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Abstract

Little is known on the role of neuronal structures for spatial navigation. Our goal was to examine
how Parkinson's disease (PD) and cerebellar ataxia, as human lesion models of the basal ganglia
and cerebellum, affect spatial navigation round a circular walking path, blindfolded. Twelve
subjects with idiopathic PD (ON and OFF medication), 8 subjects with cerebellar ataxia and a
control group of 20 age-matched healthy subjects participated. All groups performed well when
walking around the circle with eyes open. In the eyes-closed condition, control subjects overshot
the outlined trajectory but returned to their initial position, thus walking a further distance with
eyes closed than with eyes open. When OFF medication, PD subjects navigated a larger radius
than controls with eyes closed. When ON levodopa, PD subjects walked a similar distance as
controls but with even larger errors in endpoint. Surprisingly, cerebellar patients navigated the
circular walking task in the eyes closed condition with even more accuracy (i.e. following the
outlined circle) than control and PD subjects. We conclude that blindfolded navigation around a
previously seen circle requires intact basal ganglia, but not cerebellar input.
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1. Introduction

Navigation is a complex process requiring integration of both environmental (external) and
self-movement (internal) cues. In blind navigation, environmental cues (e.g., visual,
auditory, olfactory) are generally limited to a remembered target and/or path (Loomis et al.,
1993, Wallace et al., 2010). In that case, self-motion cues (e.g., proprioception and
vestibular) are the basis for navigating through the environment and are used to update an
online representation of direction and distance travelled (Berthoz et al., 1995). Path
integration (or dead reckoning) is a parallel process that operates on self-movement cues and
results in an estimate of the direction and distance from the position where movement was
initiated (Wallace et al., 2010). A number of studies (Loomis et al., 1993, Takei et al., 1996,
Takei et al., 1997) have looked at the ability of humans to walk blindfolded around different
path shapes (straight line, circular, triangular, etc.; (Pham and Hicheur, 2009). When healthy
subjects walk blindfolded around a circular path, they consistently overshoot the ideal
radius, undershoot the total angle and overshoot the total path length, independent of the size
of the circle (Takei et al., 1997).

Currently, little is known about the role of neuronal structures for navigation. Systematic
biases in processing of incoming somatosensory/sensory information may contribute to
potential abnormalities in spatial navigation in subjects with Parkinson's disease (PD) and
cerebellar ataxia (Bowen et al., 1972, Rondi-Reig and Burguiere, 2005, Crenna et al., 2007).
However, the contribution of basal ganglia and cerebellum in non-visual locomotor
navigation is currently unknown. PD is a movement disorder in which visuospatial and
kinesthetic awareness is affected in addition to the classic motor deficits of bradykinesia,
rigidity, tremor and balance disorders (Amick et al., 2006). Difficulty with somatosensory
kinesthesia has been proposed to be responsible for undershooting of reaching targets in
patients with PD (Demirci et al., 1997, Konczak et al., 2007, Wright et al., 2007a). It has
been hypothesized that these kinesthesic deficits may also be responsible for undershooting
walking distance and particular difficulties with making turns while walking (Crenna et al.,
2007, Wright et al., 2010). Damage to the cerebellum not only results in ataxia (hypermetric
stepping and lateral postural sway while walking), it may also affect the structural network
involved in spatial navigation such as the spatial representation of the environment and
adapting locomotion to a specific context (Petrosini et al., 1998, Rondi-Reig and Burguiere,
2005).

Thus, the aim of this study was to compare distance and rotational error when walking
around a remembered circular path without visual feedback in PD, cerebellar and control
subjects. The results from this study will enable us to better understand the contribution of
basal ganglia and cerebellum for path integration.

2. Experimental Procedures

2.1 Subjects

Twelve subjects with a clinical diagnosis of “idiopathic” PD, treated with levodopa, eight
subjects with cerebellar ataxia and two respective control groups participated in the study.
The subjects in the control groups had no prior history of neurological diseases. All subjects
were screened with a health history evaluation to ensure that they were free of
musculoskeletal and any other neurological impairments that could contribute to postural
instability or movement dysfunction. The control subjects were matched for age, weight and
height (see Table 1 for subject characteristics). All subjects were ambulatory and able to
stand without an assisting device for the experiment. The PD subjects had no history
suggesting “atypical” PD symptoms, as defined by Hughes et al. (Hughes et al., 1992) or
other existing neuromuscular disorders, including severely flexed posture. PD subjects
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included in the study had Hoehn &Yahr scores of 2 or 3. Severity of cerebellar ataxia was
assessed with the Scale for the Assessment and Rating of Ataxia (SARA) and scores are
presented in Table 1. Three of the cerebellar subjects were diagnosed with idiopathic
cerebellar ataxia, three subjects as spinocerebellar ataxia type 6 (SCA-6), one subjects as
SCA-15 and one subject as olivopontocerebellar atrophy. All subjects provided informed
consent in accordance to the Oregon Health & Science University Internal Review Board
regulations for human subjects' studies and the Helsinki Declaration.

The subjects walked one revolution around a 1.2m-radius circle marked on the floor.
Walking direction was alternated between each trial to avoid vestibular decay that might
affect gait. The subjects were asked to maintain their head erect and not fixate the floor in
order to standardize the body position across subjects and avoid leaning over to stare at the
circle. To standardize upper body position and avoid arm movements that would hide body
markers from the cameras, subjects walked with their arms crossed. The subjects started by
executing 10 revolutions around the circle (5 in each direction) with eyes opened,
immediately followed by 10 additional revolutions around the circle with eyes closed (and
with a blindfold). The instructions to the subjects were to walk one full turn around the
circle as they had performed in the eyes opened condition and to stop once they thought they
were back to their starting position. Only after the subjects had stopped were they allowed to
open their eyes and lift up the blindfold to look at their current position and return to the
initial position to start another trial in the opposite direction. Hence, subjects received
feedback about their final position but not on how far they deviated from the circle. The only
instance where subjects received feedback concerning deviation from the circle was when
they were stopped because they were about to hit a wall or an obstacle (chair or desk). When
stopped, the subjects were asked to return to their start position and start the next trial. Table
2 describes the number of subjects who deviated away from the circle enough to be stopped
during the trial. The subjects wore a safety harness equipped with a handle that could be
quickly held by an assistant who was ready to catch the subjects in case of a fall. No such
incident occurred for any of the subjects.

2.3 Protocol for Subjects with PD and Cerebellar Ataxia

PD subjects were tested off medication (OFF) the morning after abstaining from levodopa
overnight (washout period =12 h). After completing the full protocol in the OFF condition,
the PD subjects were given their usual morning dose of medication, followed by a rest
period of one hour. After the rest period, once the subjects reported that they felt “ON”, the
protocol was repeated with PD subjects on medication (ON). The motor part I11 of the
UPDRS (Fahn et al., 1987) was used to characterize the state of disease OFF (before starting
the protocol) and ON (after the rest period) medication (Table 1).

The PD in OFF and ON condition and cerebellar subjects walked at their comfortable/
preferred speed around the circle 10 times in each direction with eyes open, followed by
walking around the circle 10 times in each direction with eyes closed.

2.4 Protocol for Healthy Control Subject

Healthy controls performed the circular walk task twice. The first time they walked without
any instructions regarding their walking velocity, thereby walking at their comfortable/
preferred speed. Once they completed their 10 trials with eyes open and 10 trials with eyes
closed, the subjects were instructed to adjust their walking speed to that of the subjects they
were matched with (matched speed), reducing their speed. To ensure that the healthy control
subjects' speed matched that of the patient, the number of steps to walk around the circle and
time to walk around the circle was monitored. The control subjects were not told about the

Neuroscience. Author manuscript; available in PMC 2012 September 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Paquette et al.

Page 4

number of steps to be taken or duration of the turn in order to avoid their counting the
number of steps. Instead, they were instructed to walk slower or faster or with smaller or
longer steps until they had reached values similar to those of the patients.

2.5 Measurements

All subjects were instrumented with reflective markers positioned over their bilateral
anterior superior iliac spines (ASIS) and bilateral greater trochanters. The position of the
markers were recorded at 60 Hz in 3 dimensions with an 8-camera video system (Hi-Res,
Motion Analysis System, Santa Rosa, CA). As can be observed in the Figures, many
subjects deviated from their trajectory and walked toward the limits of the calibrated
volume. For this specific reason, we selected the ASIS marker because it was the most
visible in all subjects and reflects well the overall walking trajectory of the subjects. The
inside ASIS marker was used to quantify the subject's trajectory (i.e., right ASIS for turns in
the clockwise walking direction and left ASIS for counter-clockwise walking). When the
ASIS marker was invisible for more than 120 frames (2 seconds of recording), the ipsilateral
trochanter marker was used instead (< 10% of data). The linear and angular components of
the trajectories were calculated as follows: The linear component corresponds to the
tangential component of the trajectory computed with the Euclidean metric between each
sampled point. The angular component corresponds to the rotational component between
each pair of sampled points (see Figure 1, top trajectory).

The outcomes used for analysis were calculated for each individual trial as (1) the median
radius outputted, calculated as the linear/angular ratio, (2) the total distance travelled (or
path length) obtained by calculating the cumulative sum of the tangential components
(walking velocity was obtained by computing the first derivative of the linear path), (3) the
linear end position error and (4) the angular end position error, computed as the difference
between the start and end position. When comparing turning direction (CW vs. CCW), there
were no differences within groups on any of the outcome measures. Thus, scores for both
CW and CCW walking directions were averaged across all 20 trials for the group
comparisons. To control for inter-individual variability in task performance, we used the
mean change in performance from the eyes-closed to eyes-opened condition for each metric
computed from the circular walking path.

2.6 Statistical analysis

3. Results

Statistical analysis was done using STATISTICA software (Statsoft, version 9, Tulsa, OK).
To investigate differences in the circular walking outcomes between the groups the Mann-
Whitney U test was used for each dependent variable. For repeated measurement
comparisons to test for the effect of medication in the PD group (ON vs. OFF), effect of
vision (eyes open vs. eyes closed), effect of walking speed (comfortable vs. matched), and
the effect of asymmetries in walking direction (CW vs. CCW as well as affected vs. non-
affected side), the Sign test was used. A p value less than or equal to 0.05 was considered
statistically significant. All data reported in text corresponds to median + interquartile range

(IQR).

3.1 Walking velocity during circular walking

The comfortable walking velocity of both PD and cerebellar subjects was significantly
slower than velocity of the healthy control subjects [PD: 0.453 + 0.065m/s vs. Control PD:
0.531 £ 0.084m/s, U(12)=29.00, Z=-2.45, p=0.012 and Cerebellar: 0.388 + 0.048m/s vs.
Control Cerebellar: 0.563 + 0.082m/s, U(8)=0.00, Z=-3.31, p=0.000]. Therefore, control
subjects were asked to match the walking velocity of the subjects and successful matching

Neuroscience. Author manuscript; available in PMC 2012 September 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Paquette et al.

Page 5

was obtained [Matched PD controls: 0.425 + 0.072m/s, U(12)=42.00, Z=1.70, p=0.088 and
Matched Cerebellar controls:0.411 + 0.058 m/s, U(8)=29.00, Z=-0.26, p=0.793].

To ensure that the control subjects' ability to walk around the circle was not affected by the
imposed walking speed, we tested the effect of comfortable walking vs. matched walking in
control subjects on all our performance outcomes and found no difference in outcomes
between walking speeds (p>0.386). All ensuing analyses are performed with the control
groups walking at matched speed.

3.2 Circular walking with eyes open and blindfolded

As expected, walking around the circle with eyes open was navigated very accurately by all
subjects. There was no difference in path length, end position or radius of walking between
PD (either ON or OFF) and control subjects when walking around the circle with eyes open
(p>0.05). Subjects with cerebellar ataxia also walked around the circle with similar accuracy
as control subjects with eyes open, except in the linear end position error, for which
cerebellar subjects stopped short (~20 cm) of their target compared to control subjects
[U(8)=7.00, Z=2.57, p=0.010]. Figure 1A shows a typical example of a healthy subject's
walking trajectory with eyes open (values are presented in Table 3).

With eyes closed, performance decreased for all groups. As seen in Figure 1B and Table 3,
executing the same task with eyes closed resulted in a longer path length (40% larger with
eyes closed, main effect: p=0.000) and larger radius (52%, main effect: p=0.000) for all
groups, including healthy control subjects. In a few trials (~2%), subjects overshot their
trajectory in such a way that they were heading toward the limits of the room and were
stopped to avoid collision (see Table 2).

3.3 Group-specific differences in circular walking with eyes closed

As shown in Figure 1B, when walking with eyes closed, PD OFF showed a larger radius
than controls [U(12)=34.00, Z=2.17, p=0.030] but not a longer path length than control
subjects [U(12)=72.00, Z=0.00, p=1.000]. PD OFF did not stop further away from their
initial position [distance: U(12)=44.00, Z=1.59, p=0.112 and angle: U(12)=54.00, Z=-1.01,
p=0.312].

After taking levodopa medication, the PD ON subjects navigated with a similar radius
[U(12)=72.00, Z=0.00, p=1.000] and path length [U(12)=72.00, Z=0.00, p=1.000] as the
control subjects but had a significantly increased angular end point error compared to
control subjects [U(12)=28.00, Z=-2.51, p=0.010].

In contrast to PD subjects, cerebellar subjects were remarkably accurate in how well they
followed the circle outlined on the floor with their eyes closed. In fact, compared to control
subjects who increased their walking radius by 52% (p=0.013) when they closed their eyes,
cerebellar subjects increased their radius by only 27% (p=0.013; Figure 1B). Cerebellar
subjects were as accurate as control subjects in returning to their initial linear position
[U(8)=23.00, Z=-0.89, p=0.372] and angular position [U(8)=28.00, Z=-0.37, p=0.713],
consequently walking significantly smaller distance [path length: U(8)=12.00, Z=-2.05,
p=0.041].

3.4 Asymmetries in circular walking

We observed rather large asymmetries in trajectories in half of the PD subjects (4/12 with
large asymmetries as shown in Figure 2). No such asymmetries were observed in cerebellar
and healthy control subjects. As shown by group medians in Table 4, PD ON subjects were
noticeably more asymmetric between walking directions although this difference was not
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statistically significant. Forty-two percent of PD ON subjects had a path length asymmetry
>1m vs. controls where only 21% of subjects exhibited such an asymmetry between turn
direction. Similarly, when comparing the linear start-stop error, 58% of PD ON subjects
showed an asymmetry >0.4m vs. 29% in healthy controls. However, we found no significant
or consistent asymmetries of walking performance related to the affected side, walking
direction, disease severity or recorded asymmetry in the UPDRS Motor score (p>0.05).

4. Discussion

This study is the first to compare circular navigation abilities in control, PD and cerebellar
subjects. We showed that, despite characteristic pathological gaits, all groups navigated
equally well when walking around the circle with eyes opened, apart from cerebellar
subjects stopping short of a full revolution around the circle. Cerebellar subjects showed
larger variability in trajectory than control subjects, which is likely explained by their ataxia.
Furthermore, the low stamina of cerebellar subjects may also have caused them to stop
earlier than control subjects. With eyes closed and when OFF levodopa, PD subjects
navigated a larger walking radius, especially in one direction. When ON medication, PD
subjects navigated a similar walking radius as control subjects but stopped before reaching
their starting position. Surprisingly, cerebellar subjects with eyes closed performed the
circular walking task with more accuracy (i.e. followed the outlined circle) than either
controls or PD subjects.

4.1 Basal ganglia disease affects walking around a circle blindfolded

Walking around a circle blindfolded requires accurate space estimation and somatosensory-
vestibular integration of body motion (Takei et al., 1997). When going around a circle
blindfolded, subjects need to form an internal representation of the intended path, create an
accurate motor plan and use sensory feedback of the movements they generate while
walking. It is not clear which of these processes are affected by PD.

Nevertheless, subjects with PD went around the circle blindfolded with significantly less
precision than control subjects. Recent studies show that, in addition to bradykinesia, tremor
and postural instability, individuals with PD present deficits that impairs joint position sense
(Zia et al., 2000, Zia et al., 2002, Wright et al., 2007a, Wright et al., 2007b, Wright et al.,
2010), distal (Endo et al., 2009, Marusiak et al., 2010) and axial (Wright et al., 2007b,
Franzen et al., 2009) tone as well as spatial perception (Wright et al., 2007a, Wright et al.,
2010). It has been suggested that these impairments may affect gating or integration of
sensory information that affect motor control (Abbruzzese and Berardelli, 2003, Konczak et
al., 2009). The basal ganglia play an especially important role in non-visual walking/
locomotion since kinesthetic cues predominate in this task (Takei et al., 1997).

Our previous study showed that that axial rigidity in PD subjects also affects turning ability,
probably because the usual motor drive needed to rotate body segments might not be
sufficient to overcome the increase in tone (Wright et al., 2007b, Franzen et al., 2009). Thus,
axial rigidity may have contributed to the larger path radius in PD subjects OFF, but not ON,
when levodopa reduces rigidity. In addition, the reduced proprioception observed in PDs
(Zia et al., 2000, Zia et al., 2002, Wright et al., 2007a, Wright et al., 2007b, Wright et al.,
2010) likely affects proprioceptive feedback from movement execution, resulting in
erroneous corollary discharge such that PD subjects may not accurately detect their
movement errors (Demirci et al., 1997). These turning difficulties during curvilinear
walking in people with PD could also be due to a disrupted intersegmental coordination due
to problems automating complex movements since turning requires sequential coordination
of multiple segments as well as coordination between posture and locomotion (Bowen et al.,
1972, Vaugoyeau et al., 2006, Crenna et al., 2007). It is unlikely that errors in circular
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navigation are due to PD motor deficits alone, since they were able to complete the task
normally in the eyes opened condition.

In contrast to recent studies showing perceptomotor asymmetries related to the first affected
side (Bowen et al., 1972, Wright et al., 2007a, Wright et al., 2010), we found no consistent
asymmetries in walking trajectories across PD subjects walking around a CW versus CCW
circle with or without vision. However, a few PD subjects were noticeably asymmetric in
their performance (Figure 2 and Table 4) and it might be related to most affected side
differences although this study was not able to detect these due to a lack of power.

4.2 Levodopa improves the rotational component in circular walking with eyes closed

When subjects were ON levodopa, they significantly improved their turning ability around
the circle by navigating a walking radius more similar to that of control subjects. Yet, when
subjects were ON levodopa, they did not improve their ability to return to their starting
position. In fact, when OFF levodopa, more PD subjects were stopped while going around
the circle (6/12 subjects, as shown in Table 2) because of their excessively large trajectory.

It seems that levodopa shortens the radius of a circular navigation path as subjects in our
study turned more. In a previous study, we assessed the effect of levodopa on an objective
measure of postural axial tone in these same PD subjects (Franzen et al., 2009). Levodopa
did not decrease postural tone about the hips or trunk when subjects were ON or OFF
levodopa. Thus, it is unlikely that changes in rigidity are responsible for the improvement in
turning. Barnett-Cowan et al (2010), have suggested that when ON medication, subjects
with PD might rely more on their vestibular cues and rely less on their internal
representation, which might explain the differences we observed. Wright et al (2010) also
found reduced axial kinesthetic sensitivity in PD subject when ON levodopa. More studies
are needed to investigate the role of levodopa in non-visual locomotion in PD.

4.3 Cerebellar deficits do not deteriorate navigation round a circle

A primary feature of our results is the difference in performance between cerebellar and PD
patients. Thus, whereas PD pathology substantially worsened eyes closed performance
compared to controls, cerebellar deficiency did not. A strength of the present study is that
we controlled for possible differences in gait that could be related to gait speed. We also
controlled for motor control deficits associated with PD and cerebellar disorders by
normalizing navigation with eyes closed for each subject's navigation with eyes open. Thus,
the differences between performance in PD and cerebellar subjects presumably arise from
the different pathologies, rather than differences in velocity control or in motor control
deficits.

In conclusion, basal ganglia and cerebellar impairments result in a different effect on the
ability to walk blindfolded around a circular path. The current evidence suggests that PD
subjects overshoot the circle radius and stop short of their initial position, whereas cerebellar
subjects navigate the circle with eyes closed even more accurately than control subjects,
despite their ataxia. Understanding non-visual, curvilinear navigation is important for the
care and rehabilitation of individuals with PD and cerebellar ataxia to improve safe mobility
and reduce falls.
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Abbreviations

ANOVA Analysis of Variance

ASIS Anterior Superior lliac Spines

CA Cerebellar Ataxia

CcCcw Counter-clockwise

ctrl Control

Cw Clockwise

EC Eyes Closed

EO Eyes Open

IQR Interquartile range

OFF Off levodopa medication

ON On levodopa medication

PD Parkinson's Disease

SARA Scale for the Assessment and Rating of Ataxia
SCA Spinocerebellar Ataxia

SD Standard Deviation

UPDRS Unified Parkinson's Disease Rating Scale

Neuroscience. Author manuscript; available in PMC 2012 September 8.



Paquette et al. Page 10

Neuroscience. Author manuscript; available in PMC 2012 September 8.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Paquette et al.

A. Circular Walking Trajectories
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A. Representative walking trajectories from one healthy control (top panels), one subject
with Parkinson's Disease (PD; middle panel) and a subject with cerebellar ataxia (bottom
panel). The black dashed circles represent the outlined circle on the floor and gray traces, the
subjects' trajectories. Arrows indicate the direction in which subjects walked
(counterclockwise direction presented). The eyes open condition in the healthy control
subject is representative of the same condition in all subject groups. B. Group medians for
all trajectory metrics are presented has horizontal lines and boxes represent the interquartile
range of the data (median+IQR). Each metric corresponds to the dotted lines illustrated in
the icons on the right side of each bar graph. * denotes p <0.05
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Figure 2.

Example of a PD subject presenting with marked asymmetry in walking direction around the
circle (dashed line) with eyes closed. Numbers indicate the order in which trials were
performed. 4/12 PD subjects had similar asymmetry, 2/12 showed less discrepancies
between walking directions and 6/12 were similar to cerebellar and control subjects. Trials 1
to 3 were excluded as they were excluded from the analysis to avoid learning effects from
the task.
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Table 1

Characteristics of the Parkinson's Disease, Cerebellar and control subjects.

Parkinson's Disease

Patients (n=12) Controls (n=12)
Age (yrs) 64 + 9 (46-81) 64 + 9 (43-81)
Gender 12M 12M
Height (cm) 176 + 6 (165-185) 174 + 6 (165-183)
Weight (kg) 82 + 8 (68-94) 80 + 11 (62-99)
Duration (yrs) 6+4(2-12) -

Motor UPDRS-ON 23 + 8 (14-41)
Motor UPDRS-OFF 32 + 10 (18-47) -
Hoehn & Yahr ON 20+0.1(2.0-25) -
Hoehn & Yahr OFF  2.3+0.4 (2.0-3.0) -
SARA - -

Cerebellar
Patients (n=8) Controls (n=8)
58 +7 (48-68) 57 + 6 (47-64)
2M,6F 2M,6F

169 + 11 (154-185) 170 + 11 (150-183)
75 + 13 (64-100) 75 + 13 (64-99)
5+3(2-9) -

14 + 3 (9-18) -

Values are mean + SD (range). UPDRS=Unified Parkinson Disease Rating Scale, SARA= Scale for the Assessment and Rating of Ataxia.

*

= excluding one subject with SCA-15 suspected, not confirmed genetically, affected for >20 yrs.
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Number of subjects who were stopped during eyes closed walking around the circle

Table 2

Group No of trials stopped  No. of different subjects
Controls 6" 4>

PD OFF meds 12 6

PDONmeds 3 3

Ataxia 3 2

*
1 subject was stopped when matching speed

*%
1 subject was stopped in both comfortable and matched speeds
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Difference between clockwise and counterclockwise gait (absolute differences)

Table 4

PDOFF PDON CONTROLS

Path length (m)

Range 2.55
Median  0.43
IQR 0.81

Start-stop error, linear (m)

Range 0.97
Median  0.23
IQR 0.43

1.55
0.65
1.13

0.89
0.42
0.50

157
0.57
0.56

0.83
0.23
0.33

No significant differences between groups (p>0.22).
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