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Abstract: Turning is an impaired activity in persons with
Parkinson’s disease (PwPD). The current study examines the
turning characteristics in PwPD (9 freezers and 10 nonfreezers)
and 9 controls, and explores the effect of rhythmic auditory
cues while turning. Turning parameters were collected from a
180° left U-turn during a noncued and a cued condition, using
a 3D measuring system. Auditory cues were supplied with a
metronome at a rhythm equaling the subject’s comfortable step
frequency during straight line walking. Results showed that in
contrast to controls, PwPD used a wider turning-arc and took
smaller, narrower steps. In addition, they demonstrated a higher

Coefficient of Variation (CV) of step duration (6.92%) com-
pared to controls (4.88%, P � 0.05). The “wide-arc” turning
strategy of PwPD was more prominent in freezers than in
nonfreezers. Auditory cues reduced the CV of step duration in
PwPD (both freezers and nonfreezers) during turning (from
6.92 to 6.00%, P � 0.05). In summary: Cueing reduced the
gait-timing variability during turning, but PwPD maintained a
wider arc to turn compared with controls. © 2007 Movement
Disorder Society
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Most studies investigating gait in people with Parkin-
son’s disease (PwPD) concentrate on walking in a
straight line1 although turning is often impaired.2 Turn-
ing performance can be affected by impaired trunk mo-
bility,2–5 difficulties coordinating the turn,6 freezing,7–9

and postural instability or falls.10,11 In PwPD, the range
of trunk movement is diminished3 and everyday trunk
rotations are impaired.2,4 In addition, the “en bloc”
movement of the head-shoulder unit in parkinsonian
gait5 may hinder normal dissociated rotation while turn-
ing,12 suggesting that PwPD encounter difficulties coor-
dinating these simultaneous movements.6

Freezing, typically described as “involuntary and sud-
den cessation of walking,” is a common problem in
advanced Parkinson’s disease.8 Giladi et al., reported that
from a sample of 318 PwPD who experienced freezing,
45% reported freezing while turning.9 The association of
turning with freezing and falls prompts research to focus
on ways to increase turning stability and safety.7–9,11

During normal gait, PwPD who freeze13,14 and fall15

have increased gait-timing variability, which may be a
measurable precursor of falling and freezing. It has been
suggested that an impaired internal timekeeping mecha-
nism may underlie increased gait-timing variability.15,16

An auditory cue may provide an external rhythm to
counteract this problem. Del Olmo et al., demonstrated a
reduction in gait-timing variability in PwPD after 4
weeks of training with auditory cues.17 In addition, a
recent study showed that auditory cues had a positive
effect on spatiotemporal gait parameters during straight
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line walking in PwPD. However, different cueing fre-
quencies were required for freezers and nonfreezers.18

The present study had three aims: to examine differ-
ences in the spatiotemporal turning parameters in PwPD
and controls; to examine the effect of auditory cueing on
these parameters and to evaluate the difference between
freezers and nonfreezers.

METHODS

Subjects

Nineteen PwPD and 9 healthy age-matched controls
were recruited. Patients were referred by their neurolo-
gist and were included if they met following inclusion
criteria: diagnosis of idiopathic Parkinson’s disease
(stage I–IV in on-phase on modified Hoehn and Yahr
scale19); able to walk for 10 m repeatedly and no unpre-
dictable off-phases during the test. They were excluded if
they had: comorbidity limiting gait; undergone func-
tional brain surgery; hearing deficits; severe dyskinesias
during the test (score �1 Modified Dyskinesia Scale)20;
dementia (score �24 Mini Mental State Examination,
MMSE)21 (See Table 1). Patients were divided into
freezers (9) and nonfreezers (10) using the Freezing of
Gait questionnaire (FoGQ).22 Freezers were defined as
PwPD who experienced freezing episodes at least once a
week. All subjects gave their written informed consent
according to the Helsinki Declaration and ethical ap-
proval was received from the local ethics committee.

Test-Protocol

The protocol required subjects to walk along a walk-
way on which an obstacle was placed at a standard
distance of 5 m, make a left turn (180°) around it and
return to their starting position. The dimensions of the
obstacle were such that subjects were required to turn
through an arc (multi-step U-turn). Subjects performed
the turn under two conditions:

1. Noncued: “Walk towards the obstacle, make a left
turn around it and return to your starting position.
Please walk at your normal, comfortable speed.

2. Cued: “Walk towards the obstacle, make a left turn
around it and return to your starting position. Try to
synchronize every foot-contact with the beat of the
metronome. Follow the cues while walking and turn-
ing.”

Each condition was repeated three times and condi-
tions were performed in the order described above to
prevent carry-over from cued to noncued turn. During
the cued turn, auditory cues were delivered via a metro-
nome throughout the entire trial. Cues were delivered at
the preferred step frequency of straight line walking,
determined from the middle section of the walkway (4–6
steps on average). Measurements were taken in on-phase
approximately 1 hr after medication intake.

Apparatus

Gait analysis was performed using an eight camera
VICON data capturing system positioned around an
eight meter walkway (Vicon Motion Systems, worksta-
tion 612 with lower limb plug-in gait marker placement).
Prior to each analysis, the measurement area was cali-
brated. Retro-reflective markers (14 mm in diameter)
were placed on the sacrum and bilaterally on the anterior
superior iliac spine, the mid-thigh, the lateral femoral
condyle, the mid-shank, the lateral malleolus, the dorsal
aspect of the foot between the second and third metatar-
sal head, and on the calcaneus. The turning obstacle was
a cube-shaped frame made of plastic pipes (height 40 cm,
width 40 cm, length 60 cm). Two retro-reflective mark-
ers were placed on the furthermost two corners of the
obstacle to determine the exact position of those markers
within the horizontal plane of the measurement area
(XY-coordinates). The Y-axis was the vertical axis, cor-
responding to the line of progression, whereas the X-axis

TABLE 1. Subject characteristics

Age (years) Weight (kg) Height (cm) MMSE DD (years) FoGQ UPDRS III H&Y

Controls 62.6 72.3 162.7 28.9
SD 3.9 8.5 5.7 0.8
Nonfreezers 60.6* 71.5 168.5 28.5 6.2* 5.5** 24.7 2.6
SD 6.2 12.3 6.9 2.2 3.0 4.9 12.6 0.7
Freezers 68.1 65.0 163.4 26.9 11.5 15.6 27.9 2.8
SD 7.3 8.3 5.6 2.2 6.0 4.2 11.8 0.7

The mean and standard deviation (SD) are presented.
*Freezers and nonfreezers significantly different at P � 0.05 (t-test).
**Freezers and nonfreezers statistically different at P �0.01 (t-test).
DD: Disease duration, FoGQ: Freezing of gait questionnaire.
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was the horizontal axis. The Y-coordinates of the obsta-
cle equaled 1,000 mm (See Fig. 1).

Data Processing

The turn was described by three groups of variables:
general turning parameters; step parameters and gait-
timing variability (See Fig. 1).

(1) General turning parameters: i.e., turn time, shape of
the turning-arc, and number of steps to turn. The
beginning and end of the turn were defined by the
sacrum passing the furthermost corners of the turn-
ing obstacle (sacrum Y-coordinate equaling 1,000
mm). The time between start and end point is the
turn time. The height of the turning-arc is the largest
value of the sacrum Y-coordinate. The width of the
turning-arc (X-axis) is the distance between the start
and end of the turn where the Y-coordinate equals
1,000 mm. The turning-arc is the distance between
the XY-coordinates with reference to the sacrum
marker calculated with the Pythagoras theorem using
all extracted XY-coordinates comprised between the
beginning and end of the turn.

(2) Step parameters: i.e., step length, width, and dura-
tion for the left and right leg separately. For each
step corresponding XY-coordinates for the calcaneus
were extracted at the time of initial foot contact.
Steps were identified as turning steps rather than
straight line walking steps when the Y-coordinates

of beginning or end of the step were greater than
1,000 mm (Fig. 1). Step duration was defined as the
time between initial foot contact of one side and
initial foot contact of the other side. To obtain the
width and length of turning steps, the calculation for
nonlinear walking proposed by Huxham et al.23 was
used (Appendix A). Data were analyzed using Body-
builder (to extract XY-coordinates and define marker
displacements) and Workstation and Polygon soft-
ware (to define initial foot contacts) from Oxford
Metrics, Oxford, UK.

(3) Gait-timing variability: The Coefficient of Variation
(CV) of step duration was calculated as the standard
deviation (SDEV), expressed as a percentage of the
mean (CV � 100*SDEV/mean) for the maximum
number of turning steps for each patient.

Turning parameters, step parameters, and gait-timing
variability were averaged for the 3 walking trials in both
turning conditions. Six trials were eliminated due to an
incomplete data-set.

Statistical Analysis

Differences between PwPD and controls and between
freezers and nonfreezers for descriptive variables were
examined using unpaired t-tests or nonparametric tests.
Paired t-tests were used to compare left-right step values
for step duration, step length and step width for each
subject group separately in the noncued condition.

A multivariate model of repeated measures was ap-
plied to study the effect of cueing, within and between
groups using an unstructured or more simplified covari-
ance matrix in SAS (statistical analysis software version
8.02). The effect of cueing as an independent variable
was examined on the following outcome variables: num-
ber of steps, time to turn, height, width and length of the
turning-arc, step length left and right, step width left and
right, step duration left and right and the CV of step
duration. Two group comparisons were carried out:
PwPD versus controls and freezers versus nonfreezers.
Results from this analysis are reported as estimated
means and standard errors. Considering the small size of
subject groups no correction for group differences was
carried out. Significance levels for all tests were set at
0.05.

RESULTS

Patients and controls were comparable for all subject
characteristics (Table 1). Freezers were significantly
older, experienced longer disease duration and had a
higher FoGQ-score than nonfreezers. Table 2 presents
normal turning trials in all subjects. One patient froze

FIG. 1. Sacrum displacements are presented by the solid curve. The
height and width of the turning-arc are indicated. Solid dots represent
the position of the left calcaneus at initial contact, open dots represent
initial contact of the right foot. This subject needed 4 steps to complete
the turn.
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during one trial, which is reported separately in Appen-
dix B.

Noncued Turn

Patients needed more time and took more steps than
controls (Exact P-values, see Table 2). In addition, the
size of the turning-arc (width, height, and length) was
greater in PwPD. Step length was smaller and reduced in
width compared to controls for both the right and left
foot. There were no statistical significant differences for
step duration between PwPD and controls on the right
and left side. The CV of step duration was significantly
larger in PwPD than in controls. In PwPD the right side
step duration was significantly larger than the left. For
both PwPD and controls, right step lengths were larger
and right step widths were smaller than left sided values.

When comparing the subgroups, the height and length
of the turning-arc was increased in freezers compared to
nonfreezers but no other differences were observed.

Cued Turn

There was a similar pattern of results for the cued turn,
where most of the group differences remained (Exact
P-values, see Table 3). Patients took more time and more
steps to turn; the size of the turning-arc was greater; and
turning steps were smaller and narrower with respect to
controls. No differences were found for the step duration
(left and right) or for the CV of step duration. The freezer
and nonfreezer sub-group did not differ for any of the
variables.

The Effect of Cueing

The interaction of group by condition (cueing) was not
significant for any of the parameters, but within group
analysis demonstrated some changes. The CV of step
duration was reduced with cues in PwPD (P�0.0361).
No changes were observed for the other spatiotemporal
parameters as a result of cueing. Cues did not result in
differences in turning parameters for the freezers. Non-
freezers, however, took more steps to complete the turn
with cues (P�0.0270) and the height and length of the
turning-arc were increased as a result of cues (P�0.0135
and P�0.0033, respectively).

DISCUSSION

Turning Characteristics in PD and Controls

The turning pattern observed for PwPD in turning
time, step number, size and width may result from a
carry-over effect from slow gait with small steps18 to
slow turning with many small steps. However, PwPD
also needed more space to turn than controls. This “wide-
arc” strategy may be induced by an inability to turn in the
same way as controls or to prevent falls or freezing.
Recent study confirmed that multi-step turns result in
greater stability as the center of gravity remains between
the two feet24 and therefore multi-step turns may be a
compensatory strategy for postural instability in elderly
and PwPD11,25 Multi-step turning has been recom-
mended for PwPD with postural instability, instead of
attempting to “normalize ” turning in rehabilitation.11,26

TABLE 2. Turning parameters for the noncued turn

Parameter

Control (9) Parkinson (19)

P-value

Nonfreezers (10) Freezers (9)

P-value
Estimated

mean SE
Estimated

mean SE
Estimated

mean SE
Estimated

mean SE

Steps 4.0 0.1 5.4 0.2 �0.0001 5.2 0.3 5.9 0.4 0.1464
Time (sec) 1.6 0.1 2.6 0.2 �0.0001 2.4 0.2 2.8 0.2 0.2485
Height (mm) 1412.3 19.9 1476.9 18.8 0.0164 1440.5 19.7 1517.3 27.5 0.0313
Width (mm) 522.2 27.2 612.3 21.6 0.0128 589.4 28.2 637.7 31.1 0.2595
Length (mm) 1334.7 47.5 1510.9 48.3 0.0147 1422.0 55.1 1609.7 67.6 0.0402

StepL L (mm) 419.0 29.3 319.5 17.5 0.0065 321.1 23.8 317.1 25.7 0.8994
Step L R (mm) 498.1 12.9 393.6 17.4 �0.0001 396.1 26.2 390.9 22.4 0.8812
Step W L (mm) 255.7 13.0 184.8 11.4 0.0003 184.2 15.4 185.5 16.7 0.9569
Step W R (mm) 107.1 12.9 56.2 8.6 0.0026 59.0 13.9 53.0 9.4 0.7248
Step D L (sec) 0.54 0.02 0.57 0.02 0.3181 0.57 0.02 0.57 0.03 0.7939
Step D R (sec) 0.55 0.02 0.60 0.02 0.0544 0.60 0.02 0.61 0.04 0.8631

CV sd (%) 4.88 0.48 6.92 0.60 0.0104 6.55 0.95 7.32 0.67 0.5110

The estimated mean and the Standard Error (SE) are presented.
Parameters are: the number of steps (steps), the time to turn (time), the height, width and length of the turning-arc (height, width and length), step

length left and right (step L L/R), step width left and right (step W L/R), step duration left and right (step D L/R) and the CV of the step duration
(CV sd).

Exact P-values are presented for group differences: controls and PwPD; nonfreezers and freezers.
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The gradual directional change implied by a “wide-arc”
turn could also reduce the complexity of the task, in
terms of coordinating simultaneous and sequential move-
ments.6 The CV of step duration was significantly higher
in PwPD (6.92%) than in controls (4.88%). This is in
agreement with others who found increased gait-timing
variability for PwPD.27,28 Gait-timing has been proposed
to be regulated automatically by the basal ganglia and
mediated by executive functioning,29,30 which are both
impaired in PwPD.31 Basal ganglia dysfunction may turn
automated tasks into attention demanding tasks, possibly
overloading the executive function capacity. These
mechanisms may also be at play during turning.

The Effect of Cues on Turning Parameters

Auditory cues reduced gait-timing variability in PwPD
from 6.92% to 6.00%. This may be an important clinical
finding as increased gait-timing variability was found to
be a precursor of falling15 and freezing13. A larger re-
duction (2.19%) in gait-timing variability of straight line
walking was reported after a 4 week training program
with auditory cues.17 The immediate effect of cueing on
variability in the current study may thus increase after
cue-training. The immediate influence of cues on motor
performance in PwPD has been explained by the activa-
tion of an alternative neural circuit.32 Lateral pathways
are relatively more active, in externally cued motor per-
formance in contrast to medial pathways in automatic
motor control.33 Whether these mechanisms apply to

improvements seen in gait-timing variability (i.e. tempo-
ral stability) remains to be determined both in straight
line walking and in turning.

Turning Characteristics in Freezers and
Nonfreezers

As expected, freezers demonstrated longer disease du-
ration34 and were older than nonfreezers. Disease sever-
ity on the other hand was similar which justifies a sub-
group comparison. When comparing the three subgroups
during the noncued turn, freezers differed mostly from
the controls. In contrast to nonfreezers, freezers’ turns
were larger as both the height and length of the turning-
arc were increased. These results show that particularly
freezers used the “wide-arc” strategy spontaneously.
Freezers are expected to find more potential danger in a
turning task due to its association with freezing. Plotnik
et al., showed that freezers have increased swing time
asymmetry during normal walking.35 They hypothesized
that disturbed motor control of bilateral coordination
may be a causal factor of freezing, particularly when
performing a turn. The self-chosen “wide-arc” strategy
may reduce left-right asymmetry and as such reduce
freezing.

Although the CV of step duration was larger in freez-
ers (7.32%) than in nonfreezers (6.55%), this difference
was not significant. This finding is not in agreement with
Hausdorff et al., who previously reported an increased
gait-timing variability in freezers when compared to non-

TABLE 3. Turning parameters for the cued turn

Parameter

Control (9) Parkinson (19)

P-value

Nonfreezers (10) Freezers (9)

P-value
Estimated

mean SE
Estimated

mean SE
Estimated

mean SE
Estimated

mean SE

Steps 3.9 0.2 5.7 0.3 �0.0001 5.6* 0.4 5.8 0.5 0.7117
Time (sec) 1.6 0.1 2.7 0.2 �0.0001 2.7 0.3 2.7 0.2 0.8485
Height (mm) 1397.2 25.8 1492.9 22.1 0.0080 1477.5* 31.2 1510.0 30.3 0.4615
Width (mm) 529.8 32.6 620.8 23.2 0.0306 599.7 27.8 644.3 36.3 0.3372
Length (mm) 1296.5 51.4 1546.2 50.9 0.0016 1510.9** 68.5 1585.5 73.8 0.4648

Step L L (mm) 438.2 24.9 314.0 20.0 0.0006 314.9 29.0 313.0 27.2 0.9614
Step L R (mm) 472.7 22.1 386.6 16.6 0.0041 385.4 25.7 387.8 20.2 0.9422
Step W L (mm) 245.7 19.4 182.8 10.7 0.0085 180.6 14.5 185.3 15.8 0.8257
Step W R (mm) 129.3 16.2 52.3 7.5 0.0002 58.2 11.6 45.8 8.7 0.4016
Step D L (sec) 0.52 0.02 0.57 0.02 0.0578 0.57 0.02 0.56 0.03 0.7471
Step D R (sec) 0.55 0.01 0.59 0.02 0.0998 0.60 0.02 0.59 0.04 0.8295

CV sd (%) 4.98 0.61 6.00* 0.41 0.1675 5.73 0.57 6.30 0.59 0.4946

The estimated mean and the Standard Error (SE) are presented.
Parameters are: the amount of steps (steps), the time to turn (time), the height, weight, and length of the turning-arc (height, width, and length),

step length left and right (step L L/R), step width left and right (step W L/R), step duration left and right (step D L/R), and the CV of the step duration
(CV sd).

Exact P-values are presented for group differences: controls and PwPD; nonfreezers and freezers.
*Statistically different from the noncued turn (P � 0.05).
**Statistically different from the noncued condition (P � 0.01).
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freezers both in the on- and off-phase of the medication
cycle during straight line walking.13

Both freezers and nonfreezers improved their gait-
timing variability under the influence of auditory cueing
(from 7.32% to 6.30% in freezers, from 6.55% to 5.73%
in nonfreezers), but this improvement was not signifi-
cant. For the other turning parameters, the two subgroups
differed in their reaction to the cues. Cues drove non-
freezers towards the “wide-arc” strategy as spontane-
ously present in freezers. Freezers’ turn did not change
with cues, possibly because they already used this “wide-
arc” strategy. Alternatively, these results may indicate
that freezers have less benefit from cueing during turn-
ing. A recent study by Cubo et al. showed that auditory
cues slowed down walking speed without affecting the
number and duration of freezing episodes during the
on-phase of walking in freezers.36 Our own work, con-
firms that freezers and nonfreezers show differential spa-
tiotemporal responses to varying cueing frequencies,
possibly reflecting different motor control strategies in
relation to the use of external cues.18

Limitations and Conclusions

To ensure a reasonable amount of steps to calculate
gait-stability, step rather than stride parameters are used.
Another advantage of using step parameters is its relative
independency from walking speed.27 Future work should
compare different gait-stability measures (using step and
stride parameters) during straight line walking and turn-
ing.

Caution is warranted when interpreting the results of
the current study for the lack of Bonferroni correction
and statistical correction for confounders such as age and
disease severity due to the small sample size Future
studies should address the influence of disease-domi-
nance on turning characteristics by asking patients to
turn to both sides.

In the current study, cueing was set at the individual’s
preferred step frequency during straight line walking.
Follow-up studies need to address which cueing fre-
quency would be most effective in influencing spatio-
temporal parameters, turning stability and the risk of
freezing. Possibly, optimal cueing for freezers implies a
reduction of the stepping rhythm, as it may enlarge step
length18 and therefore reduce festination.

In conclusion, this study demonstrated that PwPD turn
differently from controls. They make a wider turn, while
using smaller steps, a strategy which is also prominent in
freezers when compared to nonfreezers. In addition,
PwPD demonstrate a higher gait-timing variability. Au-
ditory cues reduced the CV of step duration in PwPD
(both freezers and nonfreezers) during turning. Cueing

did not move other turning parameters towards normal
values. Further study is needed to understand the effects
of different cue settings on different turning conditions
before the outcome measures for clinical studies will be
clarified.

APPENDIX A
DETERMINING STEP PARAMETERS OF THE

TURN

The calculation of step parameters of the turn was based on an
algorithm proposed by Huxham et al.28 This algorithm requires the
determination of the absolute distance (AD) of both steps and strides.
For the current experiment, these ADs were calculated by applying the
Pythagoras’ theorem on the XY-coordinates of the calcanei. In the
triangle consisting of the AD of the right stride (longest side) and the
AD of successively left and right step (see Fig. 2) the formula is the
following: (1) Step length right � [(AD right step)2 � (AD right
stride)2 – (AD left step)2]/2 AD right stride. (2) Step width right�
Square root of [AD right step2 – step length right2].

APPENDIX B
FREEZING TRIAL

One of the freezers showed a freezing episode during the turning
trials. This episode occurred at the end of the turn in the first trial of the
noncued turn. The subject appeared to be unable to make a right step
(Fig. 3). Detailed analysis with the Vicon software showed that the
right calcaneus was lifted from the ground and repositioned, but that the
subject failed to lift the right foot completely. On the graph, it can be
observed that two right foot strikes were positioned closely together (5
cm apart) at the moment of freezing. When comparing the step lengths
when entering the turn with the steps just prior to the freezing episode,
a reduction of step length can be noticed. This is in agreement with
earlier findings in straight line walking.14 The sacrum displacements
found in this trial showed an oscillating pattern, similar to that of the
center of mass (COM) displacements described for a slow 360° turn.37

It can be observed that the subject used more steps (12), needed more
time (4.8 sec), had smaller step lengths both left (157.4 mm) and right
(163.2 mm), and shorter step duration left (0.418) and right (0.453)
than the average values in the noncued and cued condition of the same
subject. Moreover, in comparison to the freezer subgroup in the non-
cued turn (Table 2), general turning parameters and gait timing vari-
ability were larger then the freezers’ averages whereas step parameters
were smaller. No statistics were performed as it is an anecdotal finding.

FIG. 2. Calculating step parameters of nonlinear walking The solid dot
represent the position of the left calcaneus at initial contact, the open
dots represent initial contact of the right foot. The step length right is
presented by the dotted arrow, whereas the solid arrow represents the
width of the right step.
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