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ARTICLE INFO ABSTRACT

Introduction: Tandem gait abnormalities have been reported to increase with advancing age, play a role in fall-
prediction in Parkinson's disease, and distinguish it from atypical parkinsonism. Tandem gait has been scored
Falls based on the number of side steps off a straight line in these studies. Objective measurement of spatiotemporal
Parkinson's disease tandem gait parameters in Parkinson's disease has not been previously reported.

Freezing of gait Methods: Subjects (74 Parkinson's disease and 28 controls) were enrolled after IRB approval. Those with more
than 1 fall/day or a Montreal Cognitive Assessment score < 10 were excluded. Subjects tandem walked (“heel to
toe”) on a 20 foot pressure-sensor mat. Data was collected and analyzed using PKMAS software (Protokinetics).
Results: Compared to controls, on tandem gait, Parkinson's subjects had increased step width, stride width and
path width, with a slower stride velocity and an increased time spent in all phases of the gait cycle. Parkinson's
subjects also applied greater pressure with each step and had greater step-to-step variability in tandem gait
measures. While Hoehn & Yahr stage 1 subjects were not significantly different from controls, stage 2 and
2.5 + groups were different. Parkinson's subjects with freezing of gait also walked with a wider base compared
to those without gait freezing. Tandem gait spatiotemporal parameters were not correlated with fall frequency.
Conclusions: Tandem gait is impaired in Parkinson's disease in a stage-dependent manner, with wider base and
increased step-to-step variability, which could suggest involvement of cerebellar and mediolateral balance
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pathways.

1. Introduction

Parkinson's disease (PD) is the second most common neurodegen-
erative disorder, affecting about 1% of adults over the age of 60 years
[1]. Bradykinesia, tremor, rigidity, and postural instability are the four
cardinal features of PD, however, gait is also very commonly impaired,
especially as the disease progresses. Declining gait and balance man-
ifests as falls, freezing of gait and development of fear of falling, all of
which contribute to decreased quality of life, increased caregiver de-
pendence and fall associated morbidity and mortality [2].

Gait imbalance or gait ataxia is often assessed on the clinical exam
using tandem gait (TG). Tandem gait abnormalities have been reported
to increase with aging [3,4], have been used to distinguish between
idiopathic PD and atypical forms of parkinsonism (AP) [5-8], and have
also been used in models of fall prediction in PD [9]. More recently,
side-steps on tandem gait were reported in 63.5% of Hoehn & Yahr (H&
Y) Stage 2 and 100% of H&Y Stage 2.5-3 PD patients [10]. However,
while gait in PD patients is commonly tested in the clinical setting by

monitoring for decreased stride length and heel strike while walking in
a hallway, tandem gait has not yet been incorporated into the Unified
Parkinson's Disease Rating Scale (UPDRS).

Objective quantification of steady state gait and balance in PD has
been pursued using pressure sensor impregnated gait mats [11],
wearable sensors [12] and motion capture systems [13]. Spatio-
temporal gait assessments have also been utilized to characterize
tandem gait deficits in healthy non-falling subjects [4], and subjects
with essential tremor [14,15]. However, studies have limited assess-
ment of tandem gait in PD subjects to visual inspection of the tandem
walk, with impairment documented as the number of times a subject
took a step off from their straight tandem path (termed side step in most
studies) [5-10]. Quantifiable objective markers would help in mon-
itoring of therapeutic interventions, such as during clinical trials, as
well as more concise monitoring of disease progression. We therefore
conducted this study to objectively determine whether tandem gait was
affected in clinical PD and whether disease severity impacted its pre-
valence. Due to reported mediolateral postural impairment [16] and

* Corresponding author. University of Arkansas for Medical Sciences, 4301 W. Markham St., #500, Little Rock, AR, 72205, USA.

E-mail address: TVirmani@uams.edu (T. Virmani).

https://doi.org/10.1016/j.parkreldis.2019.09.023

Received 6 March 2019; Received in revised form 7 August 2019; Accepted 22 September 2019

1353-8020/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/13538020
https://www.elsevier.com/locate/parkreldis
https://doi.org/10.1016/j.parkreldis.2019.09.023
https://doi.org/10.1016/j.parkreldis.2019.09.023
mailto:TVirmani@uams.edu
https://doi.org/10.1016/j.parkreldis.2019.09.023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.parkreldis.2019.09.023&domain=pdf

R. Sharma, et al.

dysfunctional cerebellar connectivity in PD FOG subjects [17,18], we
also wanted to determine if tandem gait could help differentiate PD sub-
populations.

2. Methods
2.1. Participants

A total of 74 subjects with idiopathic PD, based upon the UK Brain
Bank criteria, were recruited from the Movement Disorders Clinic at the
University of Arkansas for Medical Sciences after obtaining approval
from the institutional review board, and in compliance with the
Declaration of Helsinki guidelines for research involving human sub-
jects. Family members were asked to participate as healthy controls
(HC) with 28 subjects participating in the study. All subjects provided
written informed consent prior to any study activities being performed.
Exclusion criteria included more than 1 fall/day, Montreal cognitive
assessment (MoCA) score < 10, and the use of anti-dopaminergic
medications in the year prior to assessment. PD subjects were also
classified based on Hoehn and Yahr (H&Y) staging score [19] with 11
stage 1, 46 stage 2, and 17 stage 2.5 and higher participating. 35 PD
subjects meet the criteria for probable or definite FOG by Snijders et al.
[20] while the remaining 39 constituted the non-freezers (no-FOG).

2.2. Clinical assessments

All subjects received a complete Unified Parkinson's Disease Scale
(UPDRS) [21] assessment (by T.V), the Giladi Freezing of Gait Ques-
tionnaire (FOG-Q) [22], and a Montreal Cognitive Assessment (MoCA)
[23]. Equivalent levodopa doses were calculated based on 100% and
70% bioavailability for immediate and extended release formulations,
respectively [24].

2.3. Gait protocol and analysis

All PD subjects on levodopa were assessed in the ON medication
state. Subjects were instructed to walk “heel touching toe”, “similar to
the drunk walk if the police pulled you over”, one length of a 20 foot
long by 4 foot wide pressure sensor impregnated mat (Zeno Walkway,
ProtoKinetics, Havertown, PA). The tandem walk was also demon-
strated to each subject before they started. Data was collected and
analyzed using proprietary software (PKMAS, Protokinetics). Footsteps
were selected first using PKMAS's intrinsic algorithm for footstep de-
tection and then each individual trial was manually corrected where
needed. Side steps (when subjects stepped off the tandem path to cor-
rect for imbalance) were documented, analyzed separately but excluded
in the TG spatiotemporal parameters analysis in order to study the
continuous portion of tandem gait, analogous to exclusion of freezing
episodes in continuous gait analysis. The majority of the spatiotemporal
parameters were calculated using PKMAS's intrinsic functions, in-
cluding foot area, integrated pressure, step length, stride length, stride
width, stride velocity, path width, single support percentage, and
double support percentage. We previously defined two additional
parameters not included in PKMAS [4]; path width (the width between
the center of pressure coordinates of the two most lateral footsteps over
the entire 20’ tandem walk) and step width (the width between the
center of pressure coordinates for each set of consecutive steps). Mean
and step-to-step variability (measured as the percent coefficient of
variation, %CV) was calculated for each parameter. Spatiotemporal
parameters were compared between the HC and PD groups, but also
within the PD group based on (1) H&Y staging and (2) presence or
absence of FOG.

2.4. Statistical analysis

Statistical analysis was done using SPSS version 24. Normality of
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data for each parameter was determined by the Schapiro-Wilk test. For
all normally distributed data, statistical comparisons between groups
was determined by one-way ANOVA with post hoc Bonferroni correc-
tion for multiple comparisons where indicated. For nonparametric data,
the Kruskal-Wallis test was used for all comparisons with post hoc
Bonferroni correction. Pearson's correlation coefficients were calculated
for fall frequency relationships to tandem gait spatiotemporal para-
meters.

3. Results
3.1. Parkinson's disease versus healthy control subjects

A total of 102 subjects were enrolled in the study (74 PD, 28 HC).
Not unexpectedly, PD subjects had lower MOCA scores and higher
UPDRS and FOG-Q scores than HC (Supplementary Table 1). Only 2 HC
(7.1%) had side steps (steps taken off to the side of the expected straight
path) during their tandem walk, compared to 44 PD subjects (59.5%).
On spatiotemporal gait analysis, subjects with PD had a higher mean
step width, stride width, path width, step time, stride time, stance and
swing times, single and total double support times, integrated pressure
applied per footstep, and ambulation time (Fig. 1). PD subjects also had
slower stride velocity and cadence compared to HC (Fig. 1) while foot
measurements were similar between groups. There was significantly
higher %CV in measured spatiotemporal parameters of TG in the PD
subjects except with stride width and foot measurements (Fig. 2).
Stance COP distance, which is a measure of foot strike, was also more
variable in PD subjects compared to controls (Fig 2P).

In PD subjects with self-reported falls in the 3 months prior to their
TG assessment, there were no significant differences in TG spatio-
temporal parameters, either in mean or %CV, compared to PD subjects
without falls (data not shown). The presence or absence of side steps
was also similar in fallers vs non-fallers (p = 0.211).

3.2. Disease progression analysis based on Hoehn and Yahr staging

PD subjects were also grouped according to their H&Y staging with
subjects with postural instability (Stage 2.5 and higher; H&Y2.5+)
combined into a single group for the purposes of this analysis (11 H&
Y1, 46 H&Y2, 17 H&Y2.5+). There was a H&Y stage-dependent in-
crease in mean MOCA scores, disease duration, and motor UPDRS
scores that were not statistically significant between the PD groups
(Supplementary Table 2). Total UPDRS scores and levodopa dose was
significantly higher in the H&Y2 and H&Y2.5 + groups compared to
the H&Y1 group (Supplementary Table 2).

While all three PD groups had significantly higher percent of sub-
jects with side steps than HC, there were no differences within PD
groups that reached statistical significance (Supplementary Table 2).
On spatiotemporal analysis, there were no mean gait parameters that
were significantly different between HC and H&Y 1 subjects (Fig. 2). H
&Y2 and H&Y2.5 + groups, however, had a stage-dependent increase
in mean step width, stride width, path width, step time, stride time,
stance time, total double support times, integrated pressure applied per
footstep, and ambulation time compared to controls (Fig. 3), although
these parameters did not reach significance between the PD groups.
There was however a stage-dependent increase in %CV in step length,
step time, stance time, and integrated pressure that was significantly
different between the H&Y1 and H&Y2.5 + groups (Fig. 3).

3.3. Freezing of gait group analysis

We also grouped and analyzed PD subjects according to the pre-
sence (FOG) or absence (no-FOG) of freezing of gait (39 no-FOG, 35
FOG). The FOG group had a higher total but not significantly higher
motor UPDRS score, and was on a higher total daily levodopa dose than
the no-FOG group (Supplementary Table 3). On TG spatiotemporal
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Fig. 1. Mean spatiotemporal parameters of tandem gait in healthy controls (black bars) compared to Parkinson's disease subjects (white bars).

analysis, mean step width and path width were significantly higher in
FOG subjects compared to no-FOG (Fig. 4). There was also significantly
higher %CV in step length and stride length in the FOG group (Fig. 4).

4. Discussion

Here we report for the first time, objective measures of TG in a
cohort of 74 subjects with clinically diagnosed idiopathic PD.
Compared to 28 healthy controls, PD subjects when performing the TG
task took wider, but not longer steps, and had a slower stride velocity
with an increased time spent in all phases of the gait cycle. PD subjects
also applied greater pressure with each step (Fig. 1), and had greater
step-to-step variability in TG measures (Fig. 2). These deficits were
likely disease stage-dependent as H&Y stage 1 subjects were not sig-
nificantly different from controls, as opposed to stage 2 and
2.5 + groups that were different (Fig. 3). Additionally, PD FOG subjects
tandem walked with a wider base, as evidenced by a larger mean step
width and path width, and also had increased step-to-step variability in
step and stride length (Fig. 4).

The major strengths of our study are that, to our knowledge, this is
the first report of a prospectively enrolled, large population of PD
subjects, along with healthy control volunteers, who underwent
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objective TG evaluations. Previously published studies of tandem gait
differences between PD and AP subjects have relied on subjective visual
documentation of side steps during a 10 step tandem walk [5,7,9,25].
Combining the results from these past studies, approximately 42% of
the total 265 PD subjects reported in the literature had side steps (range
8-57%), with a mean age of 64.9 years (range 57.5-67 years), and
mean disease duration of 4.7 years (range 2.5-8.4 years). In our cohort,
a larger percentage (almost 60%) met this definition of abnormal TG
with at least one side step, with a similar age and slightly longer disease
duration (Supplementary Table 1). The difference could partially be
due to our longer task, with subjects walking 20 feet compared to 10
steps. However, it also suggests that lengthier evaluations may be
needed to tease out the deficits in PD subjects. While we cannot rule out
fatigue as an etiology for side steps, these occurred even at the begin-
ning of TG trials, and none of the subjects reported any subjective fa-
tigue with the single 20-foot tandem walk. Our results are more in line
with a recently published study showing 63.5% of H&Y2 and 100% of H
&Y2+ subjects show side steps on TG [10].

TG has previously been proposed to distinguish between patients
with PD and Atypical Parkinsonism (AP) with a high sensitivity and
specificity [5,7], and when combined with axial UPDRS scores, slow
saccadic eye movements and dysphagia, gave an area under the curve
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Fig. 2. Step-to-step variability (%CV) in spatiotemporal parameters of tandem gait in healthy controls (black bars) compared to Parkinson's disease subjects (white

bars) showing both mean and step-to-step variability (%CV).

(AUC) of 0.93 [8]. In our study, a higher percentage of PD subjects had
side steps than previously reported, albeit with a longer protocol (20
feet vs 10 steps). Our results would therefore significantly lower the
sensitivity and specificity of counting side steps alone to distinguish PD
from AP. We also found that, compared to HC, side steps were in-
creased, and objective measures of TG were more significantly im-
pacted in stage 2 and stage 2.5 + disease (Fig. 2). Even though there
were no statistically significant differences between age or H&Y scores
in previously published individual studies [5,7,8], they were still pre-
sent, and combining the published data from these three studies, sub-
jects had an older age (59.3 vs 66.0 years; PD vs AP; n = 152 and 175
respectively), and higher H&Y scores (2.2 vs 2.8; PD vs AP; n = 116 and
126 respectively) in the AP group. This is an important point to
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consider because, along with another group, we have previously shown
that objective TG measures decline with age [3,4]. Additionally, our
current results suggest that PD subjects with stage 2 and higher disease
staging also have quantifiable and significant differences in TG com-
pared to HC. Together these suggest that prospective studies measuring
objective TG in AP patients, and comparing to age related norms as well
as PD patients, would be important to further validate the use of TG to
differentiate between PD and AP. If further validated, counting side
steps would be more easily incorporated into a clinical movement
disorders examination due to the cost and time needed to perform more
objective gait analysis.

PD subjects with self-reported falls in the 3 months prior to their
study visit did not have any significant differences in their mean or
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Fig. 3. Spatiotemporal parameters of tandem gait in Parkinson's disease patients as a function of Hoehn and Yahr stage, plotted as a percentage of healthy controls.

%CV TG parameters compared to non-fallers, nor did their fall fre-
quency correlate with any TG parameters. This suggests that even
though balance pathways that are involved in TG are affected in PD
patients, they may not play as prominent a role in development of falls,
as is the case for postural instability and FOG [2,26].

We also report for the first time that TG may be differentially af-
fected in PD patients with FOG. In out cohort, PD FOG subjects had a
wider step-to-step width and path width (width of the mat used during
tandem walk) compared to no-FOG, implicating impaired mediolateral
postural control. Impaired mediolateral postural control has been pre-
viously shown in PD FOG subjects, as a wider scatter in center of
pressure (COP) traces along the mediolateral plane, compared to no-
FOG, when performing the sit-stand-walk transition [16]; another task
requiring dynamic postural control. In patients with AP, the TG im-
pairment has also been attributed to mediolateral postural instability,
and has been suggested to be due to cerebrellar involvement in patients
with Multiple System Atrophy (MSA) and superior cerebellar peduncle
involvement in Progressive Supranuclear Palsy (PSP) [5,6].

Dysfunction in the cerebellar circuitry has been implicated in the
development of FOG. Fasano et al. [27] found that 13/14 cases of acute
lesion-induced FOG in the literature, could be functionally connected to
the dorsal medial cerebellum using the technique of lesion network
mapping, a region that is part of the cerebellar locomotor region (CLR).
Fling et al. [17] showed increased communication between the CLR
(and mesencephalic locomotor region (MLR)) and the supplementary
motor area (SMA) in PD FOG compared to no-FOG on fMRI, which was
correlated with higher clinical ratings of FOG and higher scores on the
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new freezing of gait questionnaire. Bharti et al. [18] showed that
functional connectivity within the CLR was higher in PD FOG compared
with controls and the dentate nucleus (part of the neo-cerebellum to
cerebral cortex pathway important in cognitive control of gait and
posture) had decreased functional connectivity with the prefrontal and
parieto-occipical cortices compared to no-FOG. Taken together, the
clinically evident decreased mediolateral control in PD FOG subjects on
TG, along with impaired cerebellar connectivity in both motor and
cognitive pathways, suggests that dysfunctional cerebellar pathways
may play a significant role in the development of freezing of gait. This
may be more so in levodopa (or dopamine) resistant forms of freezing
that occur in PD but also in AP, stroke and primary freezing of gait, but
larger cohorts would be required to answer this question.

On TG, PD FOG also had increased step-to-step variability in step
length and stride length compared to no-FOG subjects, which could be a
corollary of the decreased step length seen in steady state gait [11,28].
Inclusion of tandem gait step width and step length variability in pre-
dictive models of FOG may therefore be indicated in the future.

TG dysfunction is not solely dependent on cerebellar pathways, as
sensory or vestibular dysfunction can also lead to impaired TG [29].
While vestibular function is primarily impaired on an eyes-closed ver-
sion of the tandem walk [30], sensory ataxia is manifested with eyes
open. One limitation of our study therefore was that quantitative vi-
bratory sensation testing was not available on all patients and therefore
a component of sensory neuropathy contributing to the observed TG
impairment cannot be excluded.

TG is also affected in other movement disorders and is included in
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the Scale for the Assessment and Rating of Ataxia (SARA) as well as the
Unified Huntington's disease rating scale (UHDRS). Interestingly, some
of our TG findings in PD patients are similar to those previously re-
ported in Essential tremor (ET) [14,15]. In both PD (our study) and ET
[15] on TG, velocity and cadence were decreased, mean step length was
unchanged with an increase in stride length, step time variability, and
an increased number of side steps (or mis-steps). However in PD, we
found increased mean step width, stride width and path width with
decreased stride width variability, although no difference in the cor-
responding measure of support base was reported in ET [15]. Pro-
spective studies using objective gait measures may therefore also help
differentiate complicated cases of ET and PD without the need for an
expensive DAT SPECT scan.

In summary, our study has shown that objective impairment in TG is
present in PD with increased impairment in an H&Y stage-dependent
manner. In addition, PD FOG subjects showed selectively worsened step
width, suggesting greater mediolateral impairment. These findings
support a greater role of TG in the evaluation of patients with
Parkinsonism and possible future inclusion into PD rating scales.
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