is more closely
associated with the medial temporal lobe, implying that patients
with PD should have difficulty mainly with implicit learning
(52–59). Most studies of motor learning in PD have found
that this type of implicit learning is affected by PD, though
whether this problem is an early symptom of the disease or
a progressive complication is still unclear (20, 23, 24, 60–64).
A recent study suggests that implicit learning involving the
integration of multiple components is more affected by PD
than single-component tasks (65), which might be related to
attentional resources. There is some disagreement about whether
explicit learning is spared in PD, with many studies finding
that both implicit and explicit learning are affected to some
extent (20, 61, 66). It is currently unknown to what degree
potential explicit learning degradation is affected by factors,
such as disease duration, degeneration of the cholinergic and
other neurotransmitter systems, and comorbidities, such as
dementia and cognitive decline. Studies appear to implicate PD
in attenuation of both implicit and explicit learning processes
defined in this matter. However, patients with PD still appear
to be better able to operate in explicit than implicit conditions.
While healthy controls completed a motor targeting task most
accurately with minimal outside feedback, PD subjects were
better able to complete the same task in the condition with the
highest amount of feedback (67).

Other studies define implicit vs. explicit learning based on the
amount of error present during learning trials. The generation
of a large, sudden error is considered explicit learning while
slow, gradual introduction of error, or restriction of error using
guidance systems, is considered to induce implicit learning. This
definition of learning found that patients were able to adapt to
implicit changes but struggled with or were completely unable
to adapt to explicit perturbations, especially in the context of
other tasks. A visuomotor perturbation study utilizing reaching
tasks found that individuals with PD adapted similarly to healthy
controls during introduction of small, gradual visuomotor
perturbations leading to minimal errors, but were slower to adapt
and displayed lowered magnitudes of adaptation during larger
perturbations (68). A study examining the ability of subjects
to learn a hammering task either with or without a guidance
system found that those that were constrained by the guidance
system showed increased learning and learning automaticity,
as evidenced by ability to translate the hammering motion to
dual-taking conditions. However, it is uncertain whether the
learning effects obtained through this method translate to non-
guided motions upon the removal of the guidance system (69).
This implies that slow, gradual initiation of perturbations may
be more helpful for patients with PD, such as through the use
of assisted or constrained training. However, these results may
not be easily translated to conditions outside of training unless
training conditions are slowly scaled to mirror them.

Together, these results indicate that people with PD, while
able to learn, have difficulty creating and switching between
motor sets. They may require explicit information and additional
practice relative to healthy age-matched controls to do so. The

use of augmented cues (19, 67) and gradual introduction of
perturbation (68, 69) may help patients to create feedforward
motor sets. Such cues may be especially helpful during conditions
that require attention to be divided or require reaction to
unexpected perturbations. The ability of individuals with PD
to retain training effects is also contested (19), possibly due to
inability to automate sets.

In addition to the above definitions of implicit vs. explicit
learning, a related concept of feedforward vs. reactive control of
movement patterns is often discussed. A distinction does need to
be made. One need not be consciously aware of a feedforward
adaptation, though feedforward movements may be less likely
to be fully automatized, and reactive mechanisms, while more
akin to implicit learning, can also be trained explicitly. For this
reason, feedforward and reactive mechanisms will be discussed
separately in the next section.

Feedforward vs. Reactive Mechanisms
Patients with PD are thought to have major difficulties in
staging reactive responses to motor perturbations. Bradykinesia,
akinesia, reduced proprioceptive inputs, and other factors likely
play a role in this disability. Impaired feedback mechanisms,
commonly noted in PD, also play a role. Individuals with PD
are known to have proprioceptive and tactile sensory deficits
(70), leading to decreased feedback and increased noise and
ambiguity during motor tasks. These deficits are thought to
cause increased reliance on visual feedback and attention-based
control (71). People with PD also have difficulty updating task
information based on discrete feedback in decision-making trials
(72), suggesting an inability to properly use feedback that is
received. Patients with PD appear to be unable to correctly
determine the importance of feedback and events (73), which
likely contributes not only to deficits in learning but also to
problems with attention and motivation.

However, it appears that an independent difficulty in
creating, automatizing, and switching between motor sets is
also involved. This progressive loss of automatic motor control
increases reliance on goal-directed control mechanisms, even
for habitual actions (22, 74). Many studies have found defects
in reactive responses and responses to novel scenarios in PD
but improvement with practice and feedforward planning (44,
45, 75–77). Similarly, it was found that people with PD react
differently to planned vs. unplanned stopping during gait,
whereas healthy controls do not. Patients with PD are better able
to stop during planned scenarios, suggesting that feedforward
modulation plays an effect (78). Specific defects in shifting
between sets are evidenced by reliance on greater cognitive
control (79, 80) and reduced automaticity, which causes dual-
tasking deficits during movement (81, 82). Difficulty in acquiring
and expressing habitual motor patterns has been shown to lead to
impairments expressing automatic components of behavior (83,
84), learning implicitly (60–66, 85), performing an unfamiliar
task (86), and combining information from different reference
frames in order to guide movement (77, 87). However, while
feedforward learning seems fairly intact, if slow, these learned
sets may not be retained, further indicating an impairment in
switching between motor sets (18, 21). In summary, patients with
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PD have difficulty rapidly and flexibly switching between motor
plans in a reactive or unconscious fashion. Such impairment
leads to difficulties in novel tasks, tasks in which external
factors may change needed forces and trajectories, and dual-
tasks, in which two sets must be held simultaneously and rapidly
switched between.

Factors Affecting Motor Learning in PD
A number of factors related to PD might have a major
impact on the severity of impact on motor learning: severity
and duration of disease, disease subtype (tremor dominant,
PIGD dominant, etc.), amount of degeneration in dopaminergic
and non-dopaminergic neurotransmitter systems, and cognitive
symptoms. Most of these factors have not yet been well-
researched. Research suggests that motor learning worsens with
disease severity, though these trends are still characterized as
weak to moderate. Worsening cognitive and axial symptoms
especially appear to predict a decrease in motor learning
ability (24, 30, 32). Axial symptoms in particular have been
directly linked to worsening motor learning performance, even
independently of overall disease severity (88). Specifically,
patients with freezing of gait (FOG) seem to exhibit worse
learning, retention, and generalization in motor learning tasks
(29, 89, 90), though confounds make it difficult to determine the
exact influence of a generally longer disease course and worsened
disease severity, fall risk, and cognitive profile associated with
FOG (91–93). Subtype of PD, as characterized by symptom
profile, may play a role in impact on motor learning (31).
Laterality of symptoms of PD may also affect acquisition of
motor skills in PD, with left-onset PD being correlated with more
errors during task acquisition than right-onset PD (94). However,
motor learning is affected early in PD and learning deficits appear
to be present on both sides, even before traditional symptoms are
evident on the less-affected side (95).

Cognitive features of the disease, such as impairments in
memory, attention, and executive function (EF) also play a
role in motor learning. Memory and other components of
EF are notably affected in PD, even early in the disease and
with no apparent cognitive impairment (96, 97). These deficits
have been attached to deficits in both motor symptoms (97–
100) and in learning (101, 102), demonstrating that more
widespread frontostriatal system involvement might be related
to defects of motor learning in PD. Many of the specific aspects
of EF impacted in PD, including planning and attentional
deficits, information organization and retrieval, task-switching
and establishment of a motor set, feedback-based learning, and
sensitivity to interference during learning, directly affect the
ability of individuals with PD to learn and modulate motor
patterns (97, 98, 103, 104). Dual-tasking may be especially
affected by these problems (105). Studies have shown that
procedural and spatial memory is especially affected in PD, while
verbal and episodic memories remain largely intact (103, 104,
106, 107), suggesting that areas of cognition associated with
motor planning and execution may be preferentially affected by
the disease. Deficits within attentional networks, and specifically
the connections between the putamen and the motor cortex,
prevent the sustained switch from controlled to automatic

behavior (108). The close interplay between the cortical and
subcortical areas regulating motor, cognitive, and motivational
aspects of habitual, automatic movement are dysfunctional in
PD (109).

In addition to direct effects of PD on motor learning, it has
been suggested that external changes, such as medication and
environment can impact the ability of patients to learn, retain,
and update motor information. One of the most-researched
factors affecting learning in PD is levodopa. While levodopa is
remarkably beneficial in treating many aspects of PD, including
tremor, rigidity, and bradykinesia, it is thought not to improve,
or possibly even to worsen, certain aspects of motor learning.
Additional deficits in motor learning while in the “on”-state (that
is, while the short-term effects of levodopa are active) have been
noted in upper (110) but not lower (111–114) extremity learning.
However, differences in study design suggest that this difference
may be due to the stage and type of learning studies, with specific
portions of the acquisition phase of learning most affected (30).
Levodopa may attenuate some of the motor deficits in learning
while worsening cognitive aspects (115–117). This suggests that
while dopaminergic dysfunction plays a role in motor learning,
other systems, such as the frontostriatal system, are also key.
While not yet well-researched, early data suggests that deep brain
stimulation (DBS) might have a positive effect on learning (118).
Environmental and task characteristics may also significantly
affect ability to learn in PD. One study found that task difficulty
significantly affected the ability of people with PD to learn relative
to healthy controls. Dual-task and reactive tasks significantly
reduced or even eliminated the ability of PD subjects, but not
controls, to learn and retain improvements (119).

Increasing the amount of external information provided to
individuals with PD, such as through cueing, can significantly
improve acquisition, automaticity, and retention of motor tasks,
even once cues are removed (67, 120). The beneficial effects of
cueing on gait and motor learning (121, 122) in PD are likely
largely caused by addressing cognitive factors of the disease, such
as attention (71). By directing attention to the motor action
being practiced and giving feedback about its correctness, cueing
can facilitate feedforward learning. Reward and motivational
pathways are also likely affected. PD is known to cause apathy,
blunting subjective value of reward (123). This leads to a reduced
tendency to evaluate and monitor outcomes and negatively
impacts feedback-learning. By providing an external, objective
reward, cueing may allow PD patients to incorporate the benefits
of positive movement patterns (51).

EFFECT OF TRAINING ON PIGD

Based on studies of motor learning in PD, it is expected that
training or therapy specifically targeting gait and balance would
lead to significant improvement in these areas. However, these
improvements might be less drastic, require more repetition,
and be less generalizable to other tasks when compared to
healthy controls. Current research appears to support this, as
will be discussed in the proceeding sections. Still, there is still
need for additional research to discern the types, quantity and
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intensity of training that is most helpful to people with PD, the
generalizability of this training to other tasks, the effectiveness
of this training during novel or complex tasks, and the effect of
both disease and external factors on learning rate and ability.
The following sections will discuss results showing the effects
both of traditional therapies, such as PT and exercise (when
specifically focused on gait and balance practice) and of repeated
perturbation training (an experimental concept that attempts to
train individuals how to respond to unexpected perturbation by
repeatedly eliciting such events) on gait and posture in PD.

Physical Therapy and Exercise Therapy
Studies of motor learning indicate that repeated and continued
physical training may be the best method to counteract the
degradation in motor behavior seen in PD. Physical and exercise
therapy have long been noted to be beneficial for patients
with PD, improving cardinal symptoms activities of daily living
and increasing subjective quality of life (124–134). Recently,
technological advancements in therapy delivery (such as through
the use of virtual reality and other gamification elements) and
ability to calculate objective outcome measures (using IMUs and
similar technology) has led to an increasing interest in the effects
of such therapies on PIGD features of PD. Many studies have
noted improvements in gait and balance following these therapies
(11, 127, 135–138). Studies have focused on determining the
best types, intensity, and duration of therapy, the effects of the
incorporation of technology (both in increasing duration and
intensity of exercise and in improving PIGD symptoms), and the
duration of sustained effect or need for repeated doses of therapy.

While there is great interest in the types of exercises and
techniques that might be best applied to improve specific
features of PD, controlled research studies documenting the
comparative successes of different options are still relatively
few in number. They have mostly utilized small sample sizes
and have had somewhat conflicting results. Direct comparisons
between studies are made more difficult by the lack of
homogeneity between treatments (an example of differing
treatment parameters may be seen in Table 1 and outcomes are
compared in Table 2). Many studies have differing definitions of
treatments even when using the same name, and the duration,
intensity, and frequency of training differ between studies. This
is made more difficult by the fact that most trials compare
results only to control groups (usually similar subjects not given
any therapy regiment, but sometimes patients provided with
therapy not intended to specifically improve balance) instead of
other balance interventions. In the future, it will be important
to compare intensity-matched treatment options directly in a
controlled manner.

Research from motor learning shows that training should
ensure enough repetition to allow adequate time for feedforward
learning. Introducing exercises using scaffolding in the form
of physical assistance, cueing, or enhanced information that
is initially given but progressively removed may prove useful.
It is also important that exercises be individually relevant but
collectively diverse enough to provide meaningful change in
multiple aspects of PIGD (188). The use of technology in training
of gait and balance for PD has been of interest. Several studies

have utilized gamification of training, technology to assist, resist
or create movements or perturbation, augmented feedback and
VR (119, 121, 139, 144, 155, 169, 172, 173, 179, 180, 182, 183,
189). Cueing in particular shows promise and is an important
area of research (120, 145, 155, 157–162, 171, 173, 190).

The main therapy options that have been researched related
to improvement of PIGD symptoms of PD are balance training,
treadmill training, and resistance or strength training. Generally,
strength training, including that focusing on the lower-limbs,
has been found to be less likely to improve features of PIGD
and is sometimes used as a control group in studies focusing
on gait and balance therapies. However, a study comparing the
effects of 7 weeks (2 h-long sessions per week) of resistance
vs. balance training found that resistance training but not
balance training contributed to significant improvements in the
Fullerton Advanced Balance (FAB) scale and Unified Parkinson’s
Disease Rating Scale (UPDRS) scores, though between-group
statistical comparison did not differ between the therapies
(142). Gait speed and TUG have also shown improvement
(129, 191).

A large number of studies regarding the effects of therapy
of gait and balance have been related to the use of treadmill
therapy (192, 193). Improvements in gait speed, stride length,
and symptomatic scales have been noted both immediately and
in the long-term following treadmill therapy (126, 146–148, 167).
Additionally, some studies have noted improvement in post-
urography following treadmill training, suggesting some level
of generalizability (146). Improvements appear to be obtained
long-term (146). These changes were noted in some studies
after only a single session of training. Adverse events were not
observed within these studies, and patients were able to achieve a
high-intensity of training (149, 192). Treadmill training utilizing
virtual reality to simulate dual-tasks and obstacles has been
found to improve gait measures under diverse conditions (144).
Studies also showed that treadmill therapy compared favorably
to other therapy techniques. Pohl et al. comparing speed-
dependent treadmill training, limited progressive treadmill
training, conventional gait training, and non-intervention
controls, found that treadmill training significantly improved
gait parameters compared to both controls and conventional gait
training (149). However, Myers et al. found that, while treadmill
therapy, tango dance, and guided stretching all improved walking
velocity and stride length, there was no difference between the
three groups (150). Sale et al. found that robot-assisted walking,
but not traditional treadmill training, improved gait velocity and
stride length, though this result conflicts with all other such
studies (151).

The addition of body-weight support to allow for increased
intensity of training may help to increase the effect of treadmill
therapy (151, 192). Miyai et al. reported that body-weight
supported treadmill training significantly improved UPDRS
scores, ambulation speed, and number of steps needed to
complete a 10-meter walk when compared to traditional physical
therapy (163, 164). Another study analyzing the effect of high-
intensity body-weight supported treadmill training vs. lower
intensity exercise or education, found that, while all three groups
improved UPDRS scores, only the high-intensity treadmill
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TABLE 1 | Comparison of study design from studies regarding the effect of therapy and training on quantitative measures of gait and balance.

Therapy type Sample size (per

group)

Treatments Control/Comparison

groups

# of Weeks # of

Sessions/Week

Session duration

Strength/resistance

training

10–15 (139, 140) High-intensity

quadriceps (129)

Exercise (129, 141) 4 (140) 1–2 (141–143) 40–60min

(12, 129, 139–142)

20–25

(12, 129, 142, 143)

Lower limb

(12, 139–142)

Multi-component

(12, 139, 141, 142)

7 (142) 3 (129, 140) 60–90min (143)

65–70 (141) PRE (143) Balance (142) 12 (12, 129, 139) 3–5 (12, 139)

RPT (140) 24 (141)

104 (143)

Gait training <10 (126) Treadmill walking

(126, 144–154)

Overground walking

(146, 155, 156)

1 (149) 1(149) 20–30min

(120, 126, 145, 149,

154, 155, 157–161)

10–15

(145–147, 150, 152,

156, 157, 162–166)

Robot-assisted

(151, 153, 167)

Exercise/Conventional

therapy (147, 149,

164, 165, 167)

3 (120) 2 (154, 155) 40–60min (144,

147, 148, 151, 153,

156, 163–165, 167)

15–20 (149) BWSTT

(160, 161, 163–165)

Tango (150) 4

(151, 153, 157, 159–

161, 163, 164, 167)

2–3 (152) Progressive

(146, 152, 166)

20–25

(144, 148, 153,

159–161, 167, 168)

Backward gait (156) Stretching (150) 5 (146, 152) 3 (120, 144–148,

156–158, 163–166)

Not given (150)

150–160 (120) Cued gait (120, 145,

152, 155, 157–162)

Education/Normal

Treatment

(160, 161, 165)

6 (126, 144, 145,

155, 166)

4 (126, 160, 161)

Cued treadmill

walking (159)

RPT (154) 8

(154, 156, 158, 165)

5 (151, 153)

None (120, 126,

144, 148, 149, 153,

156–158, 166)

12 (148, 150) 6 (167)

24 (147) 7 (159)

Not given (150)

Balance training <10 (169, 170) Cued (169, 171) Exercise (172) 4 (171) 2 (142, 173, 174) 20–30min

(170, 171, 173)

10–15

(171, 173, 174)

Weight-shift

(142, 174)

Resistance (142) 6 (169, 173) 3

(13, 169–172, 175)

30–40min (169)

20–25 (142, 175) Sensory

perturbation (13,

170, 172, 173, 175)

Balance +

resistance (170)

7 (13, 142, 172) 40–60min (13, 142,

172, 174, 175)

30–35 (13) Virtual reality (173) Home-based

balance

(13, 174, 175)

8 (174, 175)

35–40 (172) No training

(171, 173)

10 (170)

None (169)

Multi-component

training

<10 (170) Balance +

resistance (170)

Balance (170) 3 (176) 1–2 (141, 143, 177) 40–60min (12, 139,

141, 170, 177, 178)

10–15

(143, 177, 178)

Treadmill +

obstacles + balance

(178)

Resistance

(12, 137, 139, 141)

4 (168, 178) 3 (170, 178) 60–120min

(143, 168)

25–30 (12, 139) Gait + balance

(12, 139, 168, 176)

Stretching (141) 10 (170, 177) 3–5 (12, 139) Not given (176)

30–35 (168, 176) mFC (177) No training

(168, 177, 178)

12 (12, 139) 3–14 (168)

65–70 (141) Tai chi (141, 177) None (176) 24 (141) 6 (176)

104 (143)

(Continued)
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TABLE 1 | Continued

Therapy type Sample size (per

group)

Treatments Control/Comparison

groups

# of Weeks # of

Sessions/Week

Session duration

Home-based gait

training

10–15 (179) Home-based cueing

(179, 180)

Conventional gait

and cognitive

(in-home) (181)

2 (179) 3 (180) 20–30min

(179–181)

20–25 (180) Walking (180) None (179) 6 (180, 181) 4 (181)

55–65 (181) Dual-tasking (181) 7 (179)

Home-based

balance training

10–15

(162, 174, 182–184)

Sensory

perturbation (175)

Therapist-guided

balance

(172, 174, 175)

6 (182–184) 2

(174, 182, 183, 185)

20–30min (185)

20–25 (175) Tailored exercise

(162)

Exercise

(182, 183, 185)

7 (172) 3

(140, 172, 175, 184)

40–60min

(140, 172, 174, 175,

182–184)

35–40 (172) Wii Fit

(172, 182–185)

Education (182, 183) 8 (174, 175) Not given (162) Not given (162)

Kinect (174) None (162, 184) 10 (162)

12 (185)

Repeated

perturbation training

(RPT)

<10 (15, 186) Postural

perturbation

(16, 187)

Treadmill walking

(14, 154)

1 (14, 186, 187) 1 (14, 186, 187) 20–30min

(14, 16, 154)

10–15

(16, 140, 187)

Treadmill

perturbation

(14, 15, 154)

Resistance (140) 2 (16) 2 (154) 40–60min (15)

20–25 (14, 154) Step training

(140, 186)

No training (15) 4 (140) 3 (15) Not given (186, 187)

None (16, 186, 187) 8 (15, 154) 14 (16)

BWSTT, body-weight supported treadmill training; PRE, progressive resistance exercise; mFC, modified fitness counts.

This table documents the study characteristics of each therapeutic study reviewed for this paper. Papers were characterized by type of therapy provided, and approximate sample size

of each group per study (many studies had slightly unequal group sizes), control or comparison groups utilized, number of weeks and sessions of therapy and the duration of each

therapy session were noted. Both the therapeutic method used and the duration/intensity of therapy varied widely between studies, showing a need for more standardized protocols in

the future.

training significantly improved gait measures (165). Cueing also
appears to improve results of treadmill training (152).

Other types of gait therapy have also shown to be effective.
Overground walking, both backward and forward, have been
evaluated and found to improve gait characteristics (156). Cued
gait training appears to increase stride length, walking speed,
dynamic post-urography, and Berg Balance Scale scores (120,
145, 155, 157–159). Wearing a home-based cueing system for
as little as 30min per session has been found to increase gait
velocity and stride length and improve FOG (179, 180). Home-
based dual-tasking therapy has been shown to improve stride
length and cadence (181). Robotic-assisted gait therapy, in which
a wearable robot assists in locomotion during training has also
been shown effective in improving mobility (153, 160, 167).
Studies comparing robot-assisted gait training with other gait
therapies found than robot-assisted training may actually be
more effective than treadmill therapy (153) and overground gait
training with verbal cueing (160, 161).

Balance therapies utilizing static and dynamic stance are
common and appear to be effective in improving many gait and
balance measures. Atterbury et al. found that both therapist-
led and home-based balance training improved walking velocity,
cadence and stride length and Berg Balance Scale scores,
though therapist-led therapy was more effective (175). A study

comparing balance training with augmented feedback to a
control group of lower-limb strength training found that balance
training more significantly improved measures of limits-of-
stability, one-leg stance, and gait, and was the only group to
improve balance confidence (139). Cued sit-to-stand training
has also been shown to improve balance and stability (171).
Cued training during practice on courses involving turns reduced
FOG (166). A study comparing the training of compensatory
stepping using a dancing game with visual cues to a control
group receiving strength training found that the step training
significantly improved reaction time, movement velocity, limits
of stability and UPDRS gait sub-score relative to the control
group, but both groups improved gait velocity and only strength
training improved cadence during gait (140).

Home-based balance therapies have often been researched
in recent years, often using virtual reality and video game
technology, such as Wii Fit (194). This type of training has
been found to be effective in improving multiple features of
gait and static stance, suggesting that home-based therapies
may be an effective supplement or alternative to in-person
therapies (172, 182–185). Dynamic balance is also improved,
as measured by the Sensory Organization Test (SOT) (162). A
trial using the Xbox Kinect found comparable improvements
in TUG and Berg balance scores and a significantly greater
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TABLE 2 | Quantitative gait and balance outcomes from training studies.

Therapy type Results demonstrating improvement Results not showing

improvement

Ambiguous/Conflicting

results

Strength/resistance

training

Walking velocity (12, 129, 139–141, 143) Stride length (139, 140, 143)

Cadence (143) Double-support time (143)

TUG (129, 141, 142) Dynamic posturography

(140, 142)

FAB (142) CGI (142)

ABC (139)

Gait training Walking velocity

(120, 126, 144, 146, 148, 150–152, 154–159, 161–165, 167)

ABC (145) Gait symmetry (161, 165)

Stride/step length

(126, 144, 146–148, 150–152, 155–159, 161, 163–165)

Fall frequency (145) Gait variability

(126, 144, 148, 162)

Kinematic analysis (149, 153, 155) Mini-BESTest (154) FOGQ (152, 153, 159)

FOG Assessment (166) Cadence (144, 146–148,

152, 156, 158)

Walking distance (timed) (144, 154, 155, 159, 161, 162) TUG (146, 152, 154)

Static posturography (146)

Dynamic posturography (145, 160)

Sit-to-stand (165)

Double support time (148, 149, 162, 165)

POMA (155, 160, 167)

BBS (145, 155, 160)

DGI (155)

RST (145)

Balance training Cadence (175) Double support time (175) TUG (142, 169, 174)

Stride length (175) FAB (142) Dynamic posturography

(13, 142, 174)

FGA (175) CGI (142) Fall frequency (13, 172)

Static Posturography (171) ABC (13, 169, 172, 175)

Sit-to-stand (171)

BBS (13, 169, 172, 174)

Walking velocity (172, 175)

DGI (172)

Multi-component

training

Kinematic analysis (176) Double-support time (143) Dynamic posturography

(170, 178)

Cadence (143) DGI (178) Walking velocity (12, 139,

141, 143, 168, 178)

Fall frequency (12) Step/stride length

(139, 141, 143, 168)

Dynamic posturography (12, 141) ABC (139, 178)

PPT (168) BBS (177, 178)

Turning (168)

TUG (141, 177)

Walking distance (timed) (177)

Home-based gait

training

Walking velocity (179, 180) Gait variability (181) FOGQ (179, 180)

Mini-BESTest (180) Walking distance (timed)

(180)

Stride length (179, 181) Falls Efficacy Scale (180)

Cadence (181)

Home-based

balance training

Stride length (175, 183) Double support time (175) ABC (172, 175, 184)

FGA (175, 183) Stride velocity (175)

TUG (182, 184) Cadence (175)

(Continued)
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TABLE 2 | Continued

Therapy type Results demonstrating improvement Results not showing

improvement

Ambiguous/Conflicting

results

Falls efficacy scale (182) Fall frequency (172)

Walking velocity (172, 183, 184) Walking distance (timed)

(185)

Sit-to-stand (184)

BBS (172, 185)

CBM (184)

Static Posturography (184)

Dynamic posturography (182, 184)

POMA (184)

DGI (172)

Obstancle clearance (182)

Dynamic balance (162, 182)

Repeated

perturbation training

(RPT)

Step initiation (16, 186) Static posturography (14) Dynamic balance

(15, 140, 187)

Compensatory step length (16) FOG (15)

Walking velocity (14–16, 140, 154) Mini-BESTest (154)

Walking distance (154)

Gait variability (14)

Stride/step length (15, 16, 140)

Cadence (15, 16)

Double support time (16)

Fall frequency (15)

TUG (154)

FGA, functional gait analysis; ABC, activities-specific balance confidence scale; TUG, timed-up-and-go; POMA, Tinetti performance oriented mobility assessment; CBM, community

balance and mobility assessment; FOGQ, freezing of gait questionnaire; BBS, Berg balance scale; DGI, dynamic gait index; RST, rapid step-up test, FAB, Fullerton advanced balance

scale; CGI, clinical global impression scale; PPT, physical performance test.

This table shows the aspects of gait and balance found to be helped or not to be helped by different types of therapy. The studies that researched each aspect of gait and balance are

recorded.

improvement in dynamic stability compared with traditional
balance training (174). Yen et al. randomized patients to receive
either virtual-reality based balance training, traditional balance
training, or no therapy (control group) found that both training
groups displayed improvements dynamic post-urography (SOT)
(173). A balance training program utilizing audio-biofeedback
was also found to improve Berg balance scores and TUG (169).

Combination therapies have also been utilized, but
experimental confounds have made it somewhat difficult to
interpret these results. Hirsch et al. compared combination
balance and resistance therapy vs. balance training. They
found that, while computerized dynamic post-urography
measured by the SOT and muscle strength improved in both
experimental groups, combination therapy demonstrated larger
improvements. However, patients in the combination group were
given 15min of resistance therapy three times a week in addition
to the thrice-weekly 30min balance training sessions experienced
by both groups, so it is difficult to determine how much of this
greater effect is due to combination therapy vs. greater duration
of therapy in the combination group. In addition, no comparison
was made to a group receiving resistance therapy alone (170).
A study which assigned the experimental group to complete

balance and gait training and the control group to complete
an equal number of sessions of strength training found that
the experimental group was less likely to fall, fell less often and
demonstrated greater reduction in postural response length
and increase in stride length compared to controls (12). Gait
and balance therapy has also been found to improve gait
kinematics (176), gait velocity, step length, turning, and Physical
Performance Test scores (168). A study comparing resistance
with a multi-modal training program found that both groups
similarly increased velocity and cadence of off-medication gait
and plantarflexion strength, though other measures of spatial
gait parameters were unaffected (143). Smania et al. found that
a balance training program with locomotor training, but not
a control group exposed to full body active joint mobilization,
muscle stretching, and muscle coordination exercises, showed
improvements in several measures of balance and balance
confidence (13). Tai chi, a martial art form that addresses many
components of gait and balance, has also been used with some
success (141, 177). However, not all multi-component therapies
have been found to be successful. Hirsch et al. found that a
4 weeks therapy utilizing treadmill training, obstacle course
training, and balance training did not significantly improve any
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features of gait relative to a treatment-free control group (178).
This could be due to short therapy duration, low intensity of
therapy, lack of sensitive outcomemeasures, or small sample size.

Repeated Perturbation Training
Traditional physical and exercise therapies have successfully
improved the gait and balance of patients with PD. Motor
learning challenges in PD demonstrate that specific, feedforward
practice of events related to PIGD and falls may be even
more effective than generic practice or strength training. This
evidence has elicited interest in the utilization of repeated
perturbation training (RPT) for the improvement of PIGD in
PD. Specifically, repeated training of reactions to the types of
unexpected perturbations that may lead to falls is thought to
show promise in improving balance and decreasing falls in daily
life. Because such perturbations take place in a controlled system,
with the provision of supports as needed, they can be practiced
safely. As noted in the section above, several successful therapy
programs have incorporated forms of perturbation training.
However, repeated perturbation testing, especially that using
technology-assisted protocols, has not yet been widely adopted
and research is still needed to determine the types of perturbation
that are most helpful. The duration, frequency, and intensity in
which these therapy sessions must occur and the generalizability
of reactions from practiced perturbation to another novel type
also need to be further researched.

Most of the studies of RPT within the PD population have
focused on the effects of training during static or dynamic
stance. Several studies utilizing the sudden and unpredictable
movement of a platform under subject’s feet have noted that
repeated perturbations of this type generate a training effect,
improving subject response in later trials. Visser et al. found
that, while patients with PD always differed from age-matched
healthy controls in kinematic and surface EMGmeasures of their
response to the sudden tilting of the platform they are standing
on, individuals with PD do show significant improvement in
these balance reactions following training (187). van Ooteghem
et al. achieved similar results when patients attempted to
maintain balance while the support platform oscillated at
random amplitudes (which repeated in sequence unknown
to the subjects). People with PD improved reactions to this
perturbation, shifted from feedback to feedforward mechanisms
as a strategy for improving performance, and generalized
learning to a different pattern of oscillatory movements. More
widespread generalizability to other types of perturbation (e.g.,
sudden translation or other movement) was not tested (195).

Several studies have tested improvement of compensatory
steps as a reaction to external perturbation. A study utilizing
mechanically applied perturbation using a weighted pulley
system attached to the shoulders found that the length of
compensatory steps increased and time to step initiation
shortened with repetition. Interestingly cadence and step length
during gait also improved, implying some level of generalizability
to normal gait (16). Peterson et al. found that people with
PD are capable of motor learning when repetitive forward and
backward translations are applied to the support surface and that
these improvements were retained a day later, but they did not

generalize to lateral translations. Interestingly, the patients in this
study were found to exhibit the most improvement in the first
trial, while most studies found that individuals with PD need
several trials before motor learning occurs (88). A study that
utilized a combination of treadmill therapy and RPT in which
perturbations found that this training resulted in a reduction in
falls and improvements in gait and dynamic balance (15).

Only a few studies have previously reported on the ability
of perturbations during dynamic gait to improve PIGD in
PD. Roemmich et al. found that people with PD are able to
adapt when split belts of a treadmill were rotated at differing
speeds beneath them, and aftereffects and shorter re-adaptation
indicated that these changes might be retained (17). Klamroth
et al. showed that perturbation treadmill training utilizing tilt, in
comparison to traditional treadmill walking, was able to induce
adaptation and improve gait velocity and variability. A small
effect was noted in static postural control, which could indicate
possibility for generalized effect (14). Steib et al. found that
treadmill perturbation therapy can induce changes in dynamic
balance and gait, generating greater effects than a treadmill
training control group (154). While these studies have been
promising, much more research is needed to determine the
clinical efficacy of RPT for gait, including the number, duration,
and intensity of sessions needed, the duration in which effects of
treatment may last, the types of changes induced by various types
of perturbations, and the effect these changes have on decreasing
both real-life fall incidents and simulated falls under different
conditions. Perturbation during step initiation could also be an
area of interest, possibly for reducing start hesitation, a form of
FOG. Rogers et al. found that perturbation, either through a drop
or an elevation of the support surface under the initiating foot,
timed directly at the point of step initiation, elicited adaptation of
stepping response to preserve stability and that this augmentation
could improve postural and locomotor coupling (186).

CONCLUSIONS AND FUTURE
DIRECTIONS

Research related to motor learning in PD and effects of therapy
programs in PD populations indicate that patients with PD
are capable of motor learning. However, this learning may be
slower, of smaller magnitude, and less generalizable relative
to healthy individuals. A combination of sensory degradation
and neurological degeneration (affecting physical, attentional,
and learning capabilities) may make adaptation to feedback
difficult, forcing patients with PD to rely on feedforward
methods of learning. Gait and balance are inherently subject
to constantly changing environmental and other conditions,
making feedforward control difficult; however, training may
improve this ability. In order to more effectively train individuals
with PD in forming feedforward strategies, it is important that
therapies are targeted at the symptoms they intend to improve,
that patients be given ample feedback about their current
movement patterns and needed improvement, and that duration,
intensity, and timing of therapy sessions be set to maximize
motor learning. In this case, frequent and intense workouts,
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with duration long enough to achieve learning effect without
resulting in fatigue, would be ideal. Therapies should also attempt
to incorporate additional feedback (possibly in the form of verbal
prompts, cues, or augmented reality systems).

Current research has shown that therapy programs specifically
targeted to improve factors related to gait and balance can
significantly improve these features. Resistance training, balance
training, treadmill training, and repeated perturbation training
have all been shown to exhibit these effects. However, more
research is still needed to determine what therapies are more
effective for specific aspects of PIGD (e.g., resistance training
may help to increase voluntary muscle activation and movement
amplitude and improve bradykinesia while RPT may reduce
falls or FOG) and what aspects or exercises of these therapy
modalities are most helpful for these improvements. Efforts
should bemade to standardize treatments and outcomemeasures
from all treatment groups so that direct comparisons can be
made. Studies in which duration and intensity of different
types of therapies are as well-matched as possible are urgently
needed. The study of combination therapies, the use of varying
types of exercises in order to increase different aspects of gait
and balance, and the use of enhanced feedback, assistance and
body support, and cueing systems will be instrumental features
of study. The generalizability of therapeutic effect is also a
concern; for example, eliciting perturbations during stance may
not help to improve reactions to perturbations during gait. It
is important to research the generalizability of each type of
training in order to better target training to treat those specific
aspects of PIGD most bothersome to the patient. This would
maximize the benefit derived from therapy while minimizing
duration, avoid patient fatigue and more reasonably adhering
to insurance coverage as the research moves into the clinical
sphere.

Patients with PD seem to rely largely on feedforward learning,
even in cases, such as response to external perturbation or
changing conditions. The effects of situations that might interfere
with learning feedforward movement patterns, such as dual-
tasking or operating under reduced sensory feedback, need
to be studied. It has been seen that individuals with PD
have special difficulty with certain tasks, including gait and

balance under these conditions. Further research could reveal
interesting information about motor learning and maintaining
and updating motor loops in PD. The use of augmented
feedback to induce learning of proper patterns could help
to facilitate the transfer of feedforward methods learned to
situations that are likely to induce falls and is also of interest
for research. Because gait and balance both involve constantly
changing conditions and some degree of dual tasking is quite
common, assisting the improvement of these skills could be
vital to reducing falls. As of yet, little research has focused
upon this training or upon the limits of feedforward control in
managing PIGD.

Research into motor learning and control can directly
facilitate improvements in therapy. While preliminary, current
research suggests that as much exercise as possible, both through
therapy and through continued home and gym exercise, should
be recommended. Therapy should address as closely as possible
the active concerns patients with PD are experiencing (such as
balance, treadmill, or lower-limb focused resistance training for
patients known to be experiencing severe PIGD). At present, the
exact exercises prescribed are largely variable, but the addition of
more evidence-based research in the field will help to determine
the best potential options based on patient profile. A high level of
feedback is recommended, possibly through the use of VR, cueing
or other augmented feedback technologies.
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APPENDIX

Article Selection Methods
Keyword searches within the PubMed and Google Scholar
databases were used to identify articles of interest. Only articles
written in or translated into English with full text available were
considered. Additional papers of relevance were selected from
the citations given by those papers initially found during the
literature search.

For section Motor Learning in PD, articles related to
“Motor” + “Postural learning” or “Implicit learning” or “Explicit
learning” or “learning” + ”Parkinson’s disease” or “Parkinson
disease,” “Memory” or “Attention” or “Executive function” +
“Motor learning” + ”Parkinson’s disease” or “Parkinson disease,”
“Feedback” or “Perception” + “Motor learning” + ”Parkinson’s
disease” or “Parkinson disease,” and “Motivation” + “Motor
learning” + ”Parkinson’s disease” or “Parkinson disease” were
searched for. Abstracts were read to ascertain whether motor
learning deficits of idiopathic PD in human subjects were
discussed. For the relevant titles, the full papers were then
read to determine methods used and types and definitions of
learning analyzed. Because of the wide focus of titles related
to motor learning, which considered varying definitions and
perspectives of learning and the effects of various other cognitive
and perceptual systems, these articles were not synthesized into a
systematic review but grouped and discussed with other similar
research.

Within section Effect of Training on PIGD, searches were
made for “Physical therapy” or “exercise therapy” + “gait”
or “balance” + “Parkinson’s disease” or “Parkinson disease,”
“therapy” or “training” + “gait” or “balance” + ”Parkinson’s
disease” or “Parkinson disease,” “Perturbation” or “Perturbation
training” or “Perturbation training” + “gait” or “balance” +
”Parkinson’s disease,” and “Virtual reality training” + “gait”
or “balance” + “Parkinson’s disease” or “Parkinson disease.”
Articles that applied a specific non-pharmaceutical treatment
or treatments involving training or therapy, with quantitative
measures of overground gait and/or standing balance changes
as a primary outcome measure, were selected through abstract
review. Perturbation-based studies were also considered if they
measured learning effect to trained or generalized perturbations.
Review focused on articles relating to individual therapies,
not class-based techniques. Articles were not utilized if
pharmaceutical, surgical, or other treatments were tested in
conjunction with therapy. Only controlled studies, not case
studies or series, were considered. Full articles of selected
abstracts were then read to ensure relevance. While training
methods, intensity, and durations varied too widely for statistical
comparison, studies were analyzed and compared (as shown in
Tables 1, 2) to note basic trends in effective treatments. Reviews
of therapy and training methods in relation to gait and balance
were also considered and conclusions discussed in the body of
the paper, though only research studies were included in the
Tables.
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