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Abstract Patients with Parkinson’s disease (PD) often
experience freezing of gait, a debilitating phenomenon
during which the subject suddenly becomes unable to start
walking or to continue to move forward. Little is known
about the gait of those subjects with PD who experience
freezing of gait or the pathophysiology of freezing. One
possibility is that freezing of gait is a truly paroxysmal
phenomenon and that the usual walking pattern of
subjects who experience freezing of gait is not different
than that of other patients with PD who do not experience
these transient episodes of freezing of gait. On the other
hand, a recent study noted gait changes just prior to
freezing and concluded that dyscontrol of the cadence of
walking contributes to freezing. To address this question,
we compared the gait of PD subjects with freezing of gait
to PD subjects without freezing of gait. Given the
potential importance of the dyscontrol of the cadence of
walking in freezing, we focused on two aspects of gait
dynamics: the average stride time (the inverse of cadence,
a measure of the walking pace or rate) and the variability
of the stride time (a measure of “dyscontrol,” arrhythmicity and unsteadiness). We found that although the
average stride time was similar in subjects with and
without freezing, stride-to-stride variability was markedly
increased among PD subjects with freezing of gait
compared to those without freezing of gait, both while
“on” (P<0.020) and “off” (P<0.002) anti-parkinsonian
medications. Further, we found that increased gait
variability was not related to other measures of motor
control (while off medications) and levodopa apparently
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reduced gait variability, both in subjects with and without
freezing. These results suggest that a paradigm shift
should take place in our view of freezing of gait. PD
subjects with freezing of gait have a continuous gait
disturbance: the ability to regulate the stride-to-stride
variations in gait timing and maintain a stable walking
rhythm is markedly impaired in subjects with freezing of
gait. In addition, these findings suggest that the inability
to control cadence might play an important role in this
debilitating phenomenon and highlight the key role of
dopamine-mediated pathways in the stride-to-stride regulation of walking.
Keywords Gait variability · Parkinson’s disease ·
Dopamine · Basal ganglia

Introduction
Freezing of gait (FOG) is a poorly understood, debilitating phenomenon that is common among subjects with
parkinsonism (Fahn 1995; Giladi et al. 1997, 2001b;
Giladi 2001; Yanagisawa et al. 2001; Lamberti et al.
1997). About 7% of subjects with mild Parkinson’s
disease (PD) and almost 50% of those with more
advanced disease experience unpredictable, transient
disturbances in their walking (Giladi et al. 1992, 2001b;
Lamberti et al. 1997). For no apparent reason, subjects
suddenly become unable to start walking or to continue to
move forward. A feeling of being glued to the floor is
typically noted. FOG can be quite disabling, impairing
function, health-related quality of life, mobility, and
independence (Gray and Hildebrand 2000; Fahn 1995;
Giladi et al. 2001b). Subjects with FOG also have an
increased risk for falls, nursing home admission, and
mortality (Hely et al. 1999; Gray and Hildebrand 2000;
Aita 1982).
Little is known about the gait of subjects who
experience FOG and its pathophysiology (Giladi et al.
2001b; Nieuwboer et al. 2001). In contrast to the
bradykinetic changes that are common in PD and occur
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continuously (e.g., slowed gait) (Morris et al. 1994,
1996), from the phenomenological point of view, FOG is
characterized as a paroxysmal gait disturbance (Fahn
1995; Giladi et al. 2001b; Halliday et al. 1998). Fahn
(1995) described freezing as a transient event, interrupting the normal, voluntary activity, and Lamberti et al.
(1997) also emphasized the “sudden and transient” nature
of freezing. In other words, FOG typically occurs without
apparent warning, suddenly preventing (e.g., start hesitation) or interrupting usual walking. In between freezing
episodes, gait appears to be similar to that of other
subjects with PD. Thus, one possibility is that FOG is a
truly paroxysmal phenomenon and that the walking
pattern of subjects who experience FOG is not different
than that of other patients with PD whose locomotion is
not interrupted by FOG. On the other hand, a recent study
noted gait changes just prior to freezing and suggested
that freezing is caused by a combination of an increasing
inability to generate stride length superimposed on a
dyscontrol of the cadence of walking (Nieuwboer et al.
2001). In that case, it is possible that the motor
abnormalities of persons with PD and FOG are not
confined to freezing, but rather persons with FOG have
gait disturbances even between the FOG episodes.
To address this question and gain insight into the
pathophysiology of FOG, we compared the usual gait of
PD subjects with FOG to PD subjects without FOG.
Given the potential importance of the dyscontrol of the
cadence of walking to freezing, we focused on two
aspects of gait dynamics: the average stride time (the
inverse of cadence, a measure of the walking pace or rate)
and the variability of the stride time (a measure of
“dyscontrol,” arrhythmicity and unsteadiness). Previous
investigations observed increased arrhythmicity, i.e.,
increased stride-to-stride variability, in the gait of subjects
with PD compared to healthy controls (Blin et al. 1991;
Hausdorff et al. 1998); however, these studies did not
examine the question of freezing. Here we tested the
hypothesis that PD subjects who experience FOG might
exhibit increased arrhythmicity and hence increased
stride-to-stride variability during usual locomotion compared to PD subjects who did not experience FOG.

Materials and methods
Subjects and protocol
Subjects with idiopathic PD, as defined by the UK Brain Bank
criteria (Gelb et al. 1999), were recruited from the outpatient clinic
of the Movement Disorders Unit of the Tel Aviv Sourasky Medical
Center. Subjects were invited to participate if they were between
the ages of 50 and 80 years, were on levodopa treatment,
experienced motor response fluctuations, and had a Hoehn and
Yahr (1967) score less than 4 while in an “off” state (i.e., at least
12 h off anti-parkinsonian medications). Subjects were excluded if
their disease was recently diagnosed (disease duration less than
2 years), if they had brain surgery in the past, or if they had
clinically significant co-morbidities likely to affect gait including
diabetes, rheumatic or orthopedic disease, dementia, depression, or
history of stroke, as determined by clinical or radiological
evaluation.

To compare and contrast subjects with and without freezing, the
study population was characterized with respect to age, gender,
duration of symptoms, Mini-Mental State Exam (MMSE) scores
(Folstein et al. 1975), and the Unified Parkinson’s disease Rating
Scale (UPDRS) scores (Fahn et al. 1987). As previously suggested,
subscore indices of motor function were also determined from the
UPDRS (Giladi et al. 2001b). The FOG questionnaire was used to
quantify self-report history of mobility, gait disturbances, and
freezing (Giladi et al. 2000). Subjects were classified as “freezers”
if they reported FOG or if FOG was observed during the walking
protocol (see below). (There was excellent agreement between selfreport and observation.) Subjects were also asked to use a visual
analog scale (VAS) to rank their motor state on a scale of 0 (worst,
most difficult state over the past week) to 10 (best) to compare “on”
and “off” states and insure that subjects were tested in a true “on”
state.
All subjects were first assessed in the morning, at least 12 h
after they took their last anti-parkinsonian medication, while in a
self-assessed “off" state. The assessment during the “off” state
included the evaluation of motor function (part III of the UPDRS),
as well as the assessment of gait (see below). After the assessments
in the “off” condition, subjects took their regular morning dose of
levodopa. We then waited until the subjects reported that they
reached their regular “on” state (i.e., they reported that the
dopamine had taken its full effect). At that time, we repeated the
evaluation of the full UPDRS and the walking task and assessed
mental status using the MMSE.
Walking protocol
Subjects were instructed to stand up from a chair, walk at their
normal pace on level ground for 20 m, turn and walk the same route
back, ending with a half turn and return to a seated position. This
walk was repeated so that the subjects were studied while walking a
total of 80 m (both in “on” and “off” states). Study subjects were
not aware of the specific questions or hypothesis of this investigation.
The study was approved by the Human Studies Committee of
the Tel-Aviv Sourasky Medical Center. All subjects provided
informed written consent according to the Declaration of Helsinki
prior to entering the study.
Observation-based determination of freezing
Subjects were videotaped during the 80-m walking task (see above)
and as they walked from the examination room to the testing area
(an additional 50 m). Videotapes were analyzed (Giladi et al. 2002)
to determine the presence or absence of FOG and the severity of
freezing (the number of freezing episodes) and to identify walking
times that were free of freezing. To determine the severity of
freezing, the videotapes of the walking tasks were analyzed
independently by three experienced neurologists who determined
the number of episodes of FOG for each subject (Giladi et al. 2002).
Specifically, the observers counted all episodes where patients had
a freezing episode including transient difficulty with gait initiation,
turning, passing through a narrow space, or while walking, events
that often elicit freezing (Fahn 1995; Giladi et al. 2001b). The
average scores of the three observers were used as the measure of
the severity of FOG (i.e., no. of freezing episodes).
Assessment of gait dynamics
Previously described methods were used to evaluate gait dynamics
(Hausdorff et al. 1998, 2001) during the 80-m walking task. Briefly,
to measure the gait rhythm and the timing of the gait cycle (i.e., the
stride time), force sensitive insoles were placed in the subject’s
shoe. Two sensors are used, one under the heel and the other under
the balls of the feet and the toes, and the data from both sensors are
combined before the recording. These inserts produce a measure of
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the force applied to the ground during ambulation. A small,
lightweight (5.52x9 cm; 0.1 kg) recorder was worn on the ankle
and held in place using an ankle wallet. An on board A/D converter
(12 bit) sampled the output of the footswitches at 300 Hz and stored
the digitized force record. Subsequently, the digitized data were
transferred to a computer workstation for analysis using software
that extracts the initial contact time of each stride (Hausdorff et al.
1995). From the force signal, the stride time or duration of the gait
cycle (time from initial contact of one foot to subsequent contact of
the same foot) was determined for each stride during the 80-m walk
by applying a previously validated algorithm that locates initial
contact times (and hence the stride time) by finding large increases
in the force and changes in the slope of the force (Hausdorff et al.
1995). We note that when subjects “shuffle,” it may be challenging
to determine a true toe-off. Because we focused on heel-strike to
heel-strike, or initial contact time to initial contact time, a distinct
and large increase in force is readily observed even during shuffling
and the determination of the stride times was not an issue in the
present study.
To focus on the assessment of the dynamics of continuous,
“normal” walking, the video was reviewed and, for each lap, the
walking segment with the longest contiguous walk that did not
include FOG was determined. The insoles and videos were
synchronized. The first two strides of each “normal” gait segment
were excluded and a maximum of the next 15 strides from each
segment were included for analysis. To insure that the analysis was
not influenced by “outliers” and to focus on “intrinsic” normal
dynamics, a median filter was then applied to remove data points
that were three standard deviations (SDs) greater than or less than
the median value (Hausdorff et al. 1998, 2001). There was strong
agreement (r >0.9) between the values obtained before and after
application of the median filter. Subsequently, the average stride
time was determined for each segment. Stride time variability, the
magnitude of the stride-to-stride fluctuations in the gait cycle
duration, was calculated by determining the standard deviation and
the coefficient of variation (CV) of each subject’s stride time
(Hausdorff et al. 1998, 2001; Maki 1997). These measures of strideto-stride variability reflect gait instability and have been shown to
prospectively predict falls (Hausdorff et al. 1998, 2001; Maki
1997).

Statistics
Results are reported as mean € SD. Subjects with and without
freezing were compared using Fisher’s exact test for categorical
data. For continuous data, the Wilcoxon Rank Sum test (a nonparametric equivalent of the two-sample t-test, also known as the
Mann-Whitney U test), was used to compare subjects with and
without freezing. The Wilcoxon Signed Rank test, a non-parametric
analog of the paired t-test, was used to evaluate within group
changes (e.g., response to levodopa). Spearman’s correlation
coefficient was used to evaluate the association among measures.
Multiple regression analysis (both before and after log transformation) was used to study the relationship between FOG and gait
measures after adjustment for co-variates. A P value less than 0.05
(two-tailed) was considered statistically significant. Statistical
analysis was performed using SPSS for Windows (version 10.1).

Results
Thirty-two subjects participated in this study. The study
group consisted of 9 (28%) women and 23 men with an
average age of 62.0€7.5 years and a mean duration of PD
symptoms of 9.6€3.9 years. The mean score on the
MMSE was 28.0€2.0. The mean scores on the UPDRS
(total) while in “off” and “on” were 44.3€16.0 and
25.6€11.5, respectively.
“Off” freezers vs. non-freezers
In “off,” 21 of the 32 subjects were freezers. On average,
“off” freezers experienced 9.7 freezing episodes during
the 80-m walk. As summarized in Table 1, “off” freezers
and “off” non-freezers were similar with respect to age,

Table 1 Characteristics (in “off”) of subjects with and without “off” freezinga

Age (years)
Gender (% men)
MMSE
Disease duration (years)
Self-report of condition (0–10)
FOG questionnaire score
No. of freezing episodes
UPDRS measures while in “off” state
Total UPDRS score
Mental (part I)
ADL (part II)
Motor score (part III)
Bradykinesia index
Speech index
Tremor index
Rigidity index
Falls question (ADL Q13)
Gait index
Balance index
FOG question (ADL Q14)

Subjects with no “off” FOG (n=11)

Subjects with “off” FOG (n=21)

P value

62.2€6.4
82
28.5€2.0
7.7€2.5
4.2€1.7
2.9€2.6
0€0

61.9€8.2
67
27.9€2.0
10.7€4.2
4.0€2.2
14.2€4.1
9.7€8.2

0.845
0.630
0.298
0.064
0.603
0.0005*
0.0001*

35.2€11.8
0.9€0.9
9.7€5.0
18.8€6.5
15.0€5.9
1.7€1.3
4.9€7.1
7.6€4.2
0.2€0.4
1.8€1.1
1.3€1.2
0€0

49.0€16.1
1.9€1.4
17.6€7.1
22.8€8.3
16.1€8.1
2.5€1.7
3.6€5.3
7.0€3.6
0.9€1.1
4.2€1.7
2.7€1.7
2.6€0.8

0.012*
0.046*
0.002*
0.271
0.907
0.223
0.389
0.845
0.045*
0.0001*
0.024*
0.0001*

a
Subject characteristics were evaluated while “off” levodopa
medication for at least 12 h (see Materials and methods), except for
the MMSE, which was assessed while on medication. For all
UPDRS measures, the higher the number the greater the impairment. For the MMSE, 30 is the best possible score. Questions 13

and 14 on the UPDRS evaluate the frequency of falling and
freezing (e.g., 0 = no falls or no FOG), respectively. Previously
established indices (Giladi et al. 2001b) were used to summarize
specific subsets of the UPDRS motor score. *P<0.05
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Table 2 Gait dynamics (in “off”) of subjects with and without off” freezing (CV coefficient of variation)

Average stride time (ms)
Stride time standard deviation (ms)
Stride time CV (%)

Subjects with no “off” FOG (n=11)

Subjects with “off” FOG (n=21)

P value

1,007€77
33€8
3.3€0.7

972€182
55€38
6.1€5.5

0.785
0.014*
0.002*

*P<0.05
Table 3 Characteristics (in “on”) of subjects with and without freezing in the “on” state
Subjects with no FOG while “on” (n=21)
Age (years)
60.9€7.5
Gender (% men)
76
MMSE
28.5€1.7
Disease duration (years)
8.9€3.1
Condition (0–10)
7.8€1.7
FOG questionnaire score
0.3€0.7
No. of freezing episodes
0€0
UPDRS measures while in an “on” state
Total UPDRS score
22.4€10.8
Mental (part I)
1.4€1.4
ADL (part II)
4.8€4.1
Motor (part III)
8.7€5.5
Bradykinesia index
5.9€5.0
Speech index
1.0€1.1
Tremor index
1.0€1.7
Rigidity index
4.1€3.3
Falls question (ADL Q13)
0.1€0.4
Gait index
0.4€0.7
Balance index
1.0€0.9
FOG question (ADL Q14)
0€0

Subjects with FOG while “on” (n=11)

P value

64.1€7.4
64
27.1€2.2
11.1€5.0
7.5€0.8
6.2€4.4
6.2€4.4

0.289
0.681
0.059
0.328
0.287
0.0001*
0.0001*

31.8€10.8
1.8€1.1
8.9€4.7
14.5€5.9
10.5€5.9
2.2€1.4
0.4€0.9
4.3€2.1
0.5€0.7
2.0€1.9
2.5€1.5
1.8€1.1

0.03*
0.367
0.014*
0.012*
0.034*
0.017*
0.271
0.584
0.048*
0.039*
0.004*
0.0001*

*P<0.05

gender, self-evaluation of condition, and motor score.
Bradykinesia, rigidity, speech and tremor indices were
also similar in “off” freezers and “off” non-freezers.
While in “off,” the average stride time was similar in
subjects with and without “of” freezing (Table 2). In
contrast, gait variability measures, both the stride time SD
and CV, were much larger among subjects with “off”
freezing compared to those without. The UPDRS indices
of gait and balance (Table 1) were also different in
subjects with and without freezing, consistent with the
measured changes in gait in the “off” freezers.
Effect of levodopa on gait dynamics in freezers
and non-freezers
For “off” freezers and non-freezers, the average stride
time did not change in response to levodopa. In contrast,
stride time variability was lower when subjects were retested on levodopa, for both “off” freezers and “off” nonfreezers. For example, comparing “off” to “on,” the stride
time SD was reduced by 7€13 ms in “off” non-freezers
(P<0.04) and by 18€25 ms in “off” freezers (P<0.001).
The magnitude of this reduction did not significantly
depend on the group (P=0.11); rather, stride-to-stride
variability of both freezers and non-freezers was reduced
in response to levodopa. The decrease in stride-to-stride

variability (from “off” to “on” state) was highly correlated with the decrease in the number of freezing episodes
(r=0.50; P=0.004). When tested in an “on” state, there
was no longer any difference in the gait variability (or
mean stride time) of the 21 subjects who experienced
"off" FOG and those that did not (P>0.73).
From among the 21 “off” freezers, 11 subjects also
experienced FOG while in an “on” state. On average,
these 11 subjects experienced 6.2 freezing episodes
during the walking protocol during the “on” state. As
summarized in Table 3, subjects with and without FOG
during “on” were similar with respect to age, gender, selfevaluation of condition, and disease duration. The average
stride time was similar in subjects with and without
freezing in the “on” state. In contrast, gait variability
measures, both the stride time SD and CV, were much
larger among subjects who still experienced FOG during
the “on” state compared to those without FOG in the “on”
state (Table 4). As was the case for “off” freezing, gait
variability during “on” was significantly related to the
number of freezing episodes during “on,” although the
relationship was not as strong as it was in the “off” state.
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Table 4 Gait dynamics (in “on”) of subjects with and without freezing in the “on” state

Average stride time (ms)
Stride time standard deviation (ms)
Stride time CV (%)

Subjects with no FOG while “on” (n=21)

Subjects with FOG while “on” (n=11)

P value

1,012€90
26€10
2.6€1.0

1,044€160
47€28
4.5€2.4

0.639
0.016*
0.020*

Table 5 Association between gait variability, freezing severity, and motor impairment in “on” and “off” states. Shown are the Spearman’s
correlation coefficients (P values). No. of freezing episodes and UPDRS measures are the values as determined in “on” and “off” states

“Off” stride time CV
“On” stride time CV

No. of freezing episodes

UPDRS FOG Q14

UPDRS Motor Score

0.63 (0.0001)*
0.37 (0.039)*

0.51 (0.003)*
0.46 (0.009)*

0.33 (0.065)
0.60 (0.0001)*

*denotes a statistically significant relationship

Gait variability and motor function
As noted in Table 5, gait variability was significantly
related to the number of freezing episodes, but was not
significantly associated with UPDRS motor scores while
subjects were in the “off” state. Consistent with this, in
stepwise multiple regression analysis that included age,
disease duration and the UPDRS motor score (part III) as
potential covariates, stride time CV in “off” was significantly related to freezing (present/absent or no. of
episodes), but not to global motor function (UPDRS part
III) or any of the other potential covariates.
These relationships were different when subjects were
re-tested in an “on” state. At this time, there was a
significant association between UPDRS motor score and
gait variability. In stepwise multiple regression analysis
that included age, disease duration, and UPDRS motor
score (part III) and freezing (present/absent or no. of
episodes) as potential covariates, stride time CV was only
related to UPDRS motor score (part III), but not to
freezing. In other words, after adjusting for UPDRS motor
score, gait variability was similar in subjects with or
without FOG in an “on” state. This result is consistent
with the fact that while in an “off” state, “off” freezers
and non-freezers had similar motor function but in the
“on” state, motor function, bradykinesia, and speech were
all significantly worse in the subjects with freezing. In
other words, those subjects who still experienced FOG
during “on” did not improve as much in response to
levodopa as subjects without FOG during “on.”

episode caused increased variability during this time, but
otherwise gait variability is unchanged in freezers compared to non-freezers. In the analysis described above, the
first two strides of each lap were excluded. If, instead, we
exclude the first and last three strides from each lap (or
the three strides before and after the longest freezing-free
walking episode), moving further away from any freezing
episode, we still find increased variability in “off”
freezers compared to “off“ non-freezers. For example,
stride time CV while in “off” was 5.2€2.4% and
3.1€1.2% in “off” freezers and non-freezers, respectively
(P=0.011). Moving further away from any freezing
episodes, we find virtually identical results when the first
and last four strides were excluded from the analysis.
Stride time CV was 5.1€2.4% and 3.3€1.4%, in “off”
freezers and non-freezers, respectively (P=0.019). When
the first and last five strides were excluded, similar results
were obtained as well. Stride time CV was 5.1€2.6% in
“off” freezers and 3.5€1.5 in non-freezers (P=0.078).
Note that the difference in stride time CV calculated after
excluding the first and last three strides or the first and
last five strides was very small, inconsistent, and similar
(P=0.71) in “off” freezers (DCV=0.12) and non-freezers
(DCV=0.04). Similar results were obtained if the first and
last six strides were excluded from the analysis (or using
the SD instead of the CV). Note too that the relationships
shown in Table 5 were similar when stride time CV was
determined after excluding additional strides and moving
away from any freezing episodes. The differences
between subjects who still had FOG during “on” and
those that did not were also not dependent on how many
strides were removed from the analysis.

Is the increased variability in freezing related only
to the freezing episode?

Discussion
Above, we noted increased stride-to-stride variability in
subjects with “off” freezing, compared to those without
(Table 2). Here we examine whether this increased
variability is simply a by-product or “artifact” of the
freezing episode itself. Although all freezing episodes
were excluded from the analysis, perhaps the change in
rhythm just prior to or immediately after a freezing

In this first study of the gait dynamics of PD subjects with
freezing of gait, we find several key results: (1) between
FOG episodes, the mean stride time (cadence or step rate)
is similar in PD subjects with and without FOG, both “on”
and “off” medications. (2) Casual visual observation may
suggest that the usual, non-freezing gait of subjects with
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freezing is not different from subjects who do not have
freezing. Surprisingly, however, we find markedly increased stride-to-stride variability in subjects with freezing compared to those without, both in “on” and “off”
states. (3) Levodopa apparently reduces gait variability,
both in subjects with and without freezing. (4) In “on,”
the increased gait variability among subjects with FOG
was associated and could be explained by differences in
global motor function. In contrast, in “off,” global motor
function was not different in subjects with and without
FOG and could not account for the increased stride-tostride variability observed among the subjects with FOG.
Classically, the cardinal motor features of PD include
bradykinesia, rigidity, and tremor (Leenders and Oertel
2001). More recently, it has been argued that FOG should
be added to this list, in part because of its important
independent effects on function and quality of life in PD
and in part because the pathophysiologic mechanisms that
contribute to FOG may be different from those of other
features of PD (Fahn 1995; Giladi et al. 2001b). Here we
find that subjects with “off” FOG apparently have altered
locomotion, specifically increased stride-to-stride variability, that is not related to the other classic parkinsonian
motor features. During “off,” bradykinesia, rigidity, and
tremor are similar in subjects with and without freezing,
as is the average walking cadence; yet the stride time
variability is markedly increased in subjects with freezing
(recall Tables 1, 2). The ability to regulate walking on a
stride-by-stride basis is impaired in these subjects. This
increased gait variability is closely related to the severity
(or frequency) of freezing (recall Table 5).
The relationship between FOG and stride-to-stride
variability is apparently different when subjects are “on”
or “off” levodopa. In an “off” state, as mentioned above,
the relationship is largely independent of other aspects of
motor function (or, in other words, different factors
influence FOG and other aspects of motor function). In
contrast, on medication, motor function is different in
subjects with and without FOG and this difference may
also account for the increased stride-to-stride variability.
It is possible, however, that this “dependence” of strideto-stride variability in “on” merely reflects patient-topatient variations in the response to levodopa; motor
function and stride-to-stride variability may have parallel
responses. Although “on” freezing may sometimes be a
side effect of levodopa (Biglan and Holloway 2001;
Ambani and Van Woert 1973; Imai et al. 1993), in the
present study, all of the subjects who experienced FOG
during “on” also experienced FOG during “off.” This
suggests that those subjects who had FOG in “on” may
have been undertreated and may not have received the
maximal benefit from levodopa, both with respect to FOG
and motor function. In the future, it might be helpful to
further assess the effect of different doses of levodopa to
evaluate this question. Either way, we suggest that when
thinking about the mechanisms that contribute to FOG,
one should focus on our findings in “off,” i.e., in the state
that reflects the underlying pathophysiology, where

UPDRS-measured aspects of motor control clearly do
not sufficiently explain the presence of FOG.
It is interesting to speculate about this relationship
between FOG and increased stride variability in the
untreated state. A priori, one might have hypothesized
that there is no relationship between the two; these are
two distinct, unrelated pathologic consequences of PD.
Our findings clearly refute this idea. A second possibility
is that parallel, but different pathologic mechanisms are
responsible for FOG and the increased stride-to-stride
variability observed in subjects with FOG. A third
possibility is that one pathologic mechanism is the source
of FOG and increased stride-to-stride variability. Severity
of freezing, as measured by the number of FOG episodes
observed, was closely related to the stride-to-stride
variability and the effect of levodopa on freezing
paralleled the effect on stride-to-stride variability. From
one viewpoint, therefore, both FOG and increased strideto-stride variability may be manifestations of arrhythmicity and poor stride-to-stride control. According to this
possibility, disturbances in the same dopamine-mediated
locomotor network contribute to dyscontrol, increased
stride-to-stride variability and FOG in PD. Perhaps
increased stride-to-stride variability and FOG are variations of the same theme, two ends of the spectrum. FOG
may be viewed as the result of severe dys-synchronization
of leg muscle activation and simultaneous activation of
agonist and antagonist muscles (Fahn 1995; Andrews
1973; Giladi et al. 2001a). Freezing episodes may be an
extreme expression of dyscontrol while the increased
stride-to-stride variability may reflect more mild dyssynchronization of muscle activation and fluctuations in
force generation (Hausdorff et al. 1998; Sheridan et al.
1987). Perhaps increased variability might be a marker of
primary arrhythmicity or instability in the locomotor
network that leads to FOG in the extreme cases.
Alternatively, one could also further suggest that there
is some actual cause and effect relationship. It is possible
that the increased stride-to-stride variability increases the
susceptibility to freezing. When arrhythmicity or stride
variability passes above a certain threshold, it sets the
stage for FOG. This possibility is consistent with the
explanation of Nieuwboer et al. that dyscontrol in the
cadence of walking brings about FOG (Nieuwboer et al.
2001). SPECT studies by Fabre et al. indicate that there
are no differences between PD subjects with and without
freezing in the rest state, at least in terms of frontal lobe
perfusion, suggesting that the pathophysiology that is
responsible for freezing is truly transient and paroxysmal
(Fabre et al. 1998). Nonetheless, although FOG is a
paroxysmal event and increased stride-to-stride variability
in PD is apparently a continuous abnormality, this
“threshold” relationship could explain how a continuous
gait abnormality is a risk factor for a transient gait
abnormality, i.e., FOG.
Of course, FOG and increased stride-to-stride variability may not share a cause and effect relationship at all.
Increased stride-to-stride variability has been observed in
other populations who do not display FOG (Maki 1997;
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Nakamura et al. 1996; Hausdorff et al. 2000, 2001) and in
PD subjects (without FOG) compared to healthy controls
(Blin et al. 1991; Hausdorff et al. 1998). One could argue,
therefore, that increased variability and FOG are independent and variability is not specific to PD subjects with
freezing. Clearly, increased variability is by itself insufficient to cause FOG. Nonetheless, compared to PD
subjects who do not have freezing, a markedly exaggerated inability to regulate stride-to-stride variability appears to be a critical feature of the gait of patients with
FOG. Perhaps these two phenomena are markers of
certain features that are common in advanced PD and
both respond to therapy similarly. Study of other populations (e.g., primary freezing of gait; Achiron et al. 1993)
where FOG is present without additional motor impairment might shed light on the relationship between FOG
and gait variability. Either way, it is important to note that
the marked improvement in stride-to-stride variability
seen in response to levodopa, both in subjects with and
without FOG, suggests that a central, dopamine-dependent mechanism plays a key role in the stride-to-stride
regulation of walking. It remains to be seen if the basal
ganglia actually generate the motor program or merely
influence its output. Either way, it is important to keep in
mind the distinction between the mean stride time (which
is similar in subjects with and without FOG) and the stride
time variability.
Reduced stride length and hence gait speed are
common in Parkinson’s disease. A number of theories
have been proposed to explain this change in walking.
Gait hypokinesia may be related to a disturbance of the
motor set for whole movement sequences or to the
disruption of internal cues that enable the stringing
together of submovements within a given motor plan
(Morris et al. 1994, 1996, 1998). Like FOG and the ability
to regulate stride-to-stride variability, stride length is also
modulated by the basal ganglia and also apparently
improves in response to levodopa. A recent PET study
suggests that reduced dopamine availability in the nigrostriatal projection might be responsible for some of the
gait changes observed in Parkinson’s disease (Ouchi et al.
2001).
In the present study, we, unfortunately, did not
measure stride length or stride length variability. Morris
and colleagues have shown that (mean) cadence can be
modified and is relatively intact in PD and, if the walking
rate changes, (mean) cadence will vary with (mean) stride
length (Morris et al. 1994, 1998). Thus, one could argue
that stride length and stride length variability are the keys
to the gait disturbance in PD (and stride time variability is
not relevant). Here, we describe stride-to-stride variations
(fluctuations) in the stride time at a given mean cadence/
stride length. Since the studies by Morris et al. indicate
that cadence and stride length are closely linked, we
suggest that the stride-to-stride variability in stride time
will likely reflect an important aspect of the stride-tostride control of gait, generally, and stride length, in
particular. The few studies that have measured both stride
length variability and stride time variability (albeit using

less than ideal methods) have shown that both measures
generally behave similarly (e.g., both appear to be
optimized at “usual” walking speed). While there is some
advantage of directly measuring stride-to-stride variations
in stride length, stride-to-stride variability of timing was
the only long-term stride-to-stride measure available
when this study was performed. In the future, however,
it might be helpful to evaluate the relationship between
FOG, stride time variability, and stride length and stride
length variability and to determine, perhaps using imaging techniques, if common mechanisms are responsible
for these alterations in movement control or if they are
mediated by independent dopamine-mediated locomotor
networks.
Freezing of gait is a perplexing phenomenon that is
common among patients with advanced PD and advanced
parkinsonism. The results of the present study should
cause a “paradigm shift” in our view of freezing of gait.
Previously it was generally believed that freezing of gait
is a completely transient, paroxysmal phenomenon and
that when the patient overcomes the motor blockade, all
traces of the freezing apparently vanish and gait performance appears to become normal (for PD). Here we
demonstrate, for the first time, that gait disturbances in
subjects with freezing of gait are not transient. Instead,
the ability to regulate the stride-to-stride fluctuations in
walking is severely impaired in subjects with freezing of
gait (compared to other subjects with Parkinson’s disease)
and there are alterations in the gait of subjects with PD
and FOG even between freezing episodes. Subjects with
PD and FOG have diminished gait stability and increased
arrhythmicity. Perhaps investigations that assess other
aspects of gait, balance and motor control (e.g., EMG and
kinematic studies) and their relationship to freezing could
help to further explain this debilitating gait disturbance.
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