
Journal of Biomechanics 92 (2019) 98–104
Contents lists available at ScienceDirect

Journal of Biomechanics
journal homepage: www.elsevier .com/locate / jb iomech

www.JBiomech.com
Gait stride-to-stride variability and foot clearance pattern analysis in
Idiopathic Parkinson’s Disease and Vascular Parkinsonism
https://doi.org/10.1016/j.jbiomech.2019.05.039
0021-9290/� 2019 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: LIAAD-INESC TEC, Rua Dr. Roberto Frias, 4200-465
Porto, Portugal.

E-mail addresses: flora.ferreira@gmail.com (F. Ferreira), miguelfgago@yahoo.
com (M.F. Gago), estela.bicho@dei.uminho.pt (E. Bicho), njcsousa@ecsaude.uminho.
pt (N. Sousa), pprodrigues@med.up.pt (P.P. Rodrigues), cgf@isep.ipp.pt (C. Ferreira),
jgama@fep.up.pt (J. Gama).
Flora Ferreira a,⇑, Miguel F. Gago b,c,d, Estela Bicho e, Catarina Carvalho c, Nafiseh Mollaei e,
Lurdes Rodrigues b, Nuno Sousa c,d, Pedro Pereira Rodrigues f, Carlos Ferreira a, João Gama a

a LIAAD, INESC TEC, Porto, Portugal
bNeurology Department, Hospital da Senhora da Oliveira, Guimarães, EPE, Portugal
c Life and Health Sciences Research Institute (ICVS), School of Medicine, University of Minho, Portugal
d ICVS-3Bs PT Government Associate Laboratory, Portugal
eAlgoritmi Center, Department of Industrial Electronics, University of Minho, Portugal
fCINTESIS, Faculty of Medicine University of Porto, Portugal
a r t i c l e i n f o

Article history:
Accepted 24 May 2019

Keywords:
Vascular Parkinsonism
Idiopathic Parkinson’s disease
Toe and heel clearance
Short and long-term gait variability
Levodopa
a b s t r a c t

The literature on gait analysis in Vascular Parkinsonism (VaP), addressing issues such as variability, foot
clearance patterns, and the effect of levodopa, is scarce. This study investigates whether spatiotemporal,
foot clearance and stride-to-stride variability analysis can discriminate VaP, and responsiveness to levo-
dopa.
Fifteen healthy subjects, 15 Idiopathic Parkinson’s Disease (IPD) patients and 15 VaP patients, were

assessed in two phases: before (Off-state), and one hour after (On-state) the acute administration of a
suprathreshold (1.5 times the usual) levodopa dose. Participants were asked to walk a 30-meter contin-
uous course at a self-selected walking speed while wearing foot-worn inertial sensors. For each gait vari-
able, mean, coefficient of variation (CV), and standard deviations SD1 and SD2 obtained by Poincaré
analysis were calculated. General linear models (GLMs) were used to identify group differences.
Patients were subject to neuropsychological evaluation (MoCA test) and Brain MRI.
VaP patients presented lower mean stride velocity, stride length, lift-off and strike angle, and height of

maximum toe (later swing) (p < .05), and higher %gait cycle in double support, with only the latter unre-
sponsive to levodopa. VaP patients also presented higher CV, significantly reduced after levodopa. Yet, all
VaP versus IPD differences lost significance when accounting for mean stride length as a covariate.
In conclusion, VaP patients presented a unique gait with reduced degrees of foot clearance, probably

correlated to vascular lesioning in dopaminergic/non-dopaminergic cortical and subcortical non-
dopaminergic networks, still amenable to benefit from levodopa. The dependency of gait and foot clear-
ance and variability deficits from stride length deserves future clarification.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Parkinsonian syndromes are manifested by bradykinesia, rigid-
ity, gait impairment and postural instability, with heterogeneous
etiologies, ranging from Idiopathic Parkinson’s Disease (IPD) to
atypical Parkinsonian syndromes, such as Vascular Parkinsonism
(VaP) (Obeso et al., 2017). Even IPD can manifest with different
phenotypes, tremor, akinetic-rigid, postural instability, and gait
disorder, with the last two sharing overlapping features with
VaP. Although IPD has a higher prevalence of over 180/100 000
inhabitants (Ferreira et al., 2017), the differential diagnosis of
Parkinsonian syndromes is not always straightforward.

VaP is a less frequent Parkinsonian syndrome (3–5% of patients
with Parkinsonism) (Zijlmans et al., 2004). It is characterized by
lower body Parkinsonism, marked gait difficulty, a relatively sym-
metrical distribution of bradykinesia and rigidity, less tremor but
frequent pyramidal tract signs and dementia, and a poor response
to levodopa (Zijlmans et al., 2004). The acute challenges of levo-
dopa, especially in the case of suprathreshold doses, are used to
estimate the maximum function of the dopaminergic nigro-
striatal-thalamic-cortical circuits and to infer differential diagnosis
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(Albanese et al., 2001). Yet, there are no clear guidelines as to the
quantity of levodopa which should be administered in IPD, and
even less in VaP, with most authors defending individualized treat-
ment based on clinical judgment. A greater challenge is presented
by the rising body of evidence which indicates that cerebrovascular
lesions alter the natural history of IPD, conditioning mixed or even
overlapping syndromes with VaP (Rektor et al., 2018). Although
the controversy surrounding the criteria for pure Vascular Parkin-
sonism is beyond the scope of this article (Vizcarra et al., 2015), the
aforementioned difficulties clearly justify additional clinical
biomarkers. As such, gait analysis may allow one to objectively
quantify the benefit of levodopa on the several domains of gait
and will aid in a differential diagnosis.

The growing body of evidence suggests that gait stride-to-stride
variability, often measured by using standard deviation and coeffi-
cient of variation, provides disease-specific information (Hausdorff,
2007). In fact, higher values of gait variability have been associated
with the freezing of gait in IPD, greater instability, and the risk of
falls (Bryant et al., 2011). Quantitative Poincaré plot analysis offers
an additional descriptive method for the assessment of gait variabil-
ity (Hollman et al., 2016). The Poincaré plot is a graphic representa-
tion of consecutive data points that can be used to quantify
measures of short- and long-term variability (Golińska, 2013).

The effect of levodopa on gait variability is not altogether clear.
Some studies have shown that levodopa can decrease the variabil-
ity of only some of the gait variables (step time, swing time, stride
length and stride velocity) (Bryant et al., 2011; Bryant et al., 2016).
Others have reported no effect in the variability of double support
time and postural control, which mirror the involvement of non-
dopaminergic structures (Galna et al., 2015; Bryant et al., 2016).
This is of special relevance in the case of VaP, where cerebrovascu-
lar lesions may heterogeneously impair dopaminergic and non-
dopaminergic networks. Furthermore, gait analysis studies are
scarce in VaP (Zijlmans et al., 1996), and none of which have inves-
tigated gait variability and foot clearance pattern.
Table 1
Demographic, anthropometric and clinical variables.

VaP (n = 15) IPD (n = 15) Control (n =

Sex (percent male) 60% 80% 33%
Age 79.5[73,90] 78[67,83] 77[65,85]
Weight (kg) 65.1[50.6,85.0] 68.0[57.0,95.0] 68.0[57.8;8
Height (m) 1.63[1.44;1.76] 1.66[1.52;1.79] 1.63[1.53,1.
Body Mass Index (kg/m2) 26.1[19.6,31.8] 27.2[21.2,31.4] 25.5[23.1,29
MoCA 12[4,21] 17[4,22] 21[16,29]
Disease duration (years) 3[2,5] 4[2,11] –
Levodopa total dose 550[345,1100] 675[400,1815] –
Levodopa challenge dose 300[200,375] 300[200,1064] –
UPDRS-III, Off-state 44[22,70] 47[28,73] –
UPDRS-III, On-state 38[17,67] 22[9,47] –
Off vs On p < .001e p < .001e –
Bradykinesia, Off-state 21[9,34] 24[12,35] –
Bradykinesia, On-state 21[6,33] 12[3,22] –
Off vs On p=.001e p < .001e –
Rigidity, Off-state 11[9,19] 11[6,15] –
Rigidity, On-state 9[4,15] 6[2,12] –
Off vs On p < .001e p < .001e –
PIGD, Off-state 8[4,15] 6[1,11] –
PIGD, On-state 3[1,12] 3[1,8] –
Off vs On p < .001e p < .001e –

Data is presented as median [minimum, maximum].
Bradykinesia, rigidity, and PIGD were calculated from the specific MDS-UPDRS items as
(pronation-supination movements), 3.7 (toe tapping), 3.8 (leg agility) and 3.14 (global s
(arising from the chair), 3.10 (gait), 3.11 (freezing of gait), 3.12 (postural stability), 3.13

a One-Way ANOVA test.
b Tukey HSD correction as Post hoc.
c Mann-Whitney U test.
d Paired t-test.
e Independent t-test.
IPD patients typically walk at a slower walking velocity, mostly
due to reduced step length (Almeida et al., 2007; Alcock et al.,
2018). Studies on foot clearance (toe and heel height during swing
phase), as well as foot angles before (lift-off angle) or after (strike
angle) the swing phase are relatively scarce. The strike angle (Ginis
et al., 2017) and the step length (Alcock et al., 2018) were reported
to be significant determinants of foot clearance. Foot clearance pat-
terns are critical, as insufficient or higher fluctuations in swing foot
progression have been related to a higher risk of tripping and fall-
ing in the elderly population and IPD patients (Dadashi et al.,
2014). In a novel study concerning the effect of levodopa on foot
clearance (Cho et al., 2010), levodopa was shown to be ineffective
in normalizing foot dynamics completely. Yet, this study must be
replicated in other cohorts, mostly accounting to the heterogeneity
of IPD, but also contemplating other parkinsonian syndromes such
as VaP.

The primary objective of the present study is to evaluate spa-
tiotemporal and foot clearance gait stride-to-stride variability in
VaP in comparison to IPD, and to seek to identify discriminative
variables. Furthermore, the effect of levodopa on different gait vari-
ables is also investigated. We hypothesized that VaP patients have
a different gait profile, with a distinctive foot clearance pattern
(lower lift-off and strike angle), with higher variability, with lower
response to levodopa.
2. Methods

2.1. Subjects and clinical assessment

Fifteen VaP patients (fulfilling criteria for VaP (Zijlmans et al.,
2004)), and 15 IPD age-matched patients (fulfilling MDS-PD crite-
ria (Postuma et al., 2015)) with a predominant symmetric akinetic-
rigid phenotype, were consecutively recruited from our Movement
Disorder outpatient consultations. Of the different IPD clinical sub-
types � including tremor, postural instability, gait disorder, and
15) All Groups VaP vs. IPD IPD vs. Control VaP vs. Control

– – – –
p=.017a p = .085b p = .018b p = .783b

1.4] p=.175a – – –
77] p=.182a – – –
.5] p=.655a – – –

p < .001a p = .046b p < .001b p = .044b

– p=.034c – –
– p = .077c – –
– p = .436c – –
– p=.904d – –
– p < .001d – –
– – – –
– p=.590d – –
– p=.005d – –
– – – –
– p=.393d – –
– p=.005d – –
– – – –
– p=.041d – –
– p=.723d – –
– – – –

follow: bradykinesia (sum of items 3.4 (finger tapping), 3.5 (hand movements), 3.6
pontaneity of movements); rigidity (item 3.3 (rigidity)) and PIGD (sum of items 3.9
(posture) and 3.14 (global spontaneity of movements)).
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akinetic-rigidity � the latter revealed the most substantial overlap
with VaP (Obeso et al., 2017), reinforcing the added value of gait
analysis as a differentiator. Patients and healthy subjects were
excluded if they had a history of an orthopedic, musculoskeletal
or vestibular disorder, or alcohol abuse. Patients presented inde-
pendent, but impaired gait (UPDRS Subscore 3.10 - Gait > 1 point),
and VaP patients displayed lower body Parkinsonism related to
acute or chronic cerebrovascular disease (6 patients exhibited an
acute presentation, and 9 had an insidious presentation of VaP)
(Supplementary material 1). The severity of dementia was graded
according to the Clinical Dementia Rating scale (CDR) (Morris,
1993), and VaP patients with moderate-severe dementia
(CDR > 1), resting tremor, neuroleptic therapy, brain trauma,
supranuclear palsy, retrocollis, cerebellar signs, dystonic and/or
alien limb, respiratory stridor, orthostatic hypotension
(>30 mmHg), or motor deficits, whether related or unrelated to
strokes, were excluded. Re-confirmation of diagnosis and levodopa
response was performed during a longitudinal follow-up (Table 1).
Demographic, anthropometric and clinical data (years of disease
duration, as well as the Levodopa Equivalent Daily Dose
(Williams-Gray et al., 2007)), scores of MDS-Unified Parkinson’s
Disease (MDS-UPDRS-III) and the Hoenh-Yahr scale (M. D. S. T. F.
on Rating Scale for Parkinson’s Disease, 2003) were collected by
a movement disorders specialist (second author, MG). A brief neu-
ropsychological examination, the Montreal Cognitive Assessment
test (MoCA) (Freitas et al., 2011), was performed. Patients were
evaluated in the ‘‘Off-state’’, in the morning, after 12 h without
any dopaminergic medication. Afterward, they were given
suprathreshold dopaminergic medication, 150% of their usual
Fig. 1. Toe and heel height during swing phase as well as angles between the foot and th
ground (strike angle) (A) (Adapted from GaitUp� document support. Used with permis
continuous course for a healthy subject (green line), an Idiopathic Parkinson’s disease (
Poincaré plot represents data from each individual stride during a gait walk, x(n), on the
and SD2 (long-term variability) represents the dispersion along minor and major axis of t
angle) and higher variability over the mean (coefficient of variation) (CV = 17.7%). IPD p
LSW denote early and late swing, respectively. (For interpretation of the references to c
morning dose, and were re-examined 60 min later (‘‘On-state’’).
The study protocol and consent forms were approved by the hospi-
tal local ethics committee, and all participants provided informed
written consent.
2.2. Gait analysis

The participants were asked to walk a 30-meter continuous
course at a self-selected walking speed. Two Physilog� sensors
(GaitUp�, Switzerland), one on each foot, were fixed on the upper
part of the shoe with an elastic strap. Physilog� is a standalone
inertial measurement unit with wireless synchronization, includ-
ing a tri-axial accelerometer, a tri-axial gyroscope, a tri-axial mag-
netometer, and a barometric pressure sensor. Using the software
provided by GaitUp� featuring a patented fusion algorithm based
on gait events detection, signal de-drifting, strap down integration,
and biomechanical modeling, the spatiotemporal and foot clear-
ance (panel A of Fig. 1) variables were assessed for each stride
and subsequently extracted as previously described and validated
(Dadashi et al. 2014; Mariani et al. 2010).

In order to evaluate straight walking alone, without any varia-
tions due to the initiation and termination of gait, the two strides
for initiation and termination were discarded.
2.3. Measures of stride-to-stride variability

For each gait time series, the arithmetic mean (X
�
), the standard

deviation (SD) and the standard deviation of the successive differ-
e ground when the toe leaving the ground (lift-off angle) and when the heel hits the
sion.). Representative times series (B) and Poincaré plots (C) of strike angle over a
IPD) (blue line) and a Vascular Parkinsonism Disease (VaP) patient (red line). Each
x-axis, and the subsequent stride, x(n + 1), on the y-axis SD1 (short-term variability)
he fitted ellipse. VaP patient presents a different clearance foot pattern (lower strike
atient presents the higher short-(SD1) and long-term (SD2) variability values. ESW,
olour in this figure legend, the reader is referred to the web version of this article.)
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ences (SDsd) were determined. Subsequently, the three measures of
the variability coefficient of variation (CV) and the two measures
used in quantifying Poincaré plot geometry - SD1 and SD2 - were
calculated as:

CV ¼ SD

X
� � 100
SD1 ¼
ffiffiffi
2

p

2
SDsd

and

SD2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 SD½ �2 � 1

2
SDsd½ �2

r

The Poincaré plot is a geometrical representation of a time ser-
ies, x0; x1; x2; x3; � � � ; on a Cartesian plane, where the values of each
pair of successive elements of the time series, x0; x1ð Þ; x1; x2ð Þ; � � �,
define a point in the scatter plot (Golińska, 2013) (panels B and C
of Fig. 1). A shape of the plot shows element-to-element variability
as well as overall variation. SD1 and SD2measures corresponded to
the length of the minor and the major semi-axes, respectively, of
an imaginary ellipse that is fitted to the Poincaré plot. The major
axis of this ellipse is along a line beginning at the origin, with a
slope of 1; the minor axis is perpendicular to the major axis, and

the intersection of these two axes is given by (X
�
;X
�
) (ellipse center),

where X
�
is the arithmetic mean of the time series. Therefore, SD1 is

the standard deviation of the distances of points from the minor
axis and represents short-term variability; SD2 is the standard
deviation of the distances of points from the major axis and repre-
sents long-term variability (Golińska, 2013).
2.4. Statistical analysis

2.4.1. Statistical analysis
The normality of the data distribution for each parameter was

tested using the Shapiro–Wilk test, visual inspection of the his-
tograms and evaluation of skewness. Demographic, anthropomet-
ric, clinical scores and gait measures in the Off-state were
statistically compared using one-way ANOVA with Tukey’s HSD
as post-hoc test, Independent t-test or Mann-Whitney U test
(intergroup analysis), and Paired t-test (intragroup analysis).

A series of general linear models (GLMs) was used to identify
group differences in gait measures with the influence of different
covariates and/or of the state: (1) In order, to explore group differ-
ences regarding the possible influence of demographic, anthropo-
metric and clinical characteristics, which were significantly
different in the intergroup analysis, different GLMs using each of
these variables as a covariate on gait measures in the Off-state
were performed. (2) GLMs were constructed in patients to identify
the main and interaction effects which ensued from the pathology
itself (IPD versus VaP) and the state (Off versus On). When a statis-
tical difference was found in the state factor, a Paired t-test was
performed for each group of patients so as to analyze the differ-
ences between the Off- and On-states per group. (3) Pearson’s cor-
relation analysis was performed between mean stride length and
the other gait measures. When significant correlation was
observed, the GLMs were re-run, using stride length as a covariate.
Testing of the assumptions was undertaken before conducting the
GLM analyses. Data that were not normally distributed were sub-
jected to log transformation. A p-value < 0.05 was considered sta-
tistically significant. Statistical analysis was performed using
SPSS (v.24.0, IBM).
3. Results

3.1. Clinical characteristics

VaP patients were slightly older (Table 1), in concordance with
the age-dependent onset of cerebrovascular events (Kalra et al.,
2010), and presented a shorter disease duration, since an acute
and insidious subtype of VaP usually presents an earlier burden
of axial impairment when compared to IPD (Kalra et al., 2010).
Moreover, VaP patients had significantly lower MoCA scores, possi-
bly due to age and vascular lesions (Oren et al., 2015).

Concerning motor scores, in the Off-state there were no differ-
ences between VaP and IPD patients, reflecting substantial overlap-
ping clinical features and the potential added value of Gait Analysis
as a new biometric tool. Even so, the magnitude of response to
levodopa was higher in IPD.
3.2. Gait variables

The time series sizes are different, depending on the number of
strides needed by each person to complete the course (panel B of
Fig. 1). VaP needed the highest number of strides. In Off-state,
the number of strides Median[Minimum,Maximum], were: 42
[29,85] for VaP; 29[22,45] for IPD; and 24[17,27] for Control group.

Group differences in the Off-state, as well as the evaluation of
within-group (state) and between-group (VaP vs. IPD) differences
in gait characteristics, are summarized in Table 2 (right foot (RF))
and Supplementary material 2 (left foot (LF)).
3.2.1. Intergroup comparisons (Off-state)
In comparison to Control, both IPD and VaP patients presented

lower stride velocity and stride length (p < .001), clearly more
impaired in VaP; and a higher %gait cycle spent on double support
(p < .021). Concerning foot clearance, both groups of patients
exhibited lower lift-off angle (p < .030), strike angle (p < .006),
lower maximum toe LSW (late swing) (p < .001), also clearly more
impaired in VaP.

Concerning variability, VaP patients presented higher variability
(CV) in stride velocity, stride length, lift-off angle, maximum heel,
and strike angle (p < .05) in comparing to both Control and IPD
groups. For the variability measured by SD1 and SD2, both VaP
and IPD presented higher variability in stride length, %gait cycle
spent on double support, lift-off angle, and maximum heel
(p < .031), but without discriminative value between different
groups of patients.

Group differences were found for sex, age, and MoCA. Therefore,
GLMs with group as a fixed factor with each one of these variables
as a covariate were analyzed. Group differences, previously
described, were retained when sex, age or MoCA was used as a
covariate (Table 2). Only the variable mean value of maximum heel
lost statistical inter-group significance when controlling for age
(p = .129 (RF) and p = .069 (LF)) or for MoCA (p = .061 (RF) and
p = .058 (LF)).
3.2.2. The effect of levodopa
Suprathreshold levodopa improved gait impairments in both

groups of patients in features such as stride velocity, stride length,
and lift-off angle (p < .001). A significant interaction was observed
for stride velocity (p < .041), highlighting that IPD patients
increased walking velocity from Off to On-state, more than in
VaP. Interestingly, in contrast to IPD, levodopa was ineffective in
VaP in improving %gait cycle spent on double support, maximum
heel, maximum toe LSW and strike angle. Concerning variability,
levodopa reduced CV values of stride velocity, stride length, lift-



Table 2
Statistical differences in spatiotemporal, foot clearance characteristics, stride-to-stride variability and symmetry outcomes for the right foot.

Data are presented as median (Interquartile range (IQR)). Cells that are shaded in light (p<.05) and dark (p< .01) grey highlight significant correlations to
aid visual interpretation.
*Log transformation was done to obtain a normal distribution.
aStatistical significance (p < .05) for group effect in GLM analysis using sex as a covariate (sex effect and interaction between group and sex not significant).
bStatistical significance (p < .05) for group effect in GLM analysis using age as a covariate (age effect and interaction between group and age not significant).
cStatistical significance (p < .05) for group effect in GLM analysis using MoCA as a covariate (MoCA effect and interaction between group and MoCA not significant).
eSignificant difference (p < .05) between Off and On state was found for VaP group by Paired t-test.
fSignificant difference (p < .05) between Off and On state was found for IPD group by Paired t-test.
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off angle, and maximum heel features in VaP Group (p < .05), and
CV value of the strike angle (p < .006) in IPD Group.

3.2.3. Influence of stride length
Correlations between mean stride length and the other gait

measures (Supplementary material 3) revealed that moderate to
strong associations were found for mean values of stride velocity
(r = 0.79–0.97), lift-off angle (r = 0.53–0.96) and maximum toe
LSW (r = 0.61–0.84) in all groups for both feet. Additionally, except
for the control group in the right foot, higher correlations were
found for the mean value of strike angle (r = 0.59–0.86). GLMs with
the group as fixed factor (Table 2) were re-run for these four vari-
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ables, using stride length as a covariate. Group differences were
only retained in stride velocity, for IPD versus Control, and for
VaP versus Control (p < .001) but were non-significant for IPD ver-
sus VaP (p > .446).

Concerning both groups of patients, higher correlations (|r|=
0.60–0.97) were also found for the mean of stride velocity, mean
of maximum toe LSW and mean and CV values of lift-off angle;
maximum heel; and strike angle in both states. Additionally,
except for IPD group in On-state, the CV of stride length and stride
velocity, and the mean of %gait cycle spent on double support, also
presented higher correlations (|r|=0.60–0.80). We re-run the GLM
controlling for state (Table 2) for these eleven variables, using
stride length (average of On and Off state stride length) as a covari-
ate. Group differences (IPD versus VaP) were found to be non-
significant (p > .138) for all measures.
4. Discussion

In our work, we have shown that VaP patients presented a dif-
ferent gait profile, evident in a slower stride velocity, shorter stride
length, reduced angles of freedom of foot clearance, higher stride-
to-stride variability, with a lower response to levodopa.

4.1. Intergroup comparisons (Off-state)

Our findings are in accordance with earlier works (Alcock et al.,
2016; Alcock et al., 2018; Almeida et al., 2007; Cho et al., 2010;
Ginis et al., 2017), with IPD presenting slower walking velocity,
reduced stride length, with increased time spent on double limb
support as a marker of poor postural stability (Galna et al., 2015;
Bryant et al., 2016; Moon et al., 2016). As hypothesized, all these
spatiotemporal variables were severely impaired in VaP, in line
with previous work (Zijlmans et al., 1996).

Humans modify stride length and/or cadence, which indirectly
influences the pattern of foot clearance (Cho et al., 2010), in order
to choose a walking velocity that is suited to the surrounding envi-
ronment. Several hypotheses can be raised to explain our observa-
tions. Reduced angles of freedom of foot clearance in VaP may be
due to lower hip and knee flexion throughout the gait cycle
(Zijlmans et al., 1996). Furthermore, VaP presented either vascular
lesions (Supplementary material 1), affecting cortical areas (sup-
plementary and premotor cortex) (e.g. pre-frontal cortical stroke)
or cerebro-pontine-cerebellum tracts (e.g. frontal-subcortical
leukoencephalopathy), both having an important role in limb
tonus and locomotion (Takakusaki, 2017).

Loss of automaticity and compensatory strategies, as well as the
influence of cognition, may explain the increased variability in our
cohort of IPD and VaP patients. To overcome the loss of automatic-
ity in IPD, there is a compensatory increase in the activity in cere-
bellar locomotor areas, superior frontal gyrus, and cingular cortex,
ultimately increasing variability (Hanakawa et al., 1999; Wu et al.,
2013). In 20 patients with subcortical arteriosclerotic encephalopa-
thy (using a length-voltage transducer linked to each foot)
(Ebersbach et al., 1999), it was shown that, besides a slower gait,
the increased variability of the amplitude and timing of steps
was probably related to mild signs of dementia secondary to mul-
tiple subcortical white matter lesions. Thus, the higher variability
observed in VaP may be due to vascular lesioning of the non-
dopaminergic networks and higher cognitive impairment.

4.2. The effect of levodopa

Unsurprisingly, levodopa improved stride velocity and stride
length in IPD (Bryant et al., 2011, 2016; Galna et al., 2015). This
improvement was also evident in the initial and terminal phases
of the swing, similar to a previous study (Cho et al., 2010) where
levodopa (150% of usual morning dose) also improved foot dynam-
ics. However, it still fell short of normality, especially in the termi-
nal phase. Concerning the effect on variability, our results are in
line with previous work (Galna et al., 2015), where at 18 months
of follow-up and administration of levodopa (equivalent daily
dosage), IPD patients did not show an improvement of the variabil-
ity of the spatiotemporal domains. Conversely, in a transversal
study where the equivalent of a daily dosage of levodopa was
administered, only the variability of double support time was not
responsive (Bryant et al., 2016).

The observation that some gait impairments in VaP (albeit with
a lower magnitude when compared to IPD), are still responsive to
levodopa, reinforces the hypothesis � already presented by
(Zijlmans et al., 2004) and recently updated by (Rektor et al.,
2018) � that some VaP subtypes (acute/subacute post-stroke),
with vascular lesions in the nigrostriatal pathways, are likely to
benefit from levodopa.

4.3. Influence of stride length

In IPD, disturbed toe clearance and the terminal phase of the
swing may be due to reduced step length (Alcock et al., 2018), or
instead to abnormal cadence (Cho et al., 2010). Although this pend-
ing question is beyond the scope of this article, we re-ran our GLMs
using stride length as a covariate. The results revealed that stride
length significantly determined variability (CV) and foot clearance
in IPD and VaP. Additionally, no differences were found in SD1 and
SD2, confirming that stride-to-stride variability differences in IPD
and VaP are influenced by the stride length.

4.4. Study limitations

Our work presents several limitations, which must be
appraised. Despite compliance with published clinical criteria for
VaP (Zijlmans et al., 2004), the diagnosis of VaP was purely sup-
ported by retrospective longitudinal clinical history. Yet, the clini-
cal features of our VaP cohort would be considered as exclusion
criteria (e.g., Parkinsonian features restricted to the lower limbs
for more than 3 years, poor levodopa response) or even red flags
(substantial gait and postural instability in an early phase, without
clinical progression) in the diagnosis of IPD (Postuma et al., 2015).
Elderly subjects show increased variability of toe clearance and
increased risk of falling due to the use of multifocal spectacles
(Johnson et al.,2007). Also, patients with late loss of vision present
a similar gait profile as congenital blind, with slower walking speed
and stride length, presumably reflecting a compensatory use of
non-visual sensory input and adaptation to egocentric and envi-
ronmental restrictions, maintaining a safe gait (Nakamura,1997).
As such, our data deserves re-observation, and future studies
should contemplate these variables.
5. Conclusion

Gait stride-to-stride analysis, in particular, foot clearance pat-
terns and variability, assist in the objectivation of clinical changes,
reproducing the phenomenological observation in which VaP
patients drag their feet and walk with a more extended body pos-
ture of the legs, hip, and trunk.

Moreover, in VaP, the increased variability of several gait
parameters, which was related to reduced stride length, may also
reflect worst cognition as also vascular lesioning in non-
dopaminergic cortical and subcortical non-dopaminergic net-
works, less responsive to levodopa. These observations call for fur-
ther studies in VaP, which should converge gait analysis with
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structural and functional neuroimaging, thus clarifying hetero-
geneity in VaP (acute/subacute versus chronic subtypes) and
improving our knowledge of the role of vascular pathology in gait
performance.
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