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Abstract
Freezing of gait (FOG) is one of the most disabling symptoms that affect patients with Parkinson's
disease (PD). While the patho-physiology underlying FOG largely remains an enigma, several
lines of evidence suggest that the autonomic nervous system might be involved. To this end, we
tested the hypothesis that heart rate (HR) increases during FOG and, further, that HR increases just
prior to FOG. To evaluate these hypotheses, fifteen healthy older adults, ten patients with PD who
experienced FOG and ten patients who did not were studied. Patients with PD were tested during
their “off” medication state. HR and HR variability were measured as subjects carried out tasks
that frequently provoke FOG. 120 FOG episodes were evaluated. During FOG, HR increased
(p=0.001), by an average of 1.8 bpm, as compared to HR measured before the beginning of FOG.
HR also increased just prior to FOG, by 1 bpm (p<0.0001). In contrast, during sudden stops and
180° turns, HR decreased by almost 2 bpm (p<0.0001). HR variability was not associated with
FOG. To our knowledge, these findings are the first to document the association of FOG to
autonomic system activation, as manifested by HR dynamics. One explanation is that the changes
in HR before and during FOG may be a sympathetic response, secondary to limbic activation, that
contributes to the development of freezing. While further studies are needed to evaluate these
associations, the present results provide experimental evidence linking impaired motor blockades
to autonomic nervous system function among patients with PD.
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INTRODUCTION
Freezing of gait (FOG) is a disabling, episodic gait disturbance that is common among
patients with advanced Parkinson's disease (PD). FOG typically lasts a few seconds during
which time the patient feels as if his or her feet are glued to the ground1-5. FOG is
associated with falls and functional dependence1,3. For example, in a 12 month, prospective
study, Latt et.al observed 2,160 falls among 113 patients with PD and reported that most
occurred as a result of FOG6. 538 (25%) of the falls were injurious, highlighting the
debilitating nature and the clinical importance of this symptom.

The pathogenesis underlying FOG has yet to be fully explained. Traditionally, FOG has
been viewed as another motor symptom related to disease severity7-10. Indeed, a number of
studies have identified changes in the gait patterns of patients with FOG that have been
associated with its pathogenesis11-19. Evidence from several lines of reasoning suggests,
however, that non-motor systems may be involved with FOG. In particular, one possibility
is that the autonomic nervous system (ANS) may be activated during and perhaps just prior
to FOG, reflecting a sympathetic response that exacerbates the risk of FOG or occurs in
conjunction with FOG. The possibility of ANS involvement in FOG is consistent with
several observations. While not all investigations have reported consistent results, a few
studies have demonstrated that FOG can be alleviated with the administration of L-threo-
DOPS20. This is a pre-cursor of norepineprhine, a neurotransmitter which has a major role in
the sympathetic control over heart rate and blood pressure, among other things. Stress,
anxiety, depression and cognitively challenging situations have been associated with
FOG21-24. An increased frequency of FOG is also commonly seen during gait initiation,
during locomotor transitions, and when patients hurry to pick up the phone, enter an elevator
or door or cross the street1,9,21,22,24,25. Consistent with this, anecdotal reports1,3,22,26,27

have suggested that FOG may be related to anxiety, arousal, and the emotional state. One
interpretation of all of these findings is the possibility that FOG may be related to ANS
activation. Nonetheless, the nature of the relationship between FOG and the ANS has yet to
be fully elucidated.

Given the putative associations between FOG, stress and the emotional state, we
hypothesized that heart rate (HR), one of the most widely used markers of ANS activation,
would increase during FOG episodes, i.e., as a reflection of the aroused state or secondary to
sympathetic activation. We further speculated that HR would increase just prior to FOG.
Theoretically, an increase in HR during FOG can be explained by sympathetic activation
due to stress or increased anxiety, while an increase in HR before FOG is consistent with a
possible role of the arousal system or the preparatory system in the pathogenesis of FOG.
Such a finding would support of the hypothesis that sympathetic activation is one of the
triggers that contribute to the occurrence of FOG. The goal of the present work was,
therefore, to investigate whether FOG is indeed associated with changes in HR dynamics.

METHODS
Participants

Twenty patients with PD, as defined by the UK Brain Bank criteria, were recruited from the
outpatient clinic of the Movement Disorders Unit of the Tel Aviv Sourasky Medical Center.
Ten patients reported a history of FOG episodes (PD+FOG) and scored 2 or above on
question 3 of the FOG-Questionnaire28,29 and 10 patients had no or few reported FOG
episodes (PD-FOG). i.e., they answered 0 or 1 on question number 3 on the FOG-
Questionnaire. All patients were tested in the “off” state, at least 12 hours after their last
anti-parkinsonian medications intake. The control group included 15 healthy age-matched
individuals. The healthy controls and the PD-FOG groups were included to serve as
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references for comparison of HR response to challenging locomotion conditions (e.g.,
sudden stops and turns, see below) and to evaluate whether observed HR changes are simply
an expression of the generalized cardiovascular impairment seen in PD.

Participants were included if they were between 50-80 years of age, able to walk unaided
during the “off” medication state, and had no history of other neurological orthopedic or
musculoskeletal disorders that would likely impact their gait. Subjects were excluded if they
scored less than 24 on the Mini-Mental State Examination (MMSE)30 or if they received any
medication known to affect the ANS (e.g., anticholinergics, benzodiazepines, β blockers).
To characterize the subjects, the following clinical measures were assessed: the Unified
Parkinson Disease Rating Scale (UPDRS)31, disease duration, Hoehn & Yahr staging32, the
FOG questionnaire (FOG-Q)28,29 and gait speed in comfortable and fast walking. The study
was approved by the human studies committee of the Tel-Aviv Sourasky Medical Center.
Informed written consent was obtained from all study participants.

Methods and Materials
An ambulatory monitor was used to record 2 electrocardiogram (ECG) leads at a frequency
of 256Hz (Mobi8-2b6a, Twente Medical Systems International). Gait was measured using
insoles with four pressure-sensitive sensors, inserted in each shoe and with a 3-D
accelerometer that was attached to the lower back. The walking protocol (see below) was
also recorded using videotape which was synchronized with the Mobi system to facilitate
observational analysis of FOG.

An episode of freezing was defined as an unintentional interruption of gait in which the
patient failed to make a normal and effective step forward. The FOG episode was considered
to be finished when the participant took at least two consecutive normal steps3,9,24. Each
FOG episode was identified by an examiner with extensive experience in the assessment of
FOG using the video recording. Time annotations obtained from the video were then
corroborated by examining times in which the distinct changes in the acceleration signal
obtained from the anterior- posterior axis of 3D accelerometer occurred (i.e.; an increase in
the high frequency components, as compared to regular locomotion)33-35.

Heart rate and heart rate variability were monitored using the Mobi under 4 conditions: 1)
during 1 minute of comfortable walking, 2) during 1 minute of fast walking, 3) during 1
minute of lying while supine and, 4) during 1 minute of standing. The Mobi recorded the
ECG signals (two orthogonal leads) continuously. Off-line, the QRS, the electrical activity
related to the contraction of the heart's ventricular muscles and typically manifested by a
large change in the ECG waveform, with a high signal to noise ratio, were automatically
identified. The time difference between the peak of the QRS, denoted by R in the waveform
and the next R peak (i.e., the R-R interval) was used to assess heart rate, on a beat-to-beat
basis, and heart rate variability. The R peak timings were extracted from the raw ECG using
a QRS detector, and the RR intervals were defined as the difference between the R peak
timings. HR was defined as 60/RR intervals and HRV was defined as the coefficient of
variation of the measured heart rate. All measures of HR were determined “blinded” to the
determination of FOG.

Protocol
Subjects were assessed in the morning during the patient's “off” state. Participants were
fitted with the monitoring system and then familiarized with the walking protocol. The
protocol was designed to provoke FOG3,9,24 by including fast walks, turns (90°, 180°) and
sudden stops in five different walking tasks: A) Walk for 1-minute at a self-selected pace
along an 18 meter, straight corridor, B) Walk for 1-minute at a fast pace, as if they were
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trying to catch a bus, C) 5 walking trials at a self-selected pace that included 90° turns and
180° turns, with advanced knowledge of the requested action, and sudden instructed stops
(total path length 200 meters). D) Same as in (C) but at a fast pace. E) Walk for 2 minutes in
a circle (4 m diameter) while asked at random times, without advanced knowledge, to
perform sharp, 180° turns in order to change the direction of the walk and 360° on the spot
turns.

After the completion of the walking trials, the patients took their regular morning dose of
levodopa. Once the patients reported that they reached their regular “on” state the full
UPDRS31, MMSE30, and FOGQ28,29 were evaluated along with the evaluation of blood
pressure while supine and after 2 minutes of standing.

Data Analysis
Heart rate measures were matched to the gait data collected during the gait conditions (A
and B). Cardiovascular measures collected during the standing period were measured before
starting the walking trials. The supine measurements were collected after the completion of
the walking trials and after the patients took their regular morning dose of levodopa.
Measurement duration while supine was 15 minutes, but the analysis was only performed on
data from the 1 minute collected after 5 minutes of lying supine (i.e.; from minute 5 to 6) so
that its duration would match that of the other conditions.

To control for different gait conditions (e.g., straight walking vs. turning) and since almost
all of the FOG episodes occurred during turns, we included in this analysis only FOG
episodes that occurred during turns. As there were no differences in the amount or type of
FOG episodes during the comfortable vs. fast walks, the analysis of HR during FOG was
collapsed across all walks without distinguishing between conditions. FOG episodes were
divided depending on their duration; less than 3 seconds, 3-10 seconds and longer than 10
seconds, as per previous suggestions9,28. For each detected FOG episode, HR was examined
in intervals of 3 and 10 seconds before and after the occurrence of FOG (see below). A 3
second window was used to allow for a more precise estimate of changes in HR, while
allowing for a fairly robust estimate of HR (typically based on at least 3 beats). The interval
of 10 seconds (localizing the FOG episodes in the middle of the interval) was used in order
to also examine HRV. HR during FOG episodes that lasted more than 10 seconds were
examined over the entire FOG duration.

In order to evaluate whether HR started to change prior to any FOG episode, we examined
HR in the 3 seconds just prior to the initiation of each FOG episode and compared the
measures obtained to the previous 3 seconds. The same analysis was done for intervals
before sudden stops and 180° turns, i.e., control conditions without FOG, to assess how HR
changes just prior to these conditions that share bio-mechanical properties (i.e., stopping)
that are similar to FOG.

Statistical Analyses
General Linear Models (GLM) were used to investigate between and within group
comparisons. Differences in HR between the four conditions (i.e., supine, standing,
comfortable walking, fast walking) were examined within and between each group. Post hoc
analysis was applied if significant between group differences were observed. HR before
during and after FOG was compared using repeated measures ANOVA and post hoc, paired
t-test was used for comparison of segments before, during and after FOG and before and
during sudden stops and 180° turns. Results were considered significant if α = 0.05.
Statistical analysis was performed using SPSS for Windows version 15.0.
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RESULTS
As summarized in Table 1, no significant differences were found between the groups for
demographic data (p>0.12), height and weight (not shown). Disease duration and total
scores on the UPDRS tended to be higher in the PD+FOG patients, compared to PD-FOG
patients, but UPDRS-motor scores and Hoehn and Yahr stage were similar in both PD
groups. Gait speed was significantly lower in the patients with PD, compared to the healthy
control group, during both comfortable and fast walking (p<0.01) but was not significantly
different between the PD groups (with and without FOG) (p>0.214).

Heart rate and Blood Pressure
As anticipated, differences were observed in HR measures in the four measurement
conditions within all groups (p<0.0001), but there were no significant differences between
the groups (see Table 2). Resting systolic and diastolic blood pressure (see Table 2) and
changes in blood pressure in response to standing (data not shown) were not significantly
different between the groups. Conversely, HRV was generally lower in the patients with PD,
compared to the control group, during all four conditions (p<0.094), yet no differences were
observed between PD-FOG and PD+FOG (p>0.728). HRV did not distinguish between the
four conditions in any of the groups (p=0.980).

FOG episodes
During the protocol, 120 FOG episodes were observed. 83% occurred during turns with 61%
lasting 3 seconds or less. There was no difference in the number, the type or the duration of
FOG episodes between usual and fast walking (p>0.403). It is important to note that most
PD+FOG patients experienced at least 7 FOG episodes, i.e., the number of FOG episodes
was fairly evenly distributed among the PD+FOG patients.

HR increase during and after FOG
Figure 1a shows an example of a FOG episode in which an increase in HR is apparent. This
increase was a consistent finding, whether HR was examined over 10 second or 3 second
intervals. In general, analysis of HR before, during and after a FOG episode demonstrated
significant differences between the measurement periods (p=0.001) (see Figure 2). HR
increased during FOG episodes, compared to HR before FOG (p=0.002). When averaging
HR over a 10 second window, HR increased by an average of 1.8 ± 0.2 bpm (see Figure 2),
compared to the HR before FOG (p=0.001). Analysis of 3 seconds intervals demonstrated a
similar pattern; HR increased by an average of 0.8 ± 0.2 bpm, compared to HR before FOG
(p=0.001). In 83% of the FOG episodes, HR increased during FOG. After FOG, HR tended
to decrease, but it remained higher then HR measured prior to FOG (p<0.0001) (Figure 1).
Conversely, HRV was not significantly different before, during or after FOG (p=0.722).

HR changes during turns and stops
When the subjects (from all groups) were requested to suddenly stop walking (i.e., a sudden
stop, in some ways similar bio-mechanically to FOG), there was a significant decrease in
HR (p<0.0001), based on a 3 second analysis window. During sudden stops without FOG,
HR decreased by 1.4±1.0 bpm (p=0.177) in the PD+FOG group, by 3.2±0.2 bpm (p<0.001)
in the PD-FOG group, and by 2.0±0.8 bpm (p<0.017) in the healthy controls. Similarly, HR
during 180° turns without FOG decreased in all three groups: by 0.6±0.2 bpm (p=0.044) in
the PD+FOG group, by 3.2±0.2 bpm (p<0.0001) in the PD-FOG group, and by 2.7±0.2 bpm
(p<0.0001) in the healthy controls. This finding is in contrast to the increase in HR observed
during turns with FOG episodes (see Figure 3).
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HR Changes before FOG
Comparison between the two consecutive 3 second periods just prior to FOG demonstrated
an increase of 0.7 ± 0.2 bpm in HR in the interval closer to the initiation of FOG, compared
to the interval that occurred earlier (p<0.0001). In fact, an increase in HR was observed prior
to 75% of the FOG episodes. Again, this result was generally observed in all of the PD
+FOG patients. In contrast, the same analysis for the two consecutive 3 second periods just
prior to instructed sudden stops and 180° turns demonstrated no change in HR between the
two segments in any of groups (p>0.10). In other words, HR tended to increase before FOG,
but not before instructed sudden stops or 180° when FOG did not occur.

DISCUSSION
The overall objective of the present study was to examine the possibility that the ANS is
activated in conjunction with FOG in patients with PD. Specifically, we evaluated HR
dynamics since this is a commonly used measure of stress and since an aroused state is
known to affect cardiovascular reactivity by way of an increase in sympathetic cardiac
control, a decrease in parasympathetic control, or both. HR increased by almost 2 bpm
during FOG. In addition, we observed a small, but consistent increase in HR just prior to
FOG. In other words, HR generally increased just before FOG and it increased further
during FOG.

The magnitude of the observed increases in HR during FOG (about 2 bpm) is fairly small.
Still, this small, but significant increase is very similar to that seen when patients with FOG
go from standing to walking (recall Table 2). Thus, in some sense, the cardiovascular
response to FOG is similar to that of the physiologic response to walking in these patients.
Although significant group differences were not observed, it appears as if the cardiovascular
reactivity in response to a physiologic challenge, at least to walking, is somewhat blunted in
the PD+FOG patients, suggesting perhaps that the small change in HR during FOG may
actually underestimate the underlying stress. In this regard, it is also important to keep in
mind the contrast between the increase in HR during FOG and the decrease in HR seen
when turning or when walking was interrupted not as a result of FOG, i.e., by spontaneous
stops. Although the bio-mechanics and the motor function involved in stopping and FOG are
not 100% identical, the comparison of FOG to non-FOG stops is a reasonable starting point
for identifying whether heart rate typically changes when a patient with PD comes to a stop.
The physiologic demands, as a first approximation, are similar in both conditions. During
FOG, sudden stops, and turns, there is a decrease in gait velocity that should, from the
perspective of energy costs, be accompanied by a decrease in HR. Indeed, this decrease was
observed during sudden stops and turns in all subject groups, whereas HR increased during
FOG. This contrast between the HR behavior during FOG, on the one hand, and during
stops and turns, on the other, demonstrates that these events have different effects on
reciprocal sympathetic activation and vagal withdrawal in patients with PD who suffer from
FOG. Apparently, FOG is associated with some form of ANS activation (perhaps secondary
to mental stress or arousal), rather than just changes in the neuro-muscular state.

The small increase in HR observed just prior to FOG, but not before sudden stops and 180°
turns, also supports the less intuitive possibility that ANS activity might even contribute to
and cause FOG and it is not merely a response to FOG. Still, this increase in HR could be
explained in several ways. Several reports have documented that the gait pattern sometimes
deteriorates just prior to the FOG episode12,13,18. Thus, the observed decrease in HR already
before FOG onset might reflect the subtle changes in gait that are taking place before the
complete motor blockade occurs. In other words, according to this possibility, the changes in
HR are a reaction to these motor alterations and not driving them. The present study was not
designed to fully address this question. Since most of the FOG episodes occurred during
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turning when the gait pattern has already deviated from that of steady state, straight line
walking, we were not able to determine if the HR changes preceded any gait changes.
Nonetheless, we can rule out the possibility that a festinating gait – sometimes viewed as an
antecedent to FOG - preceded FOG events. Gait festination was never observed, perhaps
because we focused on FOG that occurred during turns. Therefore, we would suggest that
festination was not a cause of the changes in heart rate observed before FOG. In our view,
the fact that the pre-FOG HR changes might coincide with the pre-FOG gait changes
strengthens the notion that autonomic modulation is, to some extent, related to the
occurrence of FOG and that changes in ANS might be contributing to and not just following
the changes in the gait pattern.

As alluded to above, in general, the present findings can be interpreted in at least two ways.
1. The increase in HR is a response to the arousal and emotional change taking place during
FOG, i.e., it is a reaction to the abnormal motor state. 2. The increase in HR reflects the
potential role of the ANS in the pathogenesis of FOG. Of course, both possibilities could co-
exist. Aspects of this response pattern manifested by an increase in HR during stress have
been reported for numerous stressors including, for example, acute laboratory psychological/
cognitive stressors such as mental arithmetic or speech and real-life acute stressors such as
testing36. Perhaps, turning, time limits, cognitive loading and start initiation, events
associated with FOG21,22,24, are interpreted as stressful situations that lead to a form of
arousal or emotional stress, and hence sympathetic activation, among patients with FOG.

This latter possibility needs to be reconciled with one of the enigmas surrounding FOG: the
fact that often patients who suffer from this symptom at-home do not experience it in the
clinic or laboratory3,5, when patients are likely to be under somewhat increased stress (i.e.,
the white coat syndrome). One explanation that was proposed to explain the relative absence
of FOG in the clinic is that patients utilize more attentional resources in the clinic and during
experiments in which they have become the center of the attention3,22. Perhaps changes in
the relationship between stress, attention and other factors might explain how stress can play
a role in FOG, even though FOG is sometimes alleviated in stressful situations like the
clinic. The changes in heart rate that we observed are consistent with other reports that have
suggested that stress involves autonomic responses and stress may play a role in the
initiation of freezing. Clearly, however, this is not the only factor.

A more intriguing understanding of the observed results is that HR changes just prior to
FOG combine with the abnormal gait patterns previously associated with FOG11-18 to
increase the likelihood that FOG will occur. This small, but highly consistent increase in HR
several seconds prior to FOG suggests that this so-called sudden, episodic event actually
evolves over a relatively long time (i.e., a few seconds). If we are able to more completely
identify all of the processes that lead to FOG, perhaps we will be able to arrest or prevent
this abnormal cessation of gait.

The specific relationships between the ANS and FOG remain to be clarified. It seems
possible, however, that primary or secondary ANS activation might contribute to FOG,
perhaps through higher neurobehavioral systems via the limbic system22,36-38. Although
simple fear conditions can be established and maintained largely by subcortical structures
such as the amygdale36, more generalized stress states entail an attentional focus on threat-
related cues together with a response bias that likely depends on higher-level cortical/
cognitive process39. Perhaps PD patients, who frequently experience FOG while turning or
crossing the street, feel threatened by the situation. This fear condition may be initiated even
before the onset of the turn or crossing the street. In this regard, one can speculate that
cortical regions that have been implicated in anxiety and the areas that have been shown to
have direct monosynaptic projections to brainstem autonomic centers and source nuclei,
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such as the medial prefrontal cortex39,40 may be activated just prior to and during the FOG
episodes. This possibility is consistent with a recent patho-physiological model of FOG in
PD in which limbic system alterations and their effect on basal ganglia circuitry is one of the
keys to FOG occurrence41. Involvement of higher-level cortical/cognitive processes in
altering autonomic branch activity and the involvement of limbic system in provoking FOG
episodes might partially explain the role of different arousal and emotional states in causing
FOG.

ANS activation appears to be associated with FOG in either a cause or effect (i.e., response)
relationship. Thus, one can speculate that eliminating or minimizing emotional and arousal
changes during conditions associated with FOG may reduce FOG intensity, frequency and
duration. Perhaps if patients can learn to better cope with FOG or if they are trained with
auditory or visual cues or psychological tools to deal with stress related to different
situations, FOG propensity may be reduced. Alternatively, selective pharmacological
blockades of the autonomic branches to reduce autonomic excitation, especially of higher
neurobehavioral areas, may perhaps reduce the predisposition to FOG. Pharmacologic
studies that test this idea will likely provide additional insight into the putative cause and
effect relationship between ANS activation and FOG.

Additional studies are needed to further elucidate the origins of the changes in HR during
and apparently just prior to FOG and the role of arousal and the emotional state. There are a
number of different ways to interpret the present findings and future work is needed to
definitively explain the observed results. Competing hypotheses could explain the observed
HR dynamics in patients with FOG. Perhaps, future study of HR during upper extremity
tasks or other manual tasks that are challenging to patients with PD or patients with freezing
more specifically10 can be used to test these hypotheses. In addition, it might be helpful to
measure gait speed, HR and FOG, and perhaps other measures of autonomic function, on a
continuous basis to study how HR and ANS function changes with FOG with a higher
degree of time resolution, perhaps in straight line situations where it will be easier to
identify changes in the gait pattern just prior to FOG. In the mean time, as far as we know,
this report is the first to quantitatively measure HR measured before and during FOG and to
document changes associated with FOG. Thus, we anticipate that the present findings will
motivate additional studies that can more fully address the questions that were raised and, in
this way, it will help to move the field forward in a search for a more complete
understanding of the role of ANS activation in an episodic motor phenomenon that has
debilitating consequences for many patients with PD.
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Figure 1a.
Data recorded from one patient with PD and FOG during half a minute of walking. The
upper trace depicts an acceleration time series from the anterior-posterior axis of a 3
dimensional accelerometer. Between 782-787 seconds, the rhythmic pattern of the
acceleration disappears and evidence for “freezing” can be seen; the time during which FOG
was observed from the video are indicated by the horizontal arrows. In the lower trace, an
increase in HR can be observed during FOG.
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Figure 1b.
Data recorded from one patient with PD and FOG during an instructed sudden stop. As in
Figure 1a, the upper trace depicts acceleration time series from the anterior-posterior axis of
a 3 dimensional accelerometer. Between 4908-4920 seconds, the rhythmic pattern of the
acceleration becomes flat, consistent with the absence of walking. In the lower trace, a
decrease in HR can be observed during the sudden stop. Contrast this to Figure 1a.
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Figure 2.
Heart rate (HR) before, during, and after FOG episodes. HR significantly increased during
FOG, compared to HR before. The HR increase, relative to pre-FOG HR, was also seen
immediately after the cessation of the FOG episodes. These results are based on the analysis
of 10 second windows; similar results were obtained using 3 second windows.
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Figure 3.
Change in heart rate average during FOG episodes and during sudden stops. In healthy
controls (CO), in PD-FOG patients, and in PD+FOG patients, heart rate decreased during
sudden stops; in each group, there was a mean decrease of 1 bpm during the stops. In
contrast, during FOG, there was an increase of 1.8 bpm during FOG. These results are based
on the analysis of 10 second windows.
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