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Abstract Patients with bilateral vestibular failure (BVF)
exhibit imbalance when standing and walking that is linked
to a higher fall risk. The purpose of this study was to identify
risk factors for falls in BVF. We therefore systematically
investigated the interrelationship of clinical and demo-
graphic characteristics, gait impairments, and the fall fre-
quency of these patients. Clinical and demographic
characteristics as well as quantitative measures of gait per-
formance on a pressure-sensitive gait carpet were collected
from 55 patients with different etiologies of BVF. Clinical
and demographic data as well as spatiotemporal gait char-
acteristics were used for ANOVA testing and a logistic
regression model with categorized fall events as dependent
variables. The impairment of peripheral vestibular function,
duration of disease, and the overall gait status were not
associated with the history of falls in patients with BVF. In
contrast, the most predictive factors for falls in BVF were an
increase in temporal gait variability, especially at slow
walking speeds (p < 0.001; OR = 1.3), and the presence of
a concomitant peripheral neuropathy (p < 0.045;
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OR = 3.6). BVF patients with a high risk of falling exhibit
specific gait alterations in a speed-dependent manner. In
particular, increased gait fluctuations during slow walking
are most predictive for an increased fall risk. The presence of
a concomitant peripheral neuropathy further critically
impairs postural stability in these patients. Clinical assess-
ment of both these aspects is therefore important to identify
those patients at a particularly high fall risk and to initiate
preventive procedures early.
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Introduction

Bilateral vestibular failure (BVF) is a heterogeneous
chronic illness with the cardinal symptoms of motion-de-
pendent dizziness, oscillopsia during head movements, and
unsteadiness of stance and gait [22]. The gait disorder is
characterized by a broadened base of support, reduced
stride length, and increased spatiotemporal gait fluctuations
[15]. It thus corresponds to a sensory ataxic gait phenotype
that undergoes context-specific exacerbation due to dis-
turbed visual or proprioceptive feedback, e.g., when
walking with eyes closed, in darkness, or on uneven ground
[1]. Epidemiological fall risk studies and clinical experi-
ence indicate that the presence of a concomitant sensory
deficit, in particular peripheral neuropathy, considerably
affects gait performance and impairs patients’ ability to
maintain dynamic stability [14]. Furthermore, gait
unsteadiness of patients with BVF critically depends on
walking speed. Increased gait fluctuations and unsteadiness
are mainly observed during slow walking modes, whereas
fast walking performance appears to be nearly normal [15].
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The impaired gait performance of BVF patients also
results in secondary effects of disease. For example limited
daily mobility and reduced physical activity worsen social
functioning [6]. Patients’ risk of falling is not only
increased compared to healthy subjects, but also compared
to patients with episodic forms of vertigo and dizziness
[14]. Fall-related injuries together with the fall-induced
fear of future falls can result in further deterioration of
social functioning and quality of life. Thus, it would be
desirable to establish clinical algorithms to assess the
patient’s individual fall risk in order to improve the
symptomatic therapeutic regimens for BVF.

The current study investigated the interrelationship of
clinical and demographic characteristics, gait impairments,
and falls in patients with BVF. Predictive factors for an
increased risk of falls in patients with BVF will be useful
for future clinical fall risk estimation and may help to
reduce the incidence of falls in these patients.

Methods
Patients

Fifty-five patients with BVF were recruited from the out-
patient clinic of the German Center for Vertigo and Bal-
ance Disorders (DSGZ) to participate in this study. All
patients showed a clinically proven deficit (bilateral
pathologic head impulse test and reduced or absent caloric
responses (i.e., the sum of maximum slow-phase eye
velocities during warm and cold caloric irrigation was
below 10 °/s). Each patient underwent a complete neuro-
logical and physical examination prior to the experimental
procedures. Exclusion criteria were other comorbidities
affecting posture and locomotion abilities, such as CNS
pathologies (tumor, stroke, neurodegenerative, and
inflammatory diseases) and musculoskeletal disorders.
Patients with sensory neuropathy (without weakness) were
included into the study. All subjects gave their informed
written consent prior to the experiments. The study pro-
tocol was approved by the local ethics committee.

Fall assessment

All patients participated in a standardized interview con-
ducted by one of the authors (R.S. or C.S.). The following
information was recorded: duration of symptoms, ambu-
latory status, functional status, medication, and falls in the
preceding 6 months. Furthermore, their subjective level of
stability was assessed by the Falls-Efficacy Scale-Interna-
tional (FES-I) and the Activity-specific Balance Confi-
dence Scale (ABC) [5, 13].
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Gait assessment

Gait analysis was performed using a 6.7 m-long pressure-
sensitive carpet (GAITRite®, CIR System, Sparta, NJ,
USA) with a sampling rate of 120 Hz. All patients had to
walk over the carpet at three different speeds [preferred
(PWS), slow (SWS), and maximally fast (MWS)]. Gait
assessment was performed without additional ambulatory
aids. Each walk was started 1.5 m in front of the mat and
continued for 1.5 m beyond it to allow steady-state loco-
motion; each condition was tested four times. If necessary,
the examiner walked beside the patient (approximately,
0.3 m behind) to prevent falls. Trials with near-fall events
were discarded and repeated. Clinical gait assessment was
based on the Functional Gait Assessment (FGA), a 10-item
gait test developed for patients with balance deficits and
vestibular disorders [17].

Data analysis

Patients were assigned according to their individual fre-
quency of fall events within the preceding 6 months to the
groups “non-faller” and “faller”. Walking velocity and six
additional standard gait cycle parameters (i.e., cadence,
stride time, stride length, base of support, swing phase
percentage, and double support phase percentage) were
analyzed for each walking speed condition. Furthermore,
the variability magnitude of stride time, stride length, and
base of support was analyzed by the coefficient of variation
(i.e., CV(%) = (a/p) x 100 with standard deviation ¢ and
mean L).

The dependency of gait variability on walking speed
was further estimated by second-order polynomial fits
based on 12 gait trials (i.e., three speed conditions, each
tested four times) following a previously described proce-
dure [16]. Each fit function was normalized with respect to
the individuals PWS. Then the area under the curve (AUC)

was calculated by AUC = fij CV parameter (s)ds/ (j — i) once
for the whole speed range (with i = 0.25 x PWS and
j = 175 x PWS) as well as for three separate speed sec-
tions (“slow”: withi = 0.25 x PWSandj = 0.75 x PWS;
“medium”: with i = 0.75 x PWS and j = 1.25 x PWS,
“fast”: with i =125 x PWS and j= 1.75 x PWS).
Those patients whose measured speed range did not reach
0.25 of PWS (slow walking) and 1.75 of PWS (maximally
fast walking) were excluded from this analysis to avoid
extrapolation of the regression fit.

Statistical analysis was performed using SPSS (Version
20). In a first step, a two-way ANOVA was used to
determine significant differences between the non-faller
and the faller groups with respect to demographic and
clinical data, spatiotemporal gait parameters, and the AUC
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of gait variability with “walking speed” as a cofactor for
the gait parameters. In a second step, a stepwise forward
logistic regression model (controlled for age and gender)
was used to identify those variables that are able to predict
the individual fall status. The above-mentioned binominal
categorized fall frequency was used as dependent variable.
All significant parameters identified in the first-step
ANOVA were used as covariates. Results were considered
significant if p < 0.05.

Results
Patient characteristics

The BVF cohort had a mean age of 74 + 12 years and a
mean duration of symptoms of 31 *+ 29 months. All
patients had bilaterally pathologic head impulse tests
clinically rated separately by two neuro-otological spe-
cialists. The mean sum of unilateral caloric nystagmus
response was 3 °/s on the left and 4 °/s on the right side.
The majority of the BVF cohort had an idiopathic form of
BVF (48 patients, 88%). Four patients had a diagnosis of
probable Menierés disease (7%) and three patients ototoxic
drug use (gentamicin; 5%); they were considered to have
secondary forms of BVF (Table 1). Only 14 patients per-
formed balance training in a physiotherapeutic setup 1-3
times a week. Twenty-four patients had clinical signs of a
peripheral neuropathy (reduced vibrotactile thresholds,
reduced ankle jerk reflexes) with sensory deficits of the
legs, but without manifest motor dysfunction. Visual acuity
with correction was on both eyes 0.8 in median, without
correction left 0.35 and right 0.4 in median. Neither visual
acuity nor other neuro-otological findings (Tables 1, 2)
were significantly different between fallers and non-fallers.

Ambulatory status and fall history

The Functional Gait Assessment (FGA) scores of the
enrolled subjects showed a moderate impairment of gait
function with a median of 12 (range 4; 26). The ABC
scores were at mean 65%, thus indicating a moderate level
of physical functioning of the patients. There were no
significant differences between patients with falls and those
without falls. The FES-I indicated a moderate level of fear
of falling with a median of 34 points. Although a slight
tendency to increased FES-I scores was found in patients
with falls compared to those without falls (37 vs. 32
points), this difference did not reach significance. Twenty-
one patients reported falls in the preceding 6 months.
Thirteen patients (24%) had one fall, and eight (15%)
reported frequent falls (Table 1). An overall of 32 falls
were described by the patients. The fall status was

Table 1 Demographic and clinical data of the enrolled subjects

Demographic Overall
characteristics
N 55 (20 women)
Mean age in years 74 £ 12
Height in m 1.71 £ .03
Weight in kg 71.8 £ 7.3
Duration of symptoms in 31 £ 29
months
Etiology 48 primary, 4 with Meniere’s disease, 3

after gentamicin therapy
Walking performance

Median FGA score
[range]

12 [4; 26]

Mean ABC score [range] 57% [30; 90]

Median FES-I score 34 [18; 58]
[range]
Ambulatory status
Independent 38 (69%)
Intermediate use of aids 10 (18%)
Major use of aids 7 (13%)
Fall frequency
No falls 34 (62%)
1 fall 13 (24%)
>2 falls 8 (15%)

Neuro-otological findings
SVV deviation (>2.5°) 3

Gaze evoked nystagmus 5 bilateral, 3 unilateral

Skew deviation 0

Dysmetria/slowing of 1
saccades

Disturbed fixation 2
suppression of the
VOR

Pathological bilateral 55
HIT

Median visual acuity
with correction

Left 0.8, right 0.8

Median visual acuity
without correction

Left 0.35, right 0.4

FGA Functional Gait Assessment, ABC Activities-Specific Balance
Confidence Scale, FES-I Falls-Efficacy Scale-International, SVV
subjective visual vertical, VOR vestibulo-ocular reflex, HIT head
impulse test

independent of the FGA score, individual caloric respon-
ses, primary or secondary forms of BVF, and the duration
of symptoms. The falls occurred mainly when the visual
acuity was diminished by darkness or when walking on
uneven ground (88%). Only two fall events took place
during ambulation at home. Thirty-eight patients (69%)
reported ambulation without aids, whereas 10 patients
(18%) reported occasional use of aids. Seven patients
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Table 2 Presence of peripheral neuropathy and fall status in patients
with BVF

Fall status Overall
Non-fallers Fallers
Neuropathy status
Absent 23 8 31
Present 11 13 24
Overall 34 21 55

Table 1 shows the distribution of the categorical fall status (no falls
vs. falls) arranged for the comorbidity of “peripheral neuropathy”

(13%) reported a major use of aids, and three patients
relied mainly on the personal assistance of their partners.
The fall status was, however, also independent of the use of
walking aids. Only four patients reported a fall that hap-
pened when using the aid, whereas the majority (80%)
reported that falls usually occurred without the aid.

Gait characteristics of fallers vs. non-fallers

Comparisons of the common spatiotemporal gait parame-
ters between fallers and non-fallers revealed significant
differences, mainly during the condition of preferred
walking speed. At that condition, walking speed was sig-
nificantly lower in fallers (p < 0.05), stride length was
reduced (p < 0.05), base of support was increased
(p < 0.001), swing phases reduced (p < 0.05), and double
support phases increased (p < 0.05). The CV values of
stride time and stride length were increased in fallers
compared to non-fallers, for slow walking (all p < 0.05),
and for preferred walking speeds (CV of stride time
p < 0.01; CV of stride length p < 0.05). No differences
were found for the CV of base of support. Moreover, the
spatiotemporal gait parameters did not differ between
fallers and non-fallers for the condition of fast walking
(Table 1 of the supplemental data). Comparisons of the
AUC of gait variability parameters yielded significantly
higher AUCs of stride time CV in all three speed sections
for fallers (all p < 0.001, Table 3; Fig. 1). The AUC of
stride length CV was found to be significantly higher in
fallers only for the slow speed section (p < 0.05). Signifi-
cant correlations with FES-I were found for walking speed
(R> = —0.488, p <0.05) and for CV of stride time
(R? = 0.421, p < 0.05), both during preferred walking.

Fall status predictors
The binary logistic regression model showed that only two
parameters were predictive for the individual fall status in

the study cohort: peripheral neuropathy and the AUC of
stride time. The presence of peripheral neuropathy was
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associated with an OR of 3.6 [1.0; 12.9] for the occurrence
of falls. Moreover, the AUC of stride time CV during slow
walking was associated with an OR of 1.3 [1.2; 1.4] for the
occurrence of falls (Table 4; Fig. 2).

Discussion

The current study investigated for the first time the rela-
tionship between gait impairments, clinical and demo-
graphic characteristics, and the history of falls in patients
with BVF. These patients experience oscillopsia and a
persistent instability when standing and walking which is
linked to a higher risk of falls [10]. A recent epidemio-
logical study on different diagnoses of peripheral vertigo
and dizziness found that patients with BVF are at the
highest risk of falling [14]. Our findings show lower fall
prevalence: In the present BVF cohort, 24% were occa-
sional fallers and 15% were recurrent fallers. The outcome
of the present study allows us to identify the relevant
factors associated with an increased fall risk in BVF and
may help to identify those patients at risk as well as initiate
protective procedures for them at an early stage. We found
that the impairment of peripheral vestibular function, the
duration of disease, and the overall gait status (as measured
by the FGA score) were not associated with the history of
falls in the present BVF study cohort. In contrast, specific
quantitative alterations in the patient’s walking pattern as
well as the presence of a concomitant loss of propriocep-
tive feedback were found to be most predictive for the
patients’ fall status. The majority of falls occurred during
situations of disturbed visual (darkness) or proprioceptive
(uneven ground) feedback control. This emphasizes the
hypothesis that patients with bilateral vestibular hypo-
function highly rely on vision and proprioception to sta-
bilize gait. The prophylactic treatment of fall-prone
patients with BVF should therefore include recommenda-
tions to ensure sufficient lighting and even floor conditions
at home. For off-site ambulation, patients should be
advised to choose light and even walkways and to use
protective aids in complex walking situations.

An apparent feature of the gait disorder of patients with
BVF is the high variability of their stepping pattern
[12, 15]. Due to the loss of vestibular feedback informa-
tion, they cannot adequately adjust their walking pattern to
naturally occurring internal and external perturbations.
This results in increased spatiotemporal stride-to-stride
fluctuations. An increase in gait variability has been shown
to reflect a loss of dynamic walking stability in several
neurological gait disorders [3, 7-9]. This appears to be also
true for patients with BVF, since those patients with a
history of falls are especially characterized by elevated
magnitudes of spatiotemporal gait variability compared to
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Table 3 ANOVA model of

speed integral for gait Condition Parameter Non-fallers Fallers df fvalue p value
variability in patients with BVE g, AUC CV of stride time 97469 2414137 1 2678 <0.001
AUC CV of stride length 16.7 £ 10.7 252+ 153 1 5.895 <0.05
AUC CV of base of support  44.6 £+ 22.4 475 £25.12 1 0.171 ns
Preferred AUC CV of stride time 744 £ 654 1457752 1 13771 <0.001
AUC CV of stride length 16.54 £+ 13.1 22.8 £ 13.1 1 2940 ns.
AUC CV of base of support 122.7 + 63.3 113.4 £ 80.0 1 0.231 ns.
Maximally fast AUC CV of stride time 5.30 £ 4.81 860762 1 13.771 <0.001
AUC CV of stride length 89+ 6.3 104 £53 1 0.846 n.s.
AUC CV of base of support  56.9 £ 37.2 61.1 £64.14 1 0.094 ns
Overall AUC CV of stride time 2225 £ 16.26 46.16 £ 22.67 1 3.890 <0.001.
AUC CV of stride length 41.3 £ 238 572 £300 1 0.231 ns.
AUC CV of base of support 228.6 + 105.1 227.7 &£ 170.7 1 0.01 n.s.

The values for area-under-the-curve integrals of the gait variability, arranged by different speed sections.
The ANOV A models show significant differences for the groups “non-fallers” vs. “fallers”, mainly at slow

and at preferred walking modes

CV coefficient of variation, df degrees of freedom
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Fig. 1 Integrals of gait variability in fallers and non-fallers of BVF
patients

non-fallers. The observed differences in gait variability
depended on the gait velocity and mainly occurred during
slow to moderate walking modes. Such modes are thought
to critically rely on adequate sensory feedback which
allows the individual to maintain dynamic gait stability
[2, 20, 21]. Patients with a history of falls further exhibited
a slowing of walking speed with a broadened base of
support and prolonged double support phases in compar-
ison to non-fallers. These gait alterations were predomi-
nantly present during preferred locomotion speeds. They
indicate a cautious mode of walking that most likely
reflects a compensatory strategy to stabilize impaired
walking performance [21].

The logistic regression model also indicated that an
increase of temporal gait variability levels during slow

walking speed is the only gait characteristic predictive for
an increased risk of falls in patients with BVF. Besides
variability in magnitudes at specific walking speeds, the
present study also analyzed speed-dependent integrals of
gait variability (i.e., AUC of CV). As in an earlier study on
fall risk estimation in patients with cerebellar ataxia [16],
we also observed that a broad-spectrum measure is superior
to commonly used discrete measures of gait variability for
estimating the individual fall risk. The rationale behind this
observation is that whereas preferred walking modes are
very consistent in test-retest sequences due to biome-
chanical and energy consumption constraints [11], the
examination of non-preferred slow or fast walking modes
greatly depends on the examiner’s instruction as well as on
the individual’s motivation. The speed-dependent integral
compensates for such inconsistencies by covering a broader
speed spectrum based on multiple repeated assessments of
single walking conditions. Although this elaborate gait
assessment is presumably restricted to specialized gait and
balance centers, we nevertheless recommend including an
examination of slow walking performance in the clinical
assessment of patients with BVF. Furthermore, therapeutic
interventions in these patients should focus on improving
dynamic walking stability at slow to moderate walking
modes. In this context, a new paradigm of imperceptible
stochastic galvanic vestibular stimulation appears to be
promising. It was recently demonstrated to effectively
decrease spatiotemporal gait fluctuations in patients with
BVF, particularly at slow walking speeds [18, 19]. How-
ever, its potential to reduce the fall risks in these patients
has to be further investigated.

Another critical factor of increased fall risk in BVF is a
concomitant loss of proprioceptive feedback. The logistic
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Table 4 Binary logistic regression models

All patients (n = 55); correct classification 84% Coefficient SE df p value OR 95% confidence OR
Low High
Age 0.013 0.032 1 0.695 1.013 0.951 1.078
Gender —0.698 0.791 1 0.377 0.498 0.106 2.344
PNP presence 1.294 0.644 1 0.045 3.646 1.032 12.880
Base of support (slow walking) 0.012 0.021 1 0.831 0.991 0.848 1.475
CV of stride time (slow walking) 0.023 0.034 1 0.754 1.187 0.934 1.411
CV of stride length (slow walking) 0.098 0.022 1 0.567 1.196 0.987 1.543
AUC CV of stride time (slow walking) 0.176 0.048 1 0.000 1.293 1.186 1.411
AUC CV of stride length (slow walking) —0.011 0.078 1 0.568 1.183 0.978 1.788
Walking velocity (preferred walking) —0.326 0.614 1 0.882 1.223 0918 1.752
Stride length (preferred walking) —0.613 0.826 1 0.925 1.886 0.648 3.018
Base of support (preferred walking) 0.314 1.153 1 0.635 0.991 0.986 1.521
Swing phase (preferred walking) 0.288 0.735 1 0.087 1.302 0.619 1.922
Double support phase (preferred walking) —0.813 0.632 1 0.831 0.988 0.836 1.134
CV of stride time (preferred walking) 0.002 0.818 1 0.776 1.082 0.911 1.621
CV of stride length (preferred walking) 0.281 0.395 1 0.862 1.206 0.868 1.522
AUC CV of stride time (preferred walking) 0.658 0.512 1 0.501 1.211 0.753 1.861
AUC CV of stride time (fast walking) 0.611 0.082 1 0.061 1.162 0.892 1.182
AUC CV of stride time (all speed sections) 0.198 0.087 1 0.656 1.321 0.989 1.621
The results of the binary logistic regression model with the fall categories “no falls” and “falls” over the last 6 months
CV coefficient of variation, AUC area under the curve, SE standard error, df degrees of freedom, OR odds ratio
Bold values indicates the significant factors
ODDS RATIO no falls vs. falls
0.1 0.2 0.5 1.0 2.0 5.0 10.0

sensory neuropathy

AUC of CV of stride time (slow walking)

Fig. 2 OR for the status “no falls” and “falls” in patients with BVF

regression model indicates that the presence of peripheral
neuropathy is the most important predictive factor for a
high fall risk. To maintain postural stability, patients with
BVF compensate for vestibular loss by increasingly relying
on visual and proprioceptive feedback sources [4]. Any
additional disturbance of proprioceptive feedback due to
peripheral neuropathy therefore critically impairs balance
control and increases the risk of falling. Schlick et al.
observed that patients with multi-sensory deficits are at a
higher risk of falling than patients with deficits in only one
sensory modality [14]. These findings stress the importance
of clinically assessing signs of neuropathy in patients with
BVF to correctly estimate their fall risk. Moreover, treat-
ment of risk factors for neuropathy should be included in
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the therapeutic regimen of patients with BVF. In contrast to
a recent epidemiological study on fall risks in patients with
vertigo and dizziness [14], we could actually not find a
significant influence of age on the fall risks in our cohort.
Thus, age has only minor effects on dynamic stability in
BVF compared to the influence of the compensatory
capacity of somatosensory feedback or compared to the
overall extent of the gait disorder (measured by increased
gait variability).

In summary, this study identified predictive factors for
falls in BVF which may improve the early detection of
patients at risk. The gait performance of patients with a
history of falls considerably differed from that of non-
fallers in a speed-dependent manner. This difference was
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most prominent during slow to moderate walking speeds.
Accordingly, increased temporal gait variability during
slow walking was significantly associated with a higher
risk of falls. Furthermore, patients who have a concomitant
peripheral neuropathy are at a particularly high risk of
falling. The clinical assessment of both these aspects is
therefore critically important to identify those patients at a
particularly high fall risk and to initiate preventive proce-
dures early.
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