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Abstract Gait coordination is generated by neuronal inter-
connections between central pattern generators in the spinal
cord governed by cortical areas. Malfunction of central ves-
tibular processing areas generates vestibular symptoms in
the absence of an identifiable peripheral vestibular system
lesion. Walking in the dark enforces a coordinated afference
primarily from the vestibular and somatosensory systems.
We hypothesized that patients with aberrant central vestibu-
lar processing would demonstrate unique gait characteristics,
and have impaired gait coordination compared with those
patients with abnormal peripheral vestibular function and
healthy controls. One-hundred and eighteen subjects were
recruited. Peripheral vestibular function was determined
based on laboratory and clinical examinations. Patients with
abnormal central vestibular processing had normal periph-
eral vestibular function. Subjects were instructed to walk
at a comfortable pace during three visual conditions; eyes
open, eyes open and closed intermittently, and eyes closed.
Both patient groups showed a similar spatiotemporal gait
pattern, significantly different from the pattern of the healthy
controls. However, only the central vestibular patient group
had an abnormal coordination of gait as measured by the
phase coordination index (PCI). There were no significant
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interactions between the groups and walking conditions.
Peripheral vestibular deficits impair gait though our data
suggest that it is the central processing of such peripheral
vestibular information that has a greater influence. This
impairment may be related to a neural un-coupling between
the brain and central pattern generator of the spinal cord
based on the abnormal PCI, which seems to be a good indi-
cator of the integrity of this linkage.
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Introduction

Healthy human gait is symmetric (Sadeghi et al. 2000) and
exhibits anti-phased left-right stepping, ensuring an inter-
limb coordination to maximize both balance control (Plot-
nik et al. 2007) and energy expenditure (Ellis et al. 2013).
Neuronal inter-connections between central pattern genera-
tors (CPGs) in the spinal cord are the presumed neuronal
substrate responsible for inter-limb coordination of muscle
activation based on models of fictive locomotion that dis-
play reciprocal motor output without descending efferent
or ascending afferent information (Dietz 2003; Duysens
and Van de Crommert 1998). However, these spinal mecha-
nisms (CPGs) are not the sole provider for motor coordina-
tion because complex activities (e.g., locomotion) demand
behavioral diversity and require real time (i.e., cycle-by-
cycle) sensory feedback to best navigate the environment
(Rossignol et al. 2006). This diversity and real-time feedback
is assured via mediation from cortical regions (Cramer and
Keller 2006) and descending pathways that supply unique
neuromodulators to activate the CPG circuits (Marder and
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Bucher 2001). Specifically, CPGs are activated from the
brainstem command centers and the locomotor regions
within the mesopontine and diencephalon, primarily via
reticulospinal neurons (Grillner et al. 2008).

Inter-limb coordination is a hallmark of healthy motor
control. The development of inter-limb coordination is
dependent on spatiotemporal coupling of limb motion, as
occurs when humans engage in activities such as locomotion
or playing a musical instrument. Limb coordination is gov-
erned by a process known as neural coupling, which implies
neuro-anatomical and neuro-physiological links between the
spinal cord and the brain with the purpose of rthythmic motor
output (Arya and Pandian 2014). One of the descending
tracts critical for mediation of locomotion is the vestibulo-
spinal tract, which has been shown to contribute spatiotem-
poral characteristics during unique components of the gait
cycle (i.e., heel strike, mid-stance, toe off). For example,
galvanic vestibular stimulation delivered to healthy young
adults during heel contact, mid-stance, or toe off leads to
significant change in the magnitude and timing of their foot
placement in response to the stimulation (Bent et al. 2004).
Based on animal models, Shik and Orlovsky (1976) showed
that activation within the vestibular nucleus modifies the
lower limb muscle activation (i.e., phasic excitation or sup-
pression) during the gait cycle. Evidence for this in patients
with impaired vestibular function reveals an abnormal gait
manifest as shortened steps and a wider base of support rela-
tive to healthy control subjects. This becomes more evident
when these same subjects walk in a less common direction
(i.e., backward) (Davalos-Bichara et al. 2014). In addition,
patients with impaired vestibular function present reduced
rhythmicity of gait (Davalos-Bichara et al. 2014; Perring
and Summers 2007).

The role of the vestibular system in gait rhythmicity

The vestibular system is critical for rhythmic motion.
Recently, Zimmerman and Barlow (2012) showed that pre-
term infants adapt their respiratory rate due to vestibular
stimulation. The authors revealed that exposing infants to a
horizontal, linear vestibular stimuli significantly increased
the chest wall cycling motion thereby increasing the num-
ber of breaths per minute. Interestingly, the respiratory rate
was influenced more by the acceleration magnitude and not
the frequency of the horizontal, linear stimuli. This effect
was presumed to occur via strong otolith output that reset
the respiratory CPG via vestibulo-spinal descending input
given the correlation between acceleration magnitude and
respiration rate—the higher acceleration led to the highest
respiratory change (Zimmerman and Barlow 2012). Gait
coordination too, like respiration, is a rhythmic, sequential,
and simultaneous motion that should be considered a critical
parameter of walking performance.
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Bilateral coordination of gait (BCQG) is a useful measure
of gait variability as it considers rhythmicity between the
right and left legs as a function of gait control. BCG is
measured using the phase coordination index (PCI), which
quantifies the long-term consistency and accuracy in gen-
erating anti-phased left-right stepping. Lower PCI values
reflect a consistent and accurate limb phasing, while higher
values indicate an impaired coordination of gait (Plotnik
et al. 2007). An abnormally high BCG is implicated in the
risk for falling and in cognitive decline, as well as being
correlated to unique neurologic pathologies (Plotnik et al.
2007, 2011a, b; Meijer et al. 2011). For example, stroke
patients have an impaired BCG based on being 427% less
accurate and 209% less consistent in walking coordination
with a 314% elevated PCI compared with healthy controls
(Meijer et al. 2011). The role of vestibular function on
bilateral gait coordination is unknown.

Central processing of vestibular afference

Previous data reveal that patients experiencing the symp-
tom of dizziness without an identifiable vestibular cause
have abnormal dynamic visual acuity and abnormal spati-
otemporal gait characteristics similar with those that have
an identifiable peripheral vestibular pathology (Schubert
et al. 2002; Davalos-Bichara et al. 2014). Relative to con-
trols, however, the patients with vestibular symptoms, not
due to peripheral end organ disease, have more robust
gait differences than those with an identifiable vestibular
pathology (Davalos-Bichara et al. 2014). This suggests
that central processing of peripheral vestibular input has
a greater influence on gait. Others have shown a central
inhibition of vestibular afference during fast walking and
running, that is instead disinhibited during slow and nor-
mal walking (Jahn et al. 2000; Brandt et al. 1999; Brandt
2000).

Several cortical areas process vestibular afference
including the vestibular nuclei, thalamus, parieto-insular
vestibular cortex (Kirsch et al. 2016), temporo-peri-Syl-
vian vestibular cortex, and right superior temporal gyrus
(Tarnutzer et al. 2013). Many of these regions are congru-
ent with visual information (Frank et al. 2014). Mal-func-
tions within these central vestibular processing areas do
generate vestibular symptoms in the absence of evidence
for a peripheral vestibular system lesion based on objec-
tive clinical and laboratory testing. For example, patients
with confirmed vestibular migraine have a false perception
of their body orientation in space and are unable to detect
their vertical orientation (related to gravity) as quickly as
healthy controls (Wang and Lewis 2016), putatively due to
underestimating their vestibular input (Crane 2012).
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Dynamic sensory reweighting

Vestibular, visual, and proprioceptive inputs represent the
primary afferent contributions for posture and gait, inte-
grated in the brain to interpret the complex sensory envi-
ronments in which we live (Horak et al. 1990; Kavounou-
dias et al. 1998; Angelaki et al. 2009). Each of these three
sensory inputs integrate within the sensorimotor cortex to
ensure safe and functional posture. The integration of sen-
sory afference must be modifiable in real time to adjust to
a dynamic environment. Postural modulation in healthy
subjects is both sensory and context-dependent acting in a
linear manner when there is no conflict within or between
the sensory inputs. In this situation, the unique sensory affer-
ence sums to a single corrective postural torque. In the case
of inaccurate information or dynamic conditions, the inte-
gration processes become non-linear and the brain shifts its
reliance to the most accurate afferent source, which is then
used as the primary contributor to postural control (Peterka
2002). In the case of bilateral vestibular loss, patients are
unable to maintain their balance in conditions of sensory
conflict between vision and proprioception illustrating their
“rigid” linear processing of postural integration without an
ability to rely on vestibular input to control their balance
(Nashner et al. 1982; Horak et al. 1989; Peterka 2002). Inter-
estingly, postural control also is challenged when moving
from an unstable to stable context, further indicating the
dynamic nature of the sensory reweighting process (Peterka
and Loughlin 2004). Recently, Assldnder and Peterka (2016)
investigated the sensory reweighting process during dynamic
conditions of postural control. To do this, they altered both
visual and proprioceptive cues by either removing or re-
introducing them (lights turned on or off, sway referencing
on or off). They found that the dynamic stability (1) was
influenced by the contribution of a passive torque gener-
ated from abrupt changes in sway referencing (muscles and
tendons were not stretched relative to the actual body sway);
(2) was impaired during each transition time (on and off was
equally disruptive); (3) benefits from anticipation.

In the present study, we explored spatiotemporal char-
acteristics, rhythmicity and bilateral coordination of gait
in healthy controls and patients with vestibular symptoms
that did/did not have identifiable peripheral or central
vestibular pathology. We used three unique visual condi-
tions [eyes open (EO); eyes open and closed (EOEC); eyes
closed (EC)], to examine the sensory reweighting process
during walking. We defined ‘vestibular patients’ as having
an objectively identifiable peripheral vestibular dysfunction
and ‘non-vestibular patients’ as having similar symptoms
yet no objective, identifiable peripheral or central vestib-
ular pathology (‘non-vestibular’). We hypothesized: (1)
both patients groups would show a gait pattern that is less
coordinated (i.e., higher PCI values) and less rhythmic with

worse spatiotemporal characteristics than healthy controls;
(2) non-vestibular patients would be less coordinated and
less rhythmic than the vestibular patients but have the same
spatiotemporal characteristics; and (3) a positive interaction
effect between vestibular function (vestibular, non-vestibu-
lar, healthy subjects) and walking conditions (EO, EOEC,
EC).

Materials and methods
Subjects

One-hundred and eighteen subjects were recruited from
the outpatient otolaryngology clinic at the Johns Hopkins
School of Medicine. Eighty-three were patients with symp-
toms of vestibular pathology that included dizziness, imbal-
ance, and/or nausea. Of the 83, 61 had identifiable peripheral
vestibular pathology (14-85 years), and 22 patients had no
identifiable peripheral vestibular pathology (12—-83 years)
based on both clinical and laboratory vestibular function
examination. Patients with identifiable vestibular pathophys-
iology (vestibular) included vestibular hypofunction, benign
paroxysmal positional vertigo (BPPV), and Meniere’s dis-
ease based on abnormal video head impulse testing, abnor-
mal ocular and cervical vestibular evoked myogenic poten-
tial testing, abnormal videonystagmography, or abnormal
clinical examination (Table 1).

Of the 22 with no identifiable peripheral vestibular
pathology (non-vestibular, normal vestibular function based
on clinical and laboratory examination), n = 17 had ves-
tibular migraine based on accepted criteria (Lempert et al.
2012) and n = 5 had no identifiable central or peripheral
vestibular cause, only symptoms. Of these five patients, two
had a history of migraine headache only, one had sustained
a fall and hit her head 12 days prior but MRI and CT scans
of the head were normal and no mild traumatic brain injury
diagnosis was made; the final two patients had no medi-
cal history related to their symptoms. Thirty-five healthy
controls were also recruited (21-80 years). Healthy controls
had no vestibular symptoms. Subjects with orthopedic, neu-
rological or cognitive impairments were excluded. All study
participants gave informed consent, as approved by the Johns
Hopkins Institutional Review Board.

Data collection

Subjects walked at their comfortable pace during three
visual conditions: eyes open (EO), eyes open and closed
intermittently (EOEC), and eyes closed (EC). The instruc-
tions for each condition were: (EO)—“walk with your eyes
open until you cross the line on the floor”’; (EOEC)—"“walk
one step with your eyes open and two with your eyes closed
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Table 1 Group characteristics

Variables Vestibular Non-Vestibular Healthy Control
Number of subjects 61 22 35
Male/Female 21/40 4/18 17/18
Age (years + 1 SD) 63.47 + 14.20%* 52.36 + 16.75 54.17 + 18.01
Diagnosis UVH-28 Vestibular Migraine-17 Healthy-35
BVH-9 Imbalance-5
BPPV-23
Meniere’s-1
VHIT- left hSCC VOR 0.71 + 0.34* 0.91 +0.05 N/A
VHIT- right hSCC VOR 0.71 £ 0.21* 0.98 +0.08 N/A
VHIT- left aSCC VOR 0.35+0.18 0.43 +0.190 N/A
VHIT- right aSCC VOR 0.70 +0.21 0.81 +0.18 N/A
VHIT- left pSCC VOR 0.78 +0.19 092 +0.18 N/A
VvHIT- right pPSCC VOR 0.56 + 0.19* 0.75 + 0.09 N/A

Vestibular patients with identifiable peripheral vestibular pathophysiology; Non-Vestibular patients who
suffered similar ‘vestibular’ symptoms, but had normal peripheral vestibular function; vHIT video head
impulse test; VOR vestibulo-ocular reflex; ASCC horizontal semicircular canal; aSCC anterior semicircular
canal; pSCC posterior semicircular canal; UVH unilateral vestibular hypofunction; BVH bilateral vestibular
hypofunction; BPPV benign paroxysmal positional vertigo; Vestibular migraine diagnosed based on (Lem-
pert et al. 2012); imbalance based on subjective report of reduced balance while standing or walking

* Statistically significant between the three groups (p < 0.05)
# Statistically significant between the patients’ groups (p < 0.05)
A Normal VOR Gain (McGarvie et al. 2015)
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Fig. 1 Raw GAITRite™ data illustrating step and stride of represent-
ative individuals during EOEC condition. Purple footprints represent
the right leg; green footprints represent the left leg. Blue arrows indi-
cate the walking direction. Note, the patients use more steps, illus-

trating shorter steps and strides. In addition, the patients display a
greater variability in step length and width than the healthy control.
The dashed lines help illustrate these differences
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until you cross the line on the floor”; (EC)—*“walk all the
way with your eyes closed until we tell you to stop. We will
prevent you from falling or walking into any objects”. For
safety, one of the investigators walked beside the patient dur-
ing each condition. In each condition, the subjects performed
two walks each, a distance of 10 m. A 6.7-m GAITRite™
electronic walkway system (CIR systems, Inc., Franklin, NJ,
USA) was placed in the walking path.

All data were measured and calculated from data obtained
using the GAITRite™ system (Fig. 1). Phase coordination
index (PCI) and gait asymmetry (GA) were calculated using
the raw data of step and stride time, and processed with Mat-
lab software (Math Works, Inc., Cambridge, MA, USA). GA
was calculated as a logarithm of the time spent in each step,
which considers the effect of any deviation from a straight
path:

GA = 100 * |In (Right step time/Left step time)|

The PCI was calculated by determining the left-right
stepping phase ¢; (ideally ¢; = 180°) for each stride (Plot-
nik et al. 2007). Lower PCI values reflect a more consistent
and accurate BCG (phase generation), while higher values
indicating an impaired BCG (Plotnik et al. 2007; Meijer
etal. 2011).

Statistical analysis

PCI values in patients with vestibular pathology is unknown.
Therefore, we estimated sample size based on data published
in healthy young and older adults (Plotnik et al. 2007). In
that study, the PCI for healthy young adults was 2.47 + 0.58
(26.3 £ 0.5 years old) and for older adults was 3.30 + 0.67
(69.1 + 1.3 years old). Therefore, using the mean difference
between groups of 0.83 with a standard deviation 0.6, we
would need a minimum of 9 subjects in each group to be
able to reject the null hypothesis with probability (power)
of 0.8, presuming a < 0.05 (PS Power and Sample Size Cal-
culations, version 3.0).

Statistical analysis was completed using SPSS (version
22, Chicago, IL, USA). Mean and one standard deviation
values of the dependent variables were calculated for each
of the GAITRite walkway data, measured during each walk-
ing condition (EO, EOEC, EC). There was no difference
in diagnoses (UVH, BVH, BPPV and Meniere’s) for any
of the patients’ data, thus the four sub-groups were com-
bined to one group, the ‘vestibular’ group. There was no
difference in left and right foot data and thus the two walk-
ing repetitions of each condition were combined and are
reported below. All data were normally distributed. A 3 X 3
ANOVA assessed the main and interaction effects of ves-
tibular function (Vestibular, Non-vestibular, Healthy) and
walking conditions (EO, EOEC, EC). We controlled for age

in all statistical computations, with age being evaluated at
58.6 years. The level of statistical significance was set at
P <0.05. In cases where the model provided a statistically
significant effect, a post hoc analysis compared between the
different groups and the different walking conditions. The
dependent variables were: gait speed, step time, step length,
stride time, stride length, stride width, stride time variability,
stride length variability, stride width variability PCI, GA and
left-right phasing.

Results

There were significant main effects of group and walking
condition on the spatiotemporal parameters of gait (Table 2).
We also report main effects on gait rhythmicity (Table 3)
and gait coordination. There was no significant interaction
between groups and walking conditions. We report below,
the evidence that the non-vestibular patients alone were sig-
nificantly less accurate with greater inconsistency in gait
coordination than healthy controls.

Spatiotemporal parameters of gait

We found a significant main effect of groups and walking
conditions for all spatiotemporal gait parameters excluding
the effect of groups on stride width. There were, however, no
significant interactions between groups and walking condi-
tions in any of the spatiotemporal parameters. The pattern of
spatiotemporal gait behavior to the visual input manipulation
is similar across groups (Fig. 2a).

Post hoc analysis for groups revealed that the healthy con-
trols showed significantly larger gait speed, step time, step
length, stride time, and stride length compared with both
patient groups.

There were, however, no differences in any spatiotem-
poral gait variables between the two patient groups. Post
hoc analysis for walking conditions revealed that each group
showed significantly faster gait speed while walking with
EO compared with walking either EOEC or EC. On the con-
trary, stride width was significantly wider only when sub-
jects walked with their eyes closed. All other parameters
were significantly different between all walking conditions.

Gait rhythmicity

We found a significant main effect of groups for stride length
CV and stride width CV. A significant main effect of walking
conditions were found for stride time CV, stride length CV,
and stride width CV. No significant interaction for groups
and walking conditions was found, the groups show a similar
pattern of gait rhythmicity to the visual input manipulation
(Fig. 2b).
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Table 2 Spatiotemporal characteristics during walking conditions across the three groups (mean + 1SD)

Variables Group Eyes open Eyes open eyes Eyes closed ANOVA ANOVA ANOVA
closed (between groups) (between tests) (interaction) G X T
G T

Gait speed (m/s) Control 1.19 £ 0.19"® 1.08 + 0.24" 1.10 £ 028" F=23.72; F =23.88; F=1.82;
Vestibular 1.07 £021°>  0.83 +0.28 0.79+028 P <0001 P <0.001 P=0.124
Non-vestibular 1.09 +0.22°  0.82 +0.23 0.81 +0.27

Step time (s) Control 0.57 +0.08™* 0.62 +0.10" 0.60 + 0.23" F=341; F =14.79; F=131;
Vestibular 0.57 +0.04*  0.70 + 0.15 0.62+008 P=0034 P <0.001 P=0264
Non-vestibular  0.58 + 0.13*  0.71 + 0.19 0.66 + 0.24

Step length (m) ~ Control 0.67 +0.08™* 0.65 + 0.09" 0.62 +0.10" F = 30.65; F =2157; F =148;
Vestibular 0.61 £0.09°  0.55+0.12 048 +0.14 P <0001 P <0.001 P =0.208
Non-vestibular  0.61 +0.07*  0.55 + 0.08 0.49 +0.10

Stride time (s)  Control 1.13 +0.12" 1.24 +0.19 1.19 £ 036" F=4.75; F=17.01; F =1.44;
Vestibular 1.13+0.09°  1.41+0.30 124+0.16 P =0.009 P <0.001 P=0221
Non-vestibular 1.16 + 0.26*  1.44 +0.39 131 +0.47

Stride length (m) Control 136 + 0.15™ 1.32+0.19° 1.26 +0.21° F=30.81; F =2135; F =1.56;
Vestibular 121 +0.19°  1.11+0.23 097 +028 P <0001 P <0.001 P=0.185
Non-vestibular  1.23 +0.13*  1.11 +0.16 0.98 + 0.21

Stride width (m) Control 0.09 +0.04  0.10 +0.04 0.11 +0.04° F=1.50; F=555; F = 0.650;
Vestibular 0.10+0.03  0.11 +0.05 0.13+0.05 P=0223 P =0.004 P =0.627
Non-vestibular  0.09 + 0.03  0.09 + 0.04 0.10 + 0.04°

See Table 1 for definition of groups. A significant main effect of groups and walking conditions were found for all spatiotemporal gait parame-
ters excluding the effect of groups on stride width. There were no differences in any spatiotemporal gait variables between the two patient groups

* Statistically significant difference between healthy subjects and both patients’ groups

# Statistically significant difference between each of the walking conditions (EO, EOEC, EC)
b Statistically significant difference between EO condition to EOEC and EC

¢ Statistically significant difference between EC condition to EO and EOEC

Table 3 Rhythmicity characteristics (gait variability) during walking conditions for the three groups (Mean + 1SD)

Variable Group Eyes open Eyes openeyes  Eyes closed ANOVA ANOVA ANOVA
closed (between groups) (between tests) (interaction)
G T GXxT
Stride time CV Control 5.89 + 11.57* 742 +9.21 7.61 £ 1428 F=1.01; F=461; F =0.86;
(%) Vestibular 5214355 1124 +1085 974+727  P=0365 P=0011 P =0490
Non-vestibular ~ 5.33 + 3.81? 7.90 + 6.50 8.89 +4.10
Stride length CV  Control 253+ 1.16™ 3.55 +2.41 5.66 +4.12 F=17.75; F=32.95; F=2.16;
(%) Vestibular 3.31 £2.26° 6.72 + 6.95 1059 +7.05 P =0.001 £ <0.001 P =0.073
Non-vestibular ~ 2.90 + 1.54° 5.28 £ 2.55 9.04 +7.30
Stride width CV  Control 26.09 + 20.76* 28.47 + 17.35 2048 +15.12 F=3.43; F=3.96; F=0.278;
(%) Vestibular 2553 +11.42° 3039 +1583  3145+18.12 P =0.033 £ =0.020 P =0892
Non-vestibular  29.48 + 12.97%*  35.87 + 16.20 39.35 +19.93

See Table 1 for definition of groups; CV- coefficient of variation

A significant main effect of groups was found for stride length CV and stride width CV. A significant main effect of walking conditions were
found for all rhythmicity variables

* Statistically significant difference between healthy subjects and both patients’ groups

# Statistically significant difference between non-vestibular group and both healthy subjects and vestibular groups
# Statistically significant difference between each of the walking conditions (EO-EOEC-EC)

b Statistically significant difference between EO condition to EOEC and EC
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Fig. 2 Pattern of gait behavior between the groups to the varied
visual conditions. Al-A4—spatiotemporal parameters, B/-B3—
rhythmicity parameters, C/, C2—coordination parameters. All three
groups display similar spatiotemporal and rhythmicity parameters.

Post hoc analysis for groups revealed that the healthy
controls were more consistent than the two patient groups
in stride length CV. However, stride width CV was sig-
nificantly less consistent for the non-vestibular group than
the healthy and vestibular groups. Post hoc analysis for
walking conditions revealed that stride time CV and stride
width CV were significantly more consistent for the EO
condition compared with the EOEC and EC conditions.
Stride length CV was significantly different between all
conditions.

Walking Conditions

Walking Conditions

Healthy Controls
+ = Vestibular Patients
= = Non-Vestibular Patients

Only the non-vestibular patients use a behavioral pattern different
from the healthy control or vestibular patient groups with signifi-
cantly less accuracy and consistency in their BCG

Gait coordination

A significant main effect of groups were found only for PC/
(ANOVA P = 0.042) but not for GA or mean right-left phas-
ing (Fig. 2c). A significant main effect of walking conditions
(ANOVA P = 0.036) was also found only for PCI; healthy
controls 4.93 + 5.76 (EO), 5.65 + 5.35 (EOEC), 4.90 + 4.98
(EC); vestibular group 4.92 + 4.24 (EO), 8.72 + 7.61
(EOECQC), 6.78 + 4.20(EC); non-vestibular 5.94 + 5.55
(EO), 7.40 £ 6.78 (EOEC), 8.19 &+ 4.58 (EC). There was no
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significant interaction between groups and walking condi-
tions (ANOVA P = 0.291). Post hoc analysis for groups
revealed that only the non-vestibular patients were signifi-
cantly less accurate and less consistent in their BCG than the
healthy controls, without any significant differences between
the vestibular and control groups (Fig. 3). Post hoc analysis
for walking conditions revealed a statistically significant dif-
ference between EOEC and EO conditions only.

Post hoc analysis for walking conditions revealed that
the EOEC condition was significantly disruptive to accu-
racy and consistency of gait (relative to the EO condition)
for all groups.

Discussion

The critical result of this study is that only those patients
with a putative central vestibular cause for their symptoms
(non-vestibular patients) were less accurate and less con-
sistence in their BCG than the healthy controls. In contrast,
we found no significant differences between the peripheral
vestibular and control groups for either GA or BCG. Addi-
tionally, we found no significant interaction between the
extent of vestibular function and walking during different
visual conditions (EO, EOEC, and EC) for any gait param-
eter, suggesting that altering visual afference is a commonly
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disruptive condition. Together, our results suggest that the
central processing of vestibular information has a more sig-
nificant role in gait than the peripheral vestibular input.

Vestibular influence on gait

CPGs, as part of the neural control of human gait have a sig-
nificant role for BCG as can be inferred from patients suffer-
ing from spinal cord injury (Duysens and Van de Crommert
1998). Additionally, animal studies confirm that motor cortex
mediates the CPGs (Cramer and Keller 2006). Our data (PCI)
suggest that the BCG for humans with peripheral vestibular
dysfunction is no different than healthy controls, suggest-
ing that in this case—the mediation of BCG is preserved via
central and not peripheral vestibular processes. In contrast,
when putative central vestibular areas are impaired, the BCG
is pathologically affected. Together, this suggests that central
vestibular processing is a control parameter regulating gait
coordination. Schniepp et al. (2017) in their recent review sug-
gest a topodiagnostic scheme for motor control within the cer-
ebellum. The scheme indicates the Flocculus as an essential
structure for afferent vestibular integration and the intermedi-
ate cerebellar zones as important mediators of gait coordina-
tion. Future investigations of the Flocculus, intermediate and
lateral zones of the cerebellum might reveal pathology and
related impairments unique to patients with central vestibular
pathology (including those with vestibular migraine).
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There is a functional risk to having an abnormally
increased PCI—an increased risk for falls (Plotnik et al.
2007, 2011a, b; Plotnik and Hausdorff 2008; Meijer et al.
2011). Recent evidence suggests that gait coordination
(as measured by the PCI) and gait rhythmicity are modifi-
able. Using stochastic vestibular stimulation, Wuehr et al.
improved gait rhythmicity (stride time and length CV)
and BCG (PCI) (reduction of 26 and 8.8%, respectively),
presumably via improved peripheral vestibular afference.
However, the mean spatiotemporal gait characteristics
were unaffected by the same stimulation, suggesting that
the improvement is incomplete (Wuehr et al. 2016). This
new information, coupled with our data, leads us to propose
using PCI as an indicator of a more severe deterioration of
gait abilities and therefore a better marker of fall risk.

Vestibular rehabilitation is the standard of care to address
the related gait instability for patients that report vestibular
symptoms (Hall et al. 2016). Our data suggest that adding
coordination exercises during walking may be of value for
“non-vestibular” patients, particularly those suffering from
vestibular migraine, who may still be at risk for fall at times
they are not experiencing active vestibular symptoms. In
addition, it would be useful to establish a means to translate
our results into a simple clinical screening test. Cohen et al.
(2012) showed that although vestibular patients and healthy
subjects differed in performance of tandem-walk, walking
with head turns, and functional mobility tests; the groups
were not sufficiently different on these tests for easy use as
screening tests.

Sensory reweighting

Sensory reweighting processes during walking appear to
be different than the processes during standing. Describ-
ing healthy controls, Peterka (2002) showed an increased
reliance on vestibular input when either the visual field or
the supporting surface were manipulated. This increased
dependence was presumed ‘vestibular’ as the visual and
somatosensory contributors for balance were no longer
reliable, yet the healthy controls were still able to main-
tain balance in these conditions. Healthy controls do this
by inversely modifying their postural sway amplitudes
relative to the stimulus sway amplitude; at lower stimuli
(0.5°-2°) they use an amplitude of sway that is greater
than the stimulus, during higher frequency sway (4° and
8°) they use a smaller amplitude sway to keep their bal-
ance. Therefore, healthy controls are able to ‘reweight’ the
incoming sensory information to maintain balance by rely-
ing on the most accurate afferent source, which in these
conditions is from the vestibular system. Peterka describes
this as being a non-linear postural control response. In
contrast, patients with bilateral vestibular loss are una-
ble to keep their balance as the magnitude of the visual/

somatosensory disruption changes, suggesting that these
patients have a “rigid” or linear processing of postural
control. The patients are unable to change their behavioral
postural response with the change of the stimuli causing
a loss of balance and thus are unable to ‘reweight’ the
afferent information for functional relevance. Creath et al.
(2002) showed similar postural sway behaviors of healthy
subjects and patients with vestibular loss. In contrast to
the sensory reweighting using altered visual information in
standing, our data show that both of the vestibular patient
groups and the healthy controls use a similar behavioral
pattern (Fig. 2) while walking. This lack of significant
interaction between the three groups and visual walking
conditions suggests that altered visual information, and
in the case of the vestibular group—altered vestibular
information, does not appear detrimental to the sensory
reweighting process. This suggests sensory reweighting
processes are contextually dependent, differing between
gait and standing. This may relate to the fact that multiple
regions within the central nervous system assimilate visual
and vestibular information (Frank et al. 2014). Another
reason for the apparent incongruence of sensory integra-
tion between gait and posture may relate to directional-
ity. During walking, the brain’s primary gait task involves
moving in one direction—forward; whereas during stand-
ing, the brain must prepare for multidirectional sway.
Recent data reveal balance is optimized when the plane
of vestibular stimulation is harmonious with the direction
of whole body motion; a strong linear relationship (high
coherence) exists between EMG of the soleus muscle and
direction of perceived vestibular stimulation (Forbes et al.
2016). Therefore, patients with vestibular dysfunction and
healthy subjects alike may use similar processes of sensory
integration for gait given the vestibular stimulus (linear
acceleration) and engaged muscles (linear forward direc-
tion) are congruent.

Limitations

The precise pathophysiology causing vestibular symptoms
in the non-vestibular patients is unknown, yet we have pre-
sumed the symptoms relate to abnormal central processing
of peripheral vestibular information. Secondly, although we
statistically controlled for age, the patients within the ves-
tibular group were significantly older than the non-vestibular
group and using an age-matched design might reveal larger
differences in gait. Finally, our patient groups were com-
bined from several sub-groups, reflective of the true clini-
cal presentation. However, more homogeneous groups with
larger sample sizes might better distinguish the unique con-
tribution of the peripheral vestibular labyrinth and central
processing of that content on the different measures of gait.
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Conclusion

Peripheral vestibular deficits impair gait though our data
suggest the central processing of peripheral vestibular
information that has a greater influence. Vestibular patients
react similarly to healthy subjects during manipulation of
visual input during walking, thus sensory reweighting
during walking appears different from standing. Impaired
central processing of vestibular afference appears related
to a neural un-coupling between the brain and CPGs of the
spinal cord based on abnormal PCI, which seems to be a
good indicator of the integrity of this linkage.
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