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Abstract

Effective navigation requires the ability to keep track of one’s location and maintain orientation

during linear and angular displacements. Path integration is the process of updating the

representation of body position by integrating internally-generated self-motion signals over time

(e.g., walking in the dark). One major source of input to path integration is vestibular afference.

We tested patients with reduced vestibular function (unilateral vestibular hypofunction, UVH),

patients with aberrant vestibular function (benign paroxysmal positional vertigo, BPPV), and

healthy participants (controls) on two linear path integration tasks: experimenter-guided walking

and target-directed walking. The experimenter-guided walking task revealed a systematic

underestimation of self-motion signals in UVH patients compared to the other groups. However,

we did not find any difference in the distance walked between the UVH group and the control

group for the target-directed walking task. Results from neuropsychological testing and clinical

balance measures suggest that the errors in experimenter-guided walking were not attributable to

cognitive and/or balance impairments. We conclude that impairment in linear path integration in

UVH patients stem from deficits in self-motion perception. Importantly, our results also suggest

that patients with a UVH deficit do not lose their ability to walk accurately without vision to a

memorized target location.
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1. Introduction

Human spatial orientation and navigation rely on the crucial ability to sense self-motion

during linear and angular displacements. The ability to keep track of our location and
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maintain orientation is so essential to our daily lives that those without this skill are

significantly disabled. Vision provides multiple sources of information for determining self-

position and orientation in external space. However, in the absence of vision, we retain the

ability to remain oriented by relying upon internally-generated (idiothetic) self-motion

signals such as proprioceptive cues from the musculature and acceleration signals from the

vestibular end organs (Highstein, 1996; Israël and Berthoz, 1989). These signals are then

referenced to a remembered spatial origin or target location in working memory, along with

a method of updating one’s current position and orientation in space, known as path

integration or dead reckoning (Etienne et al., 1996; Loomis et al., 1999; Mittelstaedt and

Mittelstaedt, 1980).

There is extensive evidence from animal studies suggesting that the vestibular system is vital

in path integration and spatial navigation (Barlow, 1964; Beritoff, 1965; Cullen and Roy,

2004; Etienne et al., 1996; Mittelstaedt and Mittelstaedt, 1980, Wallace et al., 2002). Rats

with unilateral and bilateral vestibular lesions display deficits in spatial memory and

navigation tasks, such as the water maze, radial arm maze, T-maze and foraging tasks

(Russell et al., 2003; Stackman and Herbert, 2002; Wallace et al., 2002; Zheng et al., 2006,

2009). In these studies, the rats were tested months after labyrinthectomy, suggesting that

any impairment in path integration was not related to acute vestibular or locomotor deficits.

Interestingly, the spatial memory and navigational deficits were manifest differently

depending on the type of lesion and type of task. Rats with unilateral vestibular

deafferentation (UVD) initially showed impairments on a spatial navigation task (food

foraging in the dark), which resolved six months after the onset of the lesion (Zheng et al.,

2006). In contrast, although rats with bilateral vestibular deafferentation (BVD) were able to

complete the same task in the light, they had chronic deficits when tested in darkness (Zheng

et al., 2009). These data suggest that vestibular afference is essential for spatial orientation

and navigation, likely by informing the brain about changes in head and body orientation in

space during self-motion.

In humans, there is limited but emerging evidence for the role of vestibular afference in path

integration. Behavioral testing using a ‘blind walking’ paradigm has been the main method

for assessing path integration in humans. In a typical blind walking task, blindfolded

participants attempt to walk without vision to a previously viewed target location. Using this

approach it has been shown that healthy humans can estimate changes in body location and

orientation at distances up to 20 m or more and precisely walk to the target location without

vision (Loomis et al., 1992; Philbeck and Loomis, 1997; Thomson, 1983; for a review see

Mittelstaedt and Mittelstaedt, 2001). In contrast, patients with vestibular deficits show

veering and other impairments, during similar non-visually guided walking tasks (Borel et

al., 2004; Cohen, 2000; Cohen and Kimball, 2002; Guidetti et al., 2008; Péruch et al., 1999,

2005). Of the studies that have been conducted, the majority have relied upon evaluating

individuals with vestibular hypofunction, chronic vestibulopathy, and benign paroxysmal

positional vertigo (BPPV) (e.g., Borel et al., 2004; Cohen, 2000; Cohen and Kimball, 2002;

Guidetti et al., 2008). These individuals often complain of spatial disorientation in

conjunction with the common symptoms of vertigo, imbalance, and gaze instability during

head rotation (Herdman and Whitney, 2000; Hillier and Hollohan, 2007).
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In summary, the overarching findings support the notion that the loss of vestibular afference

impacts path integration during blind walking. However, the majority of these studies do not

explicitly examine self-motion perception, per se. Instead, gait measures, such as lateral

walking deviations, response time, and directional turn errors were reported (Borel et al.,

2004; Cohen, 2000; Guidetti et al., 2008). For instance, Cohen (2000) asked patients with

chronic peripheral vestibular hypofunction to walk a linear distance of 7.62 m, once with

their eyes open and then three times with their eyes closed. The investigator measured the

forward distanced walked prior to and after veering. Compared to healthy controls and

patients with vestibular schwawanoma (pre-operative), the chronic vestibulopathy patients

had significant errors in the mean distance walked prior to veering and angle of veering

when walking a specified linear path with their eyes closed. While these impairments may

be directly related to deficits in path integration as a result of the vestibular pathology, this

particular study offers minimal insight into the underlying cause of linear path integration

deficits due to methodological limitations: patients walked a straight course and were

instructed when to stop when they crossed the finish line, which specified the target

distance. This meant that participants received feedback as to when they arrived at the true

target distance (7.62 m). Theoretically, participants may have responded without using path

integration and simply walked the course until receiving the verbal command to stop. In

addition, these participants completed an eyes-open condition prior to the eyes-closed

condition, which may have confounded the results further by allowing participants to

remember the path distance and to reproduce it during the eyes-closed condition. It may also

be possible that the participants counted paces and/or estimated the temporal profile (i.e.,

duration). While path integration likely played a role in this study, the extent to which the

monitoring and updating of non-visual self-motion signals contributed to the errors is

unclear.

In addition to reduced vestibular afference, cognitive and sensorimotor dysfunction may also

impact performance on non-visual walking tasks. Allen et al. (2004) examined the extent to

which cognitive functions, specifically information-processing speed and working memory

capacity, contribute to performance on a triangle completion task in healthy young and old

participants. Results showed that these cognitive functions significantly accounted for age-

declined performance. To date however, most studies on path integration in patients with

vestibular disorders inadequately control for cognitive impairments or existing balance

dysfunction (Borel et al., 2004; Cohen, 2000; Cohen and Kimball, 2002; Péruch et al., 1999,

2006). There is conflicting evidence of cognitive impairments in humans and rodents with

vestibular dysfunction (Avni et al., 2009; Grimm et al., 1989; Guidetti et al., 2008; Zheng et

al., 2006). Peripheral lesions in rats are known to cause deficits in attention and spatial

memory (Zheng et al., 2006, 2009). Similarly, using a Corsi block test it has been shown

that patients with unilateral vestibular hypofunction (UVH) exhibit spatial memory deficits

(Guidetti et al., 2008). However, others have reported normal performance on tests of

general memory, attention, and intelligence (for a review see Hanes and McCollum, 2006;

see also Smith et al., 2005, 2010). One possible explanation for these conflicting results is a

majority of patient studies employ self-report questionnaires that assess perceived handicap

due to dizziness and imbalance (e.g., Dizziness Handicap Inventory) that are highly

correlated with performance (such as posturography tests; see Jacobson et al., 1991), but do
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not assess general cognitive functions (e.g., visuospatial memory). As a result, it is difficult

to ascertain the degree to which patients’ cognitive impairments (if any) contribute to self-

ratings.

The primary goal of this study was to explore the parameters in which path integration

deficits occur. In addition, we wished to glean insight into the underlying cause of linear

path integration deficits in patients with abnormal vestibular afference. Our approach in the

current study was to take an initial step in characterizing the effects of unilateral vestibular

hypofunction (UVH). For comparison we also tested healthy controls and patients that were

treated for BPPV. BPPV is a transient peripheral vestibular disorder caused when calcium

carbonate material (otoconia) displaces into the semicircular canals. This addition renders

the semicircular canals sensitive to gravity, when they should not normally be. Treatment

involves physically repositioning the head and body to return the irritating otoconia back

into the utricle (Hilton and Pinder, 2004). We chose to include the BPPV patients to further

probe whether a loss of vestibular afference, instead of transient aberrant function, is truly

detrimental to path integration.

To address these concerns, we tested participants’ performance on two blind-walking tasks:

target-directed and experimenter-guided walking. Target-directed walking is a goal-directed

task that requires the participant to walk to a previously viewed target location in the

absence of direct visual input (Philbeck and Loomis, 1997; Philbeck et al., 2004).

Experimenter-guided walking is also a blind-walking task; however, a target location is not

specified before walking. Instead, participants estimated distances walked without vision

while guided along a linear trajectory by a sighted experimenter. This task provides an

opportunity to assess path integration without drawing upon visual perception and spatial

memory of a target. In contrast with prior studies (Borel et al., 2004; Cohen, 2000; Cohen

and Kimball, 2002), our walking tasks are direct measures of self-motion sensing during

non-visual locomotion — with no prior trials that allowed walking with vision.

We tested the hypothesis that vestibular afference plays a role in path integration,

particularly self-motion updating, and we predict that only patients with missing vestibular

afference would exhibit abnormal path integration. We restricted our focus to self-motion

updating on linear trajectories using two tasks designed to evaluate path integration

separately (described in more detail below). Our focus on two particular vestibular

populations (UVH and BPPV) further allowed us to conduct more comprehensive

neuropsychological testing in conjunction with the main behavioral walking tasks. Given

that cognitive factors such as visual perception, verbal and visual memory, and visuospatial

processing are likely to be implicated in our blind-walking tasks, we chose

neuropsychological tests to rule out the possibility that specific cognitive impairments could

account for potential errors in self-motion updating. Finally, the severity of ataxia was rated

using a qualitative scale in order to assess patients’ imbalance during gait, stance, and

sitting.
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2. Method

2.1. Participants

The study was approved by the Johns Hopkins Medical Institution’s Institutional Review

Board and was performed in accordance with the ethical standards of the 1964 Declaration

of Helsinki. Three groups of participants provided written informed consent prior to their

participation. Data from n = 6 patients with UVH and n = 4 patients with BPPV were

separately compared to those of five healthy controls (Table 1). Patients were identified

from the vestibular rehabilitation clinic at Johns Hopkins Hospital. Patients were included

based on clinical and laboratory testing. Testing was performed by one of the authors.

Diagnosis of UVH was based on: (1) a history of imbalance, (2) non-positional vertigo, (3)

physical examination showing a positive head impulse test result toward the affected ear, (4)

absence of a mass-enhancing lesion within the internal auditory canals or cerebellopontine

angle and (5) abnormal electronystagmography (ENG) examination establishing >20%

asymmetry; the ENG battery included oculomotor testing, the caloric test, and positional

testing. Posterior semicircular canal canalithiasis (BPPV) was diagnosed based on: (1)

normal caloric examination within the ENG testing suite and (2) upbeating nystagmus with a

torsional component beating geotropically elicited during the Dix Hallpike test. Healthy

control group participants were identified from hospital staff and students and by use of

IRB-approved fliers. Inclusion criteria for the healthy controls included: (1) negative

Romberg test, (2) absent history of neurological disorder, and (3) absent orthopedic

impairment. All participants had normal or corrected-to-normal vision. Exclusion criteria

included: (1) non-consentable age (i.e., under 18), (2) over 85 years of age, due to age-

related (peripheral and central) decline of vestibular function, (3) specific motor or

visuomotor disorder (e.g., ataxia) that affected posture or dynamic gait control that required

use of an assistive device, (4) legal blindness, (5) use of neuroleptics or vestibular-

suppressant medications and/or (6) inability to tolerate or cooperate with study protocols.

We did not test our healthy controls for abnormal vestibulo-ocular reflex (VOR) function or

BPPV; we had no reason to expect any pathology of their inner ear.

2.2. Design

Participants were individually tested. The experimental trials were completed in a well-lit,

carpeted hallway approximately 15 m long and consisted of three tasks which were blocked

and presented in the following order: verbal distance estimation, target-directed walking

and experimenter-guided walking. The order of trials within each block was randomized.

Distances of 3 and 6 m were presented three times within each task. To increase the range of

targets, three ‘dummy’ trials were randomly interspersed within the experimental trials.

During the dummy trials the target was place at 1.5, 3.5 and 5.5 m or 2.5, 3.5 and 4.5 m,

measured one apiece. The dummy trials were also randomly determined. These trials were

intended to discourage the participant from pre-determining the two stimulus target

distances (i.e., ‘near’ and ‘far’) and attempting to produce the same response on each trial;

data from these trials were not included in analyses. Participants were asked to perform each

trial as accurately as possible. There were no time constraints imposed. Walking duration

was measured with an electronic stopwatch. A tape measure was used to record distance

walked. No feedback concerning results was provided.
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2.3. Procedure

2.3.1. Objective and Subjective Measures

2.3.1.1. Path Integration: Using a blind-walking paradigm, two tasks, target-directed

walking and experimenter-guided walking, were used to assess path integration (Philbeck

and Loomis, 1997; Philbeck et al., 2004). Target-directed walking requires the participant to

walk to a previously viewed target location in the absence of direct visual input (Fig. 1(a)).

Experimenter-guided walking requires participants to keep track of their displacement from

a known starting point while being led to an unknown location and to then generate a verbal

estimate of the distance traveled (Fig. 1(b)). Participants were allowed to veer slightly since

intrinsic veering tendencies exist in blind and blindfolded navigators (Kallie et al., 2007).

No feedback was given.

2.3.1.2. Target-Directed Walking: Participants viewed the target (generally, for several

seconds), then lowered a blindfold and donned hearing protectors (overall noise reduction

rating: −30 dB) to minimize auditory cues. They then attempted to walk directly to the

estimated target location. The target was removed prior to blind walking for safety reasons

and so that participants did not receive haptic feedback. Participants were instructed to walk

until they felt they had reached the remembered target location. We did not control for

walking speed; instead, participants were instructed to walk at their normal speed (preferred

walking velocity) as they would in everyday life. For safety, on all walking trials a sighted

experimenter shadowed the participant to avoid collisions with any environmental objects

(e.g., walls, etc.). In addition, to prevent the use of pace counting and other verbalization

strategies, participants were given a random four-digit number to memorize. At the end of

the trial, participants were asked to recall the four-digit memory number given at the

beginning of the trial. Participants were led back to the origin by the sighted experimenter,

still without vision, to prevent error feedback. The experimenter measured the walked

distance from the origin to the terminal location.

2.3.1.3. Experimenter-Guided Walking: Participants viewed their environment for several

seconds (no target present), then donned a blindfold and hearing protectors. They were then

led by a sighted experimenter along a straight path to a predetermined stimulus distance;

participants grasped the experimenter’s upper arm and walked along a straight path between

1.5 to 6 m long. Upon stopping, participants were required to provide a verbal estimate of

the walked distance from the origin (in feet or meters). The four-digit number manipulation

was also used in this task to discourage use of pace-counting strategies.

2.3.1.4. Visual Distance Perception: Verbal estimates of target distance were gathered to

assess participants’ distance perception. Participants binocularly viewed a single target (an

orange cone approximately 31 cm tall) under full-cue viewing conditions and verbally

estimated its distance from their location (in feet or meters) after a short delay (less than 5 s)

with their eyes closed. This evaluated participants’ ability to visually perceive the target and

verbally report its location, without drawing on participant’s path integration abilities

(Philbeck et al., 2004).
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2.3.1.5. Neuropsychological Tests: To test for specific cognitive impairments and to

characterize the sample populations, each participant performed a battery of

neuropsychological tests. This included subjective reports and objective measures to allow

for comparison between the samples tested in our study with those described in previous

studies. Neuropsychological and visuomotor tests were administered prior to the walking

task. To minimize the risk of boredom and/or fatigue, breaks were given between each test,

and between the neuropsychological testing and experiment proper.

2.3.1.6. Verbal Memory: Verbal memory deficits can impact the aforementioned walking

tasks, as well as performance on other neuropsychological tests administered; specifically,

patients may have deficits in the acquisition, encoding and retention of experimental

instructions. To control for this, we assessed verbal memory using the Hopkins Verbal

Learning Test-Revised (HVLT-R) (Brandt and Benedict, 2001). The HVLT-R examines the

ability of patients to learn and remember a verbally presented list of 12 target words. The

test consists of three immediate recall trials, one delayed recall trial, and one recognition

test. Scores from the three recall trials were combined to calculate the total recall score. The

percentage of words retained after the delay was also calculated (number of words recalled

after delay divided by the greatest number of words recalled on any of the three learning

trials). Finally, the recognition discrimination index was calculated by taking the number of

true positives minus the number of false positives. Higher scores on all three measures

indicate better verbal learning and memory performance. The HVLT-R has been shown to

have high test–retest reliability (see Woods et al., 2005) and construct validity (see Shapiro

et al., 1999).

2.3.1.7. Visual Memory: Deficits in encoding and retrieving the spatial image of the target

may impact the target-directed walking tasks used to assess path integration, as well as the

visual distance perception task. To control for this, we used the Brief Visuospatial Memory

Test-Revised (BVMT-R; Benedict, 1997) to examine visuospatial learning and memory.

Patients were presented with an 8 × 11 inch page containing six geometric visual designs in

a 2 × 3 array. The stimulus page was viewed for 10 s, after which the patient was instructed

to reproduce as many designs in the correct locations as precisely possible. The total recall

score, percentage retained, and discrimination index were calculated in the same manner as

the HVLT-R. Higher scores on all three measures indicate better visual learning and

memory performance. Prior research has shown that the BVMT-R has good interform

reliability and supports the construct and criterion-related validity (see Benedict et al.,

1996).

2.3.1.8. Visual Perception: Deficits in perceiving the initial target location may affect

performance on the target-directed walking task. The Judgment of Line Orientation (JLOT;

Benton et al., 1978) was used to control for deficits in visual spatial processing. The JLOT

requires little motor skill to complete, and is regarded as a “pure” measure of visual

perception. This task required patients to match a pair of visually-presented angled lines to

two of eleven numbered lines appearing as a semicircle. The number of correct responses

out of the thirty items was totaled. Good performance on this test reflects good visual acuity,
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visual attention, and visuospatial processing. The JLOT has high test–retest reliability and

demonstrable construct validity (see Benton et al., 1978; see also Riccio and Hybd, 1992).

2.3.1.9. Working Memory: Our walking tasks required participants to attend to the stimuli

(i.e., distance walked) while at the same time performing other mental tasks (i.e., maintain a

four-digit number and the target location). Therefore, deficits in working memory and

attentional capabilities may significantly decrease performance on the walking tasks. We

used two subtests of the Wechsler Memory Scale-III (WMS-III; Wechsler, 1997), digit span

and spatial span, to examine working memory capacity. We specifically addressed the

ability to concentrate on, hold, and manipulate both simple and complex information. The

digit span subtest tests auditory working memory by requiring patients to repeat sequences

of numbers forward and backward. The spatial span subtest tests spatial sequence learning

by requiring patients to reproduce a tapped sequence of block locations on a board both

forward and backwards. The total number of items completed correctly on digit span and

spatial span were determined. High test scores reflect good auditory and visual working

memory capacity. Both subtests are reliable and valid (see WMS III Technical Manual,

1997).

2.3.1.10. Visual–Spatial Integration: The Hooper-Visual Organization Test (VOT;

Hooper, 1958) was used to assess mental rotation, visual analysis and integration. Patients

were presented with pictures of thirty common objects that had been cut into several pieces

and placed in a random order on the card. Patients were required to identify and write the

name of the original objects as if the pieces were assembled into one image. The number of

correct responses out of the thirty items was totaled. Higher scores on this test reflect good

visual spatial and perceptual abilities. The VOT possesses high interrater reliability and

validity (see Lopez et al., 2003).

2.3.1.11. Ataxia: A subset of the Scale for the Assessment and Rating of Ataxia (SARA;

Schmitz-Hübsch et al., 2006) and the Romberg Test Suite were used to quantify balance and

visuomotor function. Four functional items from the SARA were assessed: gait, stance,

sitting, and speech. To assess gait, participants were asked to: (1) walk at a safe distance

parallel to a wall, (2) turn around to face the opposite direction of gait and (3) walk in

tandem without support. To assess stance, participants were asked to stand: (1) in a natural

position, (2) with feet together in parallel and (3) in tandem. For the stance test, three trials

are allowed for each condition and the best trial was rated. On average, participants

completed each condition in one trial. SARA scores are known to increase with the disease

stage of ataxia (Schmitz-Hübsch et al., 2006). The SARA has high interrater and test–retest

reliability and high validity (Schmitz-Hübsch et al., 2006). For the Romberg Test Suite, the

three stance positions (as above) were repeated with eyes closed. Participants were screened

for truncal ataxia by sitting on an examination bed without the support of their feet, with

their eyes open and arms stretched out in front of them. The experimenter stood nearby and

observed if any difficulties were present in each task (i.e., staggering, intermittent or

continuous sway and/or support). Speech was also assessed during normal conversation for

signs of dysarthria. Behavior on each task was rated with a qualitative scale, where a low

score (i.e., ‘0’) indicates no observable difficulties or irregularities during performance
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(‘normal’) and a high score indicating a greater disturbances (e.g., a ‘6’ on the stance scale

indicates ‘unable to stand for >10 s even with the constant support of one arm’).

2.3.1.12. Self-Reported Handicap from Dizziness: The Dizziness Handicap Inventory

(DHI; Jacobson and Newman, 1990) is frequently used to evaluate the general ability of

patients to cope with activities of daily life and quantify the self-perceived handicap (e.g.,

avoiding social situations, quitting their jobs) caused by vestibular symptoms. The DHI

consists of 25 items with 3 subscales pertaining to the physical, functional, and emotional

aspects associated with vertigo. The total score quantifies patients’ perception of

disablement in everyday function. Scores range between 0 and 100: 0–30 suggests a mild

handicap, 31–60 suggests a moderate handicap and 61–100 suggests severe handicap

(physical, functional and emotional). The DHI has high concurrent validity and discriminate

validity, and is able to detect statistically significant changes following interventions

(Cattaneo et al., 2006; Enloe and Shields, 1997; Jacobson and Newman, 1990). The DHI

also has high test–retest reliability and moderate to high internal consistency (Cattaneo et

al., 2006; Enloe and Shields, 1997).

2.3.1.13. Level of Independence: The Vestibular Disorders Activities of Daily Living

(VADL; Cohen and Kimball, 2000), assesses patients’ perception of independence on a

much broader range of activities of daily life than the DHI (e.g., putting on shoes, reaching

overhead, standing up, driving a car, etc.). The VADL consists of 28 items and a multilevel

scale to rate self-efficacy on functional, ambulatory, and instrumental tasks. Scale ratings

range from 1 (independent) to 10 (disabled). The VADL has good face validity, high

internal consistency, and high test–retest reliability.

2.4. Statistical Analysis

The walking and verbal data were analyzed in terms of three types of error: (1) variable

error, as measured by the within-subject standard deviations (this provides a measure of

response consistency, with high error indicating low consistency); (2) constant error (or

‘bias’), calculated as response value minus the physical target location (this provides a

measure of the overall tendency to overshoot or undershoot the physically accurate value);

(3) absolute (unsigned) error, calculated as the absolute value of the walked response minus

the physical target location (this provides a measure of the overall magnitude of errors,

ignoring their direction). Participants’ errors were averaged across repetitions before

analysis. Separate repeated measures ANOVAs were conducted on the variable, constant,

and absolute errors, with ‘Group’ as the between-subjects variable and ‘Target Distance’ (3

and 6 m) included as the within-subject variable. We report the exact p-values and mean

squared errors (MSE) to give an indication of the effect size.

The performance of the participants on the neuropsychological tests was compared in

separate analyses of variance (ANOVAs).

3. Results

There was no differences in age between groups (F[2, 12] = 2.47; MSE = 296.93, p > 0.05).

Likewise, we found no differences among the groups on any of the nine neuropsychological
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tests (separate ANOVAs, p > 0.05). Please see Table 2 for the individual test scores by

group.

3.1. Verbal Estimates of Target Distance

The mean indicated verbal estimates are plotted in Fig. 2.

3.1.1. Variable Error—An ANOVA on the variable errors showed there was no reliable

group difference in consistency in the verbal distance estimation task (F[2, 12] = 17.98; p =

0.887). There was a statistically significant effect of target distance on consistency (F[1, 12]

= 10.59; MSE = 0.655; p = 0.007). However, we found no difference in interaction between

group and verbal distance estimation (F[2, 12] = 0.65; p = 0.539). The overall mean variable

errors (averaged across distances) for Healthy Control, BPPV, and UVH groups were 0.32,

0.24 and 0.29 m, respectively.

3.1.2. Constant Error—An ANOVA on the constant errors showed no effect of Group

(F[2, 12] = 0.23; p = 0.800), and no effect of Target Distance (F[1, 12] = 1.95; p = 0.188).

There was no statistically significant Target Distance × Group interaction (F[2, 12] = 0.01; p

= 0.989). The overall mean constant errors for the Healthy Control, BPPV, and UVH group

were −0.41, −0.42 and −0.67 m, respectively, with corresponding between-subject standard

errors 0.32, 0.36 and 0.30 m.

3.1.3. Absolute Error—An ANOVA on the absolute errors showed no effect of Group

(F[2, 12] = 0.12; p = 0.887). There was a significant effect of Target Distance on absolute

error (F[1, 12] = 12.67; MSE = 2.623; p = 0.004). Results showed that this main effect was

attributable to a larger amount of absolute error in the 6 m target distance than in the 3 m

target distance, averaging 1.09 and 0.49 m, respectively. There was no statistically

significant Target Distance × Group interaction (F[2, 12] = 0.14; p = 0.277). The overall

absolute mean error for the Healthy Control, BPPV and UVH group were 0.83, 0.82 and

0.73 m, respectively, with corresponding between-subject standard errors 0.17, 0.19 and

0.15 m.

3.2. Target-Directed Walking Estimates

The mean walked responses are plotted in Fig. 3.

3.2.1. Response Time—An ANOVA showed no effect of Group (F[2, 11] = 3.38; p =

0.072) on response time (s) to walk to target distances of 3 or 6 m (Table 3).

3.2.2. Variable Error—The mean variable error for each stimulus distance in the target-

directed walking task is plotted in Fig. 4(a). An ANOVA on the variable errors showed no

effect of Group on mean variable error in the target-directed walking task (F[2, 12] = 1.47; p

= 0.268). There was no main effect of target distance (F[1, 12] = 1.69; p = 0.218). There was

no statistically significant Target Distance × Group interaction (F[2, 12] = 0.05; p = 0.956).

The overall mean variable error for the Healthy Control, BPPV and UVH group were 0.28,

0.37 and 0.48 m, respectively, with corresponding between-subject standard errors 0.09,

0.10 and 0.08 m.
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3.2.3. Constant Error—An ANOVA on the constant errors showed no effect of Group

(F[1, 12] = 0.09; p = 0.916). There was a main effect of target distance (F[1, 12] = 9.60;

MSE = 1.564; p = 0.009), with constant errors increasing in the larger stimulus distance.

Participants tended to undershoot when attempting to walk to the 6 m target (Fig. 5(a)).

There was no statistically significant Target Distance × Group interaction (F[2, 12] = 0.21; p

= 0.813). The overall mean constant error for the Healthy Control, BPPV and UVH groups

were −0.32, −0.46 and 0.36 m, respectively, with corresponding between-subject standard

errors 0.23, 0.25 and 0.21 m.

3.2.4. Absolute Error—An ANOVA on the absolute errors showed no effect of Group

(F[2, 12] = 1.49; p = 0.264). There was a significant effect of Target Distance on overall

error (F[1, 12] = 23.01; MSE = 1.176; p = 0.001). Results showed a larger amount of overall

error in the 6 m target distance than in the 3 m target distance, averaging 0.78 and 0.38 m,

respectively. There was no statistically significant Target Distance × Group interaction (F[2,

12] = 1.75; p = 0.215). The overall mean absolute error for the Healthy Control, BPPV, and

UVH groups were 0.45, 0.65 0.65 m, respectively, with corresponding between-subject

errors 0.10, 0.11 and 0.09 m.

3.3. Experimenter-Guided Walking Estimates

The mean indicated walked distances are plotted in Fig. 6.

3.3.1. Variable Error—The mean variable error for each stimulus distance in the

experimenter-guided walking task is plotted in Fig. 4(b). An ANOVA on the variable errors

showed no effect of Group on mean variable error in the experimenter-guided walking task

(F[2, 12] = 3.24; p = 0.075). There was no main effect of stimulus distance on response

consistency (F[1, 12] = 2.24; p = 0.160). There was no statistically significant Distance ×

Group interaction (F[2, 12] = 0.113; p = 0.894). The overall mean variable error for the

Healthy Control, BPPV and UVH groups were 0.54, 0.54 and 0.25 m, respectively, with

corresponding between-subject standard errors 0.10, 0.11 and 0.09 m.

3.3.2. Constant Error—An ANOVA on the mean constant errors showed a significant

effect of Group (F[2, 12] = 9.45; MSE = 10.997; p = 0.003). Pairwise planned contrasts

(alpha = 0.05) were conducted to directly compare combinations of the groups’ overall error.

Results suggest that the effect is attributable to the tendency of the UVH group to

underestimate the stimulus distance relative to the other two groups There was an effect of

Distance (F[1, 12] = 14.89; MSE = 3.161; p = 0.002), with greater error for the 6 m stimulus

distance. These effects were qualified by a significant interaction between Target Distance ×

Group (F[2, 12] = 3.99; MSE = 0.848; p = 0.047). Pairwise planned contrasts (alpha = 0.05)

were conducted in order to directly compare combinations of each group and each of the

stimulus distances so that we could further isolate the source of this interaction. Results

showed that this interaction was driven by the UVH group significantly undershooting target

distances compared to the two control groups, with this tendency becoming more

pronounced in experimenter-guided walking to the 6 m stimulus distance. The BPPV and

Healthy control groups did not differ (see Fig. 5(b)). The overall mean constant error for the
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Healthy Control, BPPV and UVH group were −0.02, −0.04 and −1.74 m, respectively, with

corresponding between-subject standard errors 0.34, 0.38 and 0.31 m.

3.3.3. Absolute Error—The results of analyses on the absolute error for experimenter-

guided walking mirrored those of the constant error. An ANOVA on the absolute errors

showed an effect of Group on the overall errors in the experimenter-guided walking task

(F[2, 12] = 10.38; MSE = 3.598; p = 0.002). Pairwise planned contrasts (alpha = 0.05) of the

groups’ overall absolute errors showed that this main effect was primarily due to differences

between the UVH group and the control groups. There was also a significant effect of

Distance on overall error (F[1, 12] = 22.402; MSE = 3.716; p = 0.001). Results showed that

this main effect was attributable to a larger amount of overall error in the 6 m stimulus

distance than in the 3 m stimulus distance, averaging 1.4 and 0.73 m, respectively. There

was a statistically significant Distance × Group interaction (F[2, 12] = 3.94; MSE = 0.645; p

= 0.048), with larger overall errors in the UVH group when walking to the 6 m stimulus

distance than in the 3 m stimulus distance, averaging 2.38 m vs. 1.01 m, respectively. The

overall mean variable errors for Healthy Control, BPPV and UVH groups were 0.32, 0.24

and 0.29 m, respectively.

4. Discussion

The main result of this study is that, relative to normal controls and patients with BPPV,

only patients with UVH show significant deficits in linear path integration on an

experimenter-guided walking task. Without vision, UVH patients tended to underestimate

the extent of their self-motion when guided along a linear path to an unknown target

distance. By contrast, UVH patients performed quite accurately when walking without

vision to a previously seen target location. When no locomotion was required, UVH patients

were able to accurately indicate the same target distances; thus, the underestimation in

experimenter-guided walking was not simply due to poor verbal calibration.

These findings are in agreement with the emerging body of data that suggests non-visual

walking deficits in peripheral vestibular defective patients are due to impairments in path

integration (Borel et al., 2004; Cohen, 2000; Cohen and Kimball, 2002; Péruch et al., 1999,

2005). Moreover, we expand on previous findings in that our results suggest that this

impairment stems from misperceptions in self-motion, which is attributable to the impaired

vestibular afference in UVH (see Schubert and Minor, 2004, for a review of the

neurophysiology underlying vestibular hypofunction). Comparable performance on the

neuropsychological tasks indicated that cognitive deficits do not account for the systematic

underestimation in self-motion. Also, the mean duration to complete the target-directed

walking task was similar across groups suggesting these differences were not due to

differences in gait velocity, contrary to recent evidence (Cohen and Sangi-Haghpeykar,

2011). Our data complement previous findings that peripheral vestibular dysfunction

induces an asymmetrical perception of self-orientation in external space during whole-body

rotations (i.e., turn errors) (Borel et al., 2008; Glasauer et al., 2002; Péruch et al., 2005).

Taken together, these results highlight the important role of the vestibular system in path

integration.
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Impairment in path integration requires teasing apart error arising from processes underlying

self-motion sensing and updating from other related component processes (e.g., visuospatial

processing, working memory). Multimodal (or cross-modal) tasks are useful for separating

the various subcomponents of path integration. In contrast to the simple walking task

employed by Cohen (2000), in both of our walking tasks, the stimulus distance and response

are presented in different modalities. In the target-directed walking task the stimulus

distance is specified by direct visual perception of the target location, and distance is

indicated using a walked response. In the experimenter-guided walking task, the stimulus

distance is supplied via dynamic idiothetic information generated via locomotion (i.e.,

vestibular, proprioceptive, kinesthetic inputs) and the response is given verbally. Unlike

unimodal tasks, which may conceal systematic perceptual errors, multimodal tasks are more

sensitive to systematic errors in path integration (Philbeck et al., 2001, 2004; Sun et al.,

2004b).

Our tasks required participants to (1) localize the initial target location (specifically, the

target-directed walking and verbal estimation tasks), (2) create and encode the spatial image

(Loomis et al., 2007) in working memory (target-directed and verbal estimation tasks) and

(3) sense and integrate internally-generated self-motion signals (i.e., vestibular,

proprioceptive, kinesthetic and efference copy) over time to yield an estimate of linear

displacement (i.e., walked distance) relative to their starting point (target-directed and

experimenter-guided walking tasks). Contributions from each of these sub-processes can be

identified by comparing performance using a variety of tasks that involve common subsets

of each of the components. The verbal distance estimation task draws upon the first two sub-

processes and does not require path integration. The fairly accurate verbal estimation of

target distances by the UVH group (without locomotion) suggests that our finding of their

underestimation of distance walked was not merely due to imprecise localization of target

location caused by deficits in distance perception, and/or spatial memory, as described

above in factors (1) and (2). UVH patients’ accurate performance on the target-directed

walking task also suggests that there were no deficits in maintaining the target location in

memory for short durations. Together, these results suggest the participants with UVH were

able to localize the initial target location, and encode and maintain the spatial image in

working memory (Loomis et al., 2007). This suggests that the underestimation of walked

distance found in the experimenter-guided walking task stems from a decreased ability to (3)

sense and integrate internally-generated self-motion signals.

If the misperception of self-motion during non-visual navigation underlies the systematic

errors found in our experimenter-guided walking task, then we would expect similar errors

to be manifest in the target-directed walking task. However, patients performed quite

accurately on the target-directed walking task. One possible explanation is related to the

difference between active and passive locomotion. It has been shown that perception of self-

motion is more accurate during active locomotion than passive for both angular and linear

displacements (Féry et al., 2004; Jurgens et al., 1999; Philbeck et al., 2001; Sun et al.,

2004a). This is reportedly due to differential processing for active versus passive motion

signals at the secondary vestibular neurons (Cullen and Roy, 2004). Therefore, it is plausible

that the two tasks employed in this study involved two different streams of vestibular
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processing. However, we feel our experimenter-guided walking task is not a passive task in

the sense that although our participants did not have prior knowledge of the upcoming

trajectory, our participants still had to generate a motor output to walk (Philbeck et al.,

2001); this is in contrast to a passive wheelchair transport, where only feedback information

about the movement is available (see Allen et al., 2004). So, the distinction between active

and passive locomotion by itself is not likely to provide a complete explanation of the

differences in performance on the two walking tasks.

Another non-exclusive hypothesis for the apparent discrepancy between the two tasks

involves the response modes and the use of contextual information. Prior to walking in the

target-directed task, participants were shown an actual target location. In contrast, for the

experimenter-guided walking task, no information regarding the upcoming trajectory (i.e.,

walking distance) was given. Previous research has shown that vision of target locations and

salient landmarks while viewing the environment provides contextual information for self-

motion updating tasks (Arthur et al., 2007, 2009; Philbeck et al., 2001). It has been

speculated that specifically the anticipation of actively walking to a predetermined location

forms the basis of the spatiotemporal framework for incoming sensory signals during goal-

directed linear locomotion (Philbeck et al., 2001). We did not control for the potential use of

visual cues. In fact, our test environment afforded participants with a highly structured

context (well-lit hallway, pictures on the walls). Previous work has validated that previewed

landmarks along linear and angular trajectories do facilitate path integration, even when the

observer cannot directly sense the objects as they pass (Arthur et al., 2007, 2009; Israël et

al., 1996; Philbeck and O’Leary, 2005; Philbeck et al., 2001). However, the contextual

information was available to participants in both the target-directed and experimenter-

guided tasks.

What, then, can account for the differences in UVH patients’ performance on the two

walking tasks? One likely explanation is the response phases in the two blind-walking tasks

involved different modalities (verbal vs. walking). One major distinction between verbal and

walking responses is the frame of reference underlying the response modes. Verbal

responses are egocentric-referenced in that there is no requirement to respond relative to an

external location (e.g., target) in the environment. In contrast, walking responses are

generally considered exocentric-referenced in that they are explicitly directed to

remembered locations external to the body. The difference in the frame of references

underlying responses in our two blind-walking tasks could have contributed to the self-

motion estimation errors found in the UVH patients. Previous work by Borel et al. (2004)

suggest that unilateral vestibular deficiencies can lead to high-level adaptive mechanisms,

such as switching between exocentric and egocentric frames of reference depending on the

availability of salient visual cues in the external environment. Moreover, recent findings in

healthy participants show that the benefit of spatial memory is particularly likely in spatial

updating tasks in which one’s self-location estimate is referenced to external space (Arthur

et al., submitted). In particular, UVH patients may have relied heavily on non-sensory

inputs, such as memory of the surrounding environment, as a strategy to compensate for the

lack of peripheral vestibular afference in the target-directed walking non-visual task. In this

task one’s self-location estimate must be referenced to external space (i.e., walking to a
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memorized target location), so spatial memory may be beneficial for updating. In contrast,

in the experimenter-guided task, they may have abandoned such a strategy and relied on

idiothethic cues, presumably because information about the external environment is no

longer strictly required for the task. Instead, participants are required to estimate walked

stimulus distance using verbal responses relative to a frame of reference centered on their

own body. Therefore, in this task, participants may be less inclined to maintain and use the

remembered spatial framework to keep track of their orientation during the body rotation. In

fact, our finding of increased variability within the UVH group during the target-directed

walking task compared to the experimenter-guided walking task may be related to the varied

use of such cognitive strategies (see Fig. 4). Thus, our interpretation is that accurate

performance in the target-directed walking task may not necessarily imply accurate self-

motion updating. Participants’ underestimation of the extent of self-motion in the

experimenter-guided walking task may be due to deficits in the sensing and integrating of

self-motion signals. Importantly, the accurate performance during the target-directed

walking task in patients with UVH suggests that their deficit does not affect their ability to

compensate during active locomotion and walk to a memorized target.

The use of adaptive mechanisms and strategies in unilateral vestibular patients has been

noted by other researchers (Borel et al., 2004, 2008; Péruch et al., 1999). Péruch et al.

(1999) tested eight patients with UVH (Ménière’s disease) before and after surgical

treatment (vestibular neurotomy) on a non-visual walking task that required participants to

navigate to memorized target locations. Interestingly, the experimenters found that patients

performed better than the healthy controls, in terms of turn error and latency, before surgery.

Additional studies showed that compared to controls, unilateral vestibular defective patients

performed well on simple active blind-walking tasks (path reproduction and path reversal),

yet exhibit linear and angular impairments on more complex navigation task (shortcutting)

(Péruch et al., 2005). The authors concluded that the proprioceptive cues compensated for

vestibular loss during the simple active blind-walking task. This raises the issue that some

tasks, such as the target-directed walking task, may be less sensitive to deficits in path

integration. Together with our findings, these data suggest that the performance of patients

with UVH is task-dependent. Accurate performance on certain goal-directed tasks may in

fact be due to compensatory mechanisms. This process of compensation for abnormal

vestibular input can be one of sensory substitution (e.g., proprioception, kinesthesia,

efference copy) coupled with non-sensory (cognitive) strategies, such as the use of spatial

memory, that can be used to substitute for abnormal vestibular afferent signals (Borel et al.,

2008). Further exploration on tasks that limit sensory input to vestibular information with a

greater variety of stimulus distances would yield important insights into this issue.

Notably, our healthy control group was strikingly accurate during the experimenter-guided

walking task, which contrasts with previous work (Peruch et al., 2005; Philbeck et al.,

2004). Using similar blind-walking tasks, previous studies have shown an underestimation

of linear displacement in neurologically-intact and UVH participants (Peruch et al., 2005;

Philbeck et al., 2004). It is unclear from our study exactly what type of cues and/or cognitive

strategies participants in the control group may have used to compensate for the lack of real-

time visual input. Further investigation is required to fully illuminate this issue.
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To our knowledge, this is the first study to use an extensive neuropsychological battery to

assess cognitive functions in conjunction with path integration for patients with vestibular

hypofunction. We found no evidence that patients with UVH are at a cognitive

disadvantage; neither did their cognitive functioning explain difficulty in estimating walked

distance in the dark. However, the extent to which our preliminary results can be

informative on the contribution of vestibular afferent signals to self-motion sensing in

normal and patient populations is limited. Admittedly, more extensive testing is required to

confirm our current findings. Therefore, readers should be cautious about the extent to

which these results from the two patient populations tested can be applied to the patient

population at large. In the future, studies investigating the link between vestibular

dysfunction and path integration deficits will need to focus on more standardized

neuropsychological tests and non-visual walking tasks in a larger patient population with

adequate control groups. Future studies should also test a broader range of stimulus and

response distances to increase the sensitivity of detecting path integration deficits.

Furthermore, a passive wheelchair conveyance task (e.g., Allen et al., 2004) with continuous

blind pointing (e.g., Siegle et al., 2009) to investigate linear path integration in UVH would

corroborate these data.
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Figure 1.
Overhead depiction of the two blind-walking tasks: (a) target-direct and (b) experimenter-

guided walking.
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Figure 2.
Mean indicated distance for the three groups of participants in verbal distance estimation

trials. Error bars denote ± one standard error of the mean.
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Figure 3.
Mean walked distances in the target-directed walking trials for the three groups of

participants. Error bars denote ± one standard error of the mean.
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Figure 4.
Mean within-subject standard deviations in each stimulus condition, calculated across

participants, in (a) target-directed walking and (b) experimenter-guided walking. Error bars

denote ± one standard error of the mean.
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Figure 5.
Mean constant (signed) error in each stimulus condition, calculated across participants, in

(a) target-directed walking and (b) experimenter-guided walking. Error bars denote ± one

standard error of the mean.
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Figure 6.
Mean indicated distances in the experimenter-guided walking trials for the three groups of

participants. Error bars denote ± one standard error of the mean.
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Table 1

Patient and control participants demographics

Participant Group Sex Age

1 BPPV Male 63

2 BPPV Male 66

3 BPPV Female 47

4 BPPV Male 60

5 UVH Female 63

6 UVH Female 54

7 UVH Male 38

8 UVH Female 80

9 UVH Female 59

10 UVH Male 46

11 Healthy Female 47

12 Healthy Male 42

13 Healthy Female 35

14 Healthy Female 45

15 Healthy Male 53
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Table 2

Demographic information and neuropsychological test scores for all participant groupsa

Healthy controlb BPPV UVH

Sex (M/F) 2/3 3/1 2/4

Age 41.4 (35–53) 59 (47–66) 56.7 (38–80)

HVLT-R

 Recall (max = 36) 24.3 (22–26) 27.3 (21–33) 26.3 (20–31)

 Retained (%) 107 (100–111.1) 85 (66.7–100) 93.1 (28.6–112.5)

 Discrimination (max = 1) 0.95 (0.92–1) 0.94 (0.92–1) 0.96 (0.83–1)

BVMT-R

 Recall (max = 36) 23.7 (15–32) 28.8 (25–33) 29.3 (16–32)

 Learning (max = 12) 3.7 (3–5) 5.5 (2–8) 3.8 (2–5)

 Retained (%) 122.3 (100–167) 95.5 (90–100) 90.5 (43–100)

 Recognition (max = 6) 6 6c 5.7 (5–6)

DHId (max = 100) N/A 46 (32–62) 46.8 e (28–56)

 Physical (max = 28) N/A 9 (4–14) 19.2 (14–24)

 Emotional (max = 36) N/A 16 (12–20) 10 (0–16)

 Functional (max = 36) N/A 21 (14–32) 17.6 (14–22)

VADLe, f (max = 280) N/A 101 (19–249) 91.2d (62–119)

 Functional (max = 10) N/A 4.5 (1–9) 2.5 (1–4)

 Ambulatory (max = 10) N/A 4.5 (2–9) 2.9 (1–4)

 Instrumental (max = 10) N/A 5 (2–10) 3.3 (2–4)

Digit span (max = 30) 18.7 (15–23) 21 (13–30) 18.5 (16–23)

Spatial span (max = 32) 18.7 (18–20) 16.8 (14–20) 17 (9–20)

JLOT (max = 30) 26.3 (24–28) 26.8 (23–28) 26.8 (21–30)

VOT (max = 30) 24.7 (23.5–26.5) 26.4 (22–29) 26.9 (20–29)

SARAd (max = 24) 0 0.3 (0–1) 0.83 (0–3)

a
Except where indicated, mean raw scores are presented. Values in parentheses denote the range;

b
n = 3 for neuropsychological battery;

c
n = 1;

d
total score;

e
n = 5;

f
median total and/or subscale scores are presented to account for omissions, extreme and/or not applicable rating.
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Table 3

Mean response time as a function of stimulus distance in the target-directed walking task

Distance Participant group

Healthy Control a BPPV b UVH c

3 m 3.5 (0.38) 3.5 (0.61) 4.7 (0.66)

6 m 6.0 (0.46) 7.0 (1.2) 8.0c (1.6)

Notes: Response times are expressed in seconds; values in parentheses denote the between-subjects standard error of the mean.

a
n = 5;

b
n = 4;

c
n = 5.
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