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Abstract

When increasing ambulation speed in Parkinson’s disease, step cadence increases more
than stride length, indicating movement scaling difficulties that affect step generation in par-
ticular. We investigated whether step length variation when increasing ambulation speed
was related to disease progression. Patients with Parkinson’s disease (N = 39) and controls
(N = 152) performed two timed ambulation tasks: at a 'free’ (self-selected) pace and then at
'maximal’ speed. The total number of steps (including during turns) and time to complete
the task were clinically measured. The relative contribution of step length and cadence to
increased ambulation speed was determined using two methods: the ratios of change in
step length or in cadence to the change in ambulation speed, and the step length index.
While the relative contribution of step length and cadence to increased ambulation speed
was independent of age in both control and patient groups, in Parkinson’s disease there
was a negative correlation between time from diagnosis and the ratio of change in step
length to change in ambulation speed (R = 0.54; p = 0.0004) and the step length index
(R=0.56, p =0.0002). In parallel, there was a positive correlation between time since
diagnosis and the ratio of change in cadence to change in ambulation speed (R = 0.57;

p =0.0002). The relative contribution of step length and cadence to increased ambulation
speed is age invariant but a marker of Parkinson's disease advancement, and can be easily
determined in the clinical setting.
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Introduction

James Parkinson noted moderately advanced patients as “being, at the same time, irresistibly
impelled to take much quicker and shorter steps, and thereby to adopt unwillingly a running
pace”[1]. Slowness of gait, small and variable step length and festination have since been con-
sidered classic clinical features in Parkinson’s disease (PD) [2]. Laboratory studies have
demonstrated that step length regulation is defective in PD while the ability to modulate ambu-
lation cadence is relatively preserved [3-5]. Specifically, Morris and colleagues have previously
suggested that in Parkinson’s disease, step cadence increased as stride length decreased while
walking from slow to medium walking speeds, indicating that the movement scaling difficulty
of the disease particularly affects step production [5]. However, classic clinical examination of
Parkinson’s disease (UPDRS III) does not specifically measure the movement scaling difficulty
of the disease; furthermore, a number of motor features of PD (abnormal posture, bradykine-
sia, decreased step length) also occur with normal aging [6-8]. The search for quantitative
markers of disease progression that are independent of age is important, both to enhance our
basic understanding of PD and to facilitate the investigation of new potential neuroprotective
therapies [9].

As far as ambulation is concerned, movement scaling difficulties lead to utilize more steps
to cover a given distance in PD, a concept we can refer to as step consumption. A step consump-
tion increase will be reflected by both an increase in cadence and a decrease in step length. To
investigate abnormal step consumption as a possible marker of disease progression, we evalu-
ated PD patients at various ages and disease durations in comparison to a large cohort of
healthy individuals across various age groups. We hypothesized that an excessive step con-
sumption increase with speed increase when ambulating faster in PD, which would be a marker
of the disease and prove of value as a simple quantitative index of disease progression in the
clinical setting. The clinical relevance of such finding would be to propose a simple test (quanti-
fication of the number of steps and seconds to walk normally and then fast over a specific dis-
tance) in the armamentarium of clinicians involved with PD patients, so they could derive a
quantitative index as to the progression of the disease. Finally, we explored the effects of levo-
dopa on step consumption, hypothesizing that levodopa may reduce step consumption by
increasing ability to increase step length upon ambulation speed increase [10,11].

Methods
PD patients

This patient study was a retrospective chart review. The experimental procedure was in accor-
dance with the declaration of Helsinski (2008) and approved by the Mount Sinai School of
Medicine Institutional Review Board (IRB). All healthy subjects and PD patients gave a written
informed consent. Thirty nine consecutive patients with Parkinson’s disease based on the
United Kingdom-Parkinson’s Disease Society Brain Bank (UK-PDSBB) [12] criteria (29M,
10F, age 64 + 7 [48-78]; disease duration 9 + 6; Hoehn and Yahr Stage 2-4; mean UPDRS OFF
31.4 +£10.1; UPDRS ON 21.5 + 10.6; levodopa-equivalent daily dose, LEDD, 700.4 + 495 mg/
day; Table 1) were routinely evaluated for ambulation at the Mount Sinai Movement Disorders
Clinic using two ambulation tasks (modified Timed up-and-go) as described below. Following
classical guidelines, the first assessment was performed in the clinically defined OFF-status
after drug withdrawal for at least 12 hours for levodopa and 48 hours for other antiparkinso-
nian drugs (“med off”) [13,14]. We also observed PD patients in the ON state, approximately
one hour after taking their regular levodopa dose. Performances in the OFF and ON states
were both analyzed.
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Table 1. Subject characteristics.

Number

Age (years)

Gender

Time since diagnosis (years)
Hoehn and Yahr

Mea, UPDRS off/on
LEDD(mg/day)

doi:10.1371/journal.pone.0152469.t001

Healthy Healthy Age-matched PD
152 39 39

45 (14) 63 (5) 64(7)
76F 10F 10F

9 (6)

2-4

31.4£10.1/21.5+10.6
700.4 +494.9

Control subjects

We recruited 152 healthy subjects (76M, 76F, age 45+14 [19-78]), with no history of neurologi-
cal disorders or gait abnormalities, to participate in a research study on human movement.
Each subject signed an informed consent approved by the Mount Sinai School of Medicine
IRB. Healthy subjects were asked to perform the ambulation task described above, as per-
formed by PD patients during clinic visits. Out of this group, we selected an age- and sex-
matched control group of the 39 oldest subjects (29M, 10F, age 63 + 5 [57-78]); the 113
remaining subjects constituted a 'healthy young' group (47M, 66F, age 39 + 10 [20-57]).

Assessments

To both better reflect real life conditions and sensitize the exploration of step consumption, we
studied ambulation rather than straight gait only, and specifically measured step consumption
changes when ambulating (walking, turning) at a self-selected (free) pace and at a maximal safe
(fast) speed. All trials were identical for all participants, including for the healthy subjects (sec-
tion below). The ambulation task used here can be considered as a modified, more complete
version of the standard Timed Up-and-Go test [15]: each trial started with subjects in the sit-
ting position in a first chair, from which they stood up, walked 5 m to a second chair, turned
180° before sitting in the second chair, stood up again, walked 5 m back to the starting point,
turned 180° and then sat down in the first chair (Fig 1). The first trial was performed at a free
pace, and second at safe fast speed. Time of completion was measured using a stop watch, trig-
gered from onset of sit-to-stand (‘backside off’) to end of stand-to-sit (‘backside on’). The total
step consumption was measured, by counting all the steps taken to walk and for each u-turn
preceding each stand-to-sit. Thus, the methodology of the test did not require to separate
straight line walking from turning since all steps were counted, from the first sit-to-stand to
the last stand-to-sit, including u-turns. Any freezing episode was not specifically inventoried.

P

Fig 1. Ambulation task. each trial started with subjects in the sitting position in a first chair, from which they
stood up, walked 5 m to a second chair, turned 180° before sitting in the second chair, stood up again, walked
5 m back to the starting point, turned 180° and then sat down in the first chair.

doi:10.1371/journal.pone.0152469.g001
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The clinician only counted each step used for the whole ambulation task, i.e. each full foot take
off, whether occurring during freezing episodes or not.

Ambulation parameters

From here on, the parameter step length is defined as the total number of meters covered in the
test (10 meters) divided by the total number of steps, counted as described above (the “angular”
displacement covered during each u-turn was not counted). We thus determined mean ambu-
lation characteristics, step length (SL), cadence (CAD, also termed step frequency), and ambu-
lation speed (SP), in the control and patient groups from the time and the number of steps
counted as specified above at the self-selected and fast speeds. We calculated the percent
increase in mean ambulation parameters from free to fast ambulation as:

SL,, —SL
ASL = == T 4 100,
‘free
scap = AP — CADe 0
- %
CAD ’

free

SP.  —SP
ASP = I T 100.

free

The step length index (SLI), a measure of the percent change in speed due to changes in step
length, has previously been defined [16]. SLI compares the logarithm of the ratio of the two dif-
ferent step lengths to the logarithm of the ratio of the two different ambulation velocities, com-
puted as follows:

log(SLfast/SL ree)

= 100.
log(SPfust/SPree) * 100

Since walking velocity is equally dependent on cadence and step length,

SP = SL x CAD

a SLI of 50% implies equal contributions of step length and cadence for a given change in
ambulation speed. An SLI of 0% signified that a change of ambulation velocity was attributed
totally to a change in cadence; an SLI of 100% indicated that a change of step length was solely
responsible; uncommon cases of SLI over 100% would indicate that a major increase in step
length compensated for a cadence reduction in the fast speed ambulation task; uncommon
cases of SLI below 0% would indicate a reduction of step length, which would be compensated
by a major cadence increase in the fast speed ambulation task [16]. We performed regression
analyses to determine the relationship between the step length index and age in healthy sub-
jects and PD patients, and between the step length index and time since diagnosis in PD
patients.

We also defined two simpler ratios with the aim of providing more practical parameters for
use in a clinical setting: the ratio of the increase in mean step length over the increase in mean
ambulation speed (ASL/ASP) as an estimation of the contribution of step length (CSL) increase
to speed increase, and the ratio of the increase in mean cadence over the increase in mean
ambulation speed (ACAD/ASP) as an estimation of the contribution of cadence (CCAD)
increase to speed increase. Regression analyses examined the relationship of CSL and CCAD
to SLI. We then evaluated age and time since diagnosis as predictors of SLI, CSL and CCAD.
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Statistics

Descriptive statistics were performed to calculate the average values and standard deviations
for each of the variables considered (age, time since diagnosis, UPDRS III, levodopa-equivalent
daily dose, step length, cadence, ambulation speed, step length increase, cadence increase,
ambulation speed increase, and contributions of step length and cadence to ambulation speed)
in both PD and healthy cohorts. One-way analysis of variance (ANOVA) was used to compare
the groups of PD patients (in the OFF state), age-matched and young controls. Univariable lin-
ear regression analysis was performed to evaluate the importance of age in healthy subjects—
and of age, time since diagnosis, UPDRS III and levodopa-equivalent daily dose (LEDD) in PD
patients—as potential predictors of step length, cadence, ambulation speed, and contributions
of step length and cadence increases to ambulation acceleration. In a second stage, multivari-
able analysis was performed in the PD group adjusting for age, time since diagnosis, UPDRS
III and levodopa-equivalent dose (LED) as independent predictor variables. The significance of
linear relationships was evaluated with an F-test (ANOVA). Paired ¢-tests were used to com-
pare PD patients in the OFF and in the ON states. Bonferroni corrections were used to account
for multiple comparisons. The data were analyzed using SPSS 17.0 for Windows (Chicago, IL.).
A significance level of p < 0.05 was used.

Results
Healthy subjects

Advancing age was associated with a reduction in both ambulation speed and step length, par-
ticularly at maximal safe speed, while there was only a trend for cadence reduction (Table 2A).
The increase in speed from free to maximal safe speed (46 + 16%) also diminished with age
(R=0.19, p = 0.02); however, age was not a predictor of the variations of step length increase
(R=10.05, p =0.52) or of cadence increase (R = 0.11, p = 0.19) in this sample (Table 2B). The
mean step length index (SLI) was 45 + 31%. SLI did not correlate with age in either the healthy
young (R = 0.07, p = 0.47) or age-matched groups (R = 0.02, p = 0.90; data not shown). The
estimated contribution of step length increase to ambulation acceleration (CSL) was 42 + 30%
on average, closely correlated with SLI (R = 0.99; p < 0.001; data not shown) and also not cor-
related with age (R = 0.003, p = 0.97; Fig 2A), even in the age-matched group (Fig 2B). Thus,
as a group, the age-matched subjects walked with a preserved cadence but smaller step length
and speed than the young healthy subjects, both at free and maximal safe ambulation speed

(p < 0.001, one-way ANOVA; Fig 3A). However, their mean increase in speed, step length,
and cadence was not significantly different from that of the young healthy subjects (Fig 3B).

PD patients

In PD subjects, step length and speed were significantly less than those of both healthy groups
at free and fast pace (p = 0.001, one-way ANOVA; Fig 3A) but cadence was on average the
same as in healthy subjects (whole population and age-matched subgroup; Fig 3A). There was
a greater increase in speed from free to maximal safe speed in PD patients than in controls (Fig
3B). Ambulation speed and step length significantly decreased with time from diagnosis but
not with age (Table 1A). As with healthy subjects, step length and cadence increase did not
vary with age when adjusting for values at free ambulation speed in bivariable analysis. In con-
trast, time from diagnosis was a strong predictor of both variables (ASL, R = 0.57, p = 0.006;
ACAD, R =0.58, p = 0.008; Table 1B).

The mean step length index (SLI) was 46 + 28%, which was not different from healthy sub-
jects. SLI did not vary with age (R = 0.04, p = 0.79) but decreased significantly with time from
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Table 2. Ambulation parameters vs age and time since diagnosis. Correlation between age or time since diagnosis and ambulation parameters at free
and fast speed (A); parameter changes from free to fast speed (B). R, correlation coefficient; A, change from free to fast speed.

vs. Age vs. Time since Diagnosis
R p R p
2A Ambulations
Parameters
Healthy Subjects
Speed free 0,45 <0,0001 NA NA
Speed fast 0,56 <0,0001 NA NA
Step length free 0,38 <0,0001 NA NA
Step length fast 0,34 <0,0001 NA NA
Cadence free 0,07 0,34 NA NA
Cadence Fast 0,15 0,06 NA NA
PD Subjects
Speed free 0,19 0,26 0,49 0,001
Speed fast 0,31 0,57 0,57 <0,0001
Step length free 0,04 0,81 0,59 <0,0001
Step length fast 0,13 0,44 0,63 <0,0001
Cadence free 0,26 0,11 0,37 0,02
Cadence Fast 0,3 0,06 0,18 0,28
2B Changes adjusted for values at free speed
Healthy Subjects
ASpeed 0,19 0,02 NA NA
AStep Length 0,05 0,52 NA NA
ACadence 0,11 0,19 NA NA
Young Healthy Subjects
ASpeed 0,54 0,02 NA NA
AStep Length 0,1 0,39 NA NA
ACadence 0,32 0,77 NA NA
Age-Matched Helathy Subjects
ASpeed 0,47 0,4 NA NA
AStep Length 0,05 0,93 NA NA
ACadence 0,3 0,59 NA NA
PD Subjects
ASpeed 0,5 0,24 0,47 0,67
AStep Length 0,42 0,32 0,57 0,006
ACadence 0,44 0,49 0,58 0,008

doi:10.1371/journal.pone.0152469.t002

diagnosis (R = 0.56, p = 0.0002; Fig 4D). The mean SLI for up to 8 years from time of diagnosis
was 54 + 22%, but fell to 31 + 33% after 8 years since diagnosis (p < 0.05, ¢-test).

The estimated contribution of step length (CSL) to speed increase was 42 + 26% on average
in PD, which was not different from healthy subjects. CSL was closely correlated with SLI
(R=0.99; p < 0.001; data not shown) and also did not vary with age (Fig 4A). The mean CSL
for up to 8 years from time of diagnosis was 50 + 22% but was only 28 + 28% after 8 years since
diagnosis (p < 0.05, t-test). Like the SLI, the CSL also significantly diminished with time from
diagnosis in univariable analysis (R = 0.54; p = 0.0004; Fig 4C), while the contribution of
cadence (CCAD) reciprocally and significantly increased with time from diagnosis (R = 0.58;

p =0.0002; Fig 4C). Such relations were not observed with UPDRS III (R = 0.02; p = 0.99) or
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Fig 2. Age and contributions of step length and cadence change to increased ambulation speed. Contributions of step length (CSL, ASL/ASP) and
cadence (CCAD, ACAD/ASP) to speed (SP) increase, as a function of age in all controls (A) and age-matched controls (B).

doi:10.1371/journal.pone.0152469.g002

LEDD (R = 0.038; p = 0.86; data not shown). These regressions persisted when adjusting for
age, UPDRS IIT or LEDD in a multivariable regression analysis, as time from diagnosis
remained a highly significant negative predictor of CSL (R = 0.66; slope 3 = -0.029; p < 0.0001)
and a positive predictor of CCAD (R = 0.57; slope 8 = 0.033; p = 0.0002), while age (CSL,

slope £3 = 0.003; p = 0.63; CCAD, slope {3 = 0.001; p = 0.94), UPDRS III (CSL, slope 8 = 0.32;

p =0.09) or LEDD (CSL, slope 8 = 0.23; p = 0.22) were not predictors. Further adjustments for
step length or cadence at free speed, or their changes between free and fast speed, were not use-
ful because these variables are all linearly related to time from diagnosis and therefore intro-
duce collinearity in the model (Table 1B).

Effects of levodopa

PD patients walked significantly faster on levodopa than off levodopa at both free speed (30%
increase; OFF, 0.47 + 0.16 m/s; ON, 0.61 + 0.14 m/s, p = 1.4E-6, t-test) and maximal safe speed
(15% increase; OFF, 0.72 + 0.24 m/s; ON, 0.83 + 0.17 m/s, p = 0.0020, t-test). The speed
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doi:10.1371/journal.pone.0152469.g003
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Fig 4. Contributions of step length and cadence change to increased ambulation speed vs age or time since diagnosis in patients with PD.
Contributions of step length (CSL) and cadence (CCAD) to speed increase as a function of age (A) and time since diagnosis (B). Step length Index (SLI) as a
function of age (C), and time since diagnosis (D).

doi:10.1371/journal.pone.0152469.9004

increase associated with the medication involved primarily an increase in step length, at both
free speed (26% increase; OFF, 0.35 + 0.10 m; ON, 0.44 £ 0.12 m, p = 8.2E-6, t-test) and maxi-
mal safe speed (23% increase; OFF, 0.44 + 0.12 m; ON, 0.54 £ 0.10 m, p = 7.8E-6, t-test). The
effect of levodopa on cadence was less marked; cadence at maximal safe speed was in fact non-
significantly lower on levodopa than off levodopa (selected speed, OFF, 1.30 + 0.26 step/s; ON,
1.37 + 0.22 step/s, p = 0.032; maximal speed, OFF, 1.64 + 0.37 step/s; ON, 1.55 + 0.23 step/s,

p =0.2, t-test). There was a trend for a greater contribution of step length increase to ambula-
tion acceleration (CSL) on levodopa (60.2 + 50.9%) than off levodopa (44.6 + 27.5%, p = 0.11).

Discussion

This study demonstrates that as their disease advanced, patients increasingly relied on an
increase in cadence to increase ambulation velocity. Thus, the contribution of step length (CSL)
when increasing ambulation speed, expressed as a simple ratio of the change in step length to
the change in ambulation speed during an ambulation task, was a marker of disease advance-
ment in PD patients in clinical settings, as CSL did not change with age in healthy subjects or
in PD. This parameter has good construct validity, correlating strongly with a published metric
of step length contribution to walking speed increase (step length index) [16]. CSL is readily
calculated from clinical measures during the two-speed ambulation task used (time to complete
and number of steps).
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Limitations of the study

This was a retrospective study based on a chart review, as opposed to a prospective longitudinal
study in which the same patients would have been followed over years. Therefore, caution
must be exercised before really ascribing the gradual loss of movement scaling here to disease
progression. We can only consider it to be a marker of disease duration. Admittedly, what is
termed step length throughout this manuscript is a small underestimation of the step length
that could be measured during straight gait since the (angular) displacement covered over two
u-turns was not counted (thus the sum of the CSL and the CCAD did not amount exactly to
100%, see Fig 2). Similarly, speed measurements (distance divided by the number of seconds
taken to complete the tasks, using a manually triggered stopwatch), were slightly underesti-
mated, for the same reason. Cadence, which was the number of steps divided by the number of
seconds, was not subject to the same underestimation. However, the underestimation of step
length and speed was the same for each patient and in each walking condition and is likely to
have been by a relatively constant factor (180° twice) in each case. Still, the regulation of step
consumption in a simple timed ambulation test is shown to be abnormal in this study of Par-
kinson’s disease and to be potentially helpful as a marker of disease advancement.

Hypometria is the fundamental clinical characteristic of movement impairment in PD, and
is manifested during ambulation tasks as step shortening [3-5]. However, it has been difficult
to characterize Parkinson’s disease independently of aging, as the elderly population shares sev-
eral key motor features with PD, such as abnormal posture, slower ambulation speed and
smaller movement size in general [6-8]. The present study confirmed that ambulation speed
and step length markedly decrease with age while cadence does not [3-5, 17, 18]. It also indi-
cated that the contribution of step length increase (CSL) to ambulation velocity increases is
age-invariant, in healthy controls as in PD. In contrast, we found that PD patients show a spe-
cific deficit in this ability, which becomes a consistent feature late in the disease evolution.
However, since CSL becomes consistently abnormal only late in the disease (Fig 4C), this
parameter may not be useful as a criterion for early diagnosis. To our knowledge, step con-
sumption regulation, expressed as the ability to increase step length when accelerating ambula-
tion, has not been explored as a function of age or time since diagnosis in PD.

In this retrospective study, the parameter considered was time since diagnosis and not time
since the first manifestation of the disease. It is a fact that time since diagnosis might not be the
ideal parameter to evaluate in this type of investigation, as this specific time may be dependent
on the physician—and on access to specialized physicians—as much as on the patient history.
However, we can assume, in the urban environment in which our study was conducted, that
time since diagnosis would correlate strongly with time since the first manifestation of the dis-
ease. Outside a prospective protocol with a procedure defined a priori to ascertain the “first
manifestations” of the disease, it might be difficult in retrospect for the investigator to ascertain
whether some non-specific complaints (pain, depression, etc.) might have constituted the real
onset of the disease process, or not, in an individual case. Finally, we based clinical diagnosis of
Parkinson’s disease on the UK-PDSBB criteria, which may have allowed patients with atypical
parkinsonism into our subject population, even though patients with atypical features were
excluded and all diagnoses were confirmed by a movement disorders specialist [19].

Medication effect

The relatively low ambulation speeds in patients with PD in the OFF and ON medication con-
ditions in the present study, compared with gait speeds measured during simple walking tasks
[20], may represent the difficulty with turning, standing up and sitting down seen in PD. The
effect of levodopa on ambulation further emphasizes the importance of step length deficiencies
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as a characteristic of PD. Levodopa increased ambulation speed in PD patients at both free
and maximal safe speed mainly through an increase in step length, which corroborates other
reports [10, 11]. Also, there was a trend to enhance the contribution of step length increase to
ambulation acceleration on levodopa.

Pathophysiological considerations

The lacking ability to extend step length upon the demand of a faster gait corresponds to hypo-
metria. Hypometria in PD has been explained by the inability to generate initial agonist bursts
of sufficient duration or size and therefore by insufficient movement acceleration [21-28]. In
Alexander’s model, this is due to inappropriate preparedness (low “internal” excitability) of the
premotor and motor cortex by the basal ganglia [29]. The ability to make steps follow each
other as fast as possible (step cadence increase) may be more dependent on set shifting ability
[30]. It is possible that hypometria consistently worsens with disease duration in Parkinson’s
disease while set shifting ability might not follow this pattern of change. The lack of correlation
between UPDRS III scores and CSL may not be surprising as there are no items in UPDRS that
specifically measure hypometria [31].

Clinical use of the 10-meter ambulation test

An important characteristic of this study is the composite nature of the ambulation assessment
used, which combined walking, turning, sit-to-stand and stand-to-sit tasks. We used this test
to better reflect real life conditions, in which walking is never an isolated task, but also with the
hypothesis that this would be a more sensitive clinical tool to reflect impairment in step con-
sumption than straight gait alone. Less challenging but comparable timed up-and-go tests have
shown good test-retest reliability and sensitivity to medication-induced changes [15]. Recent
personal data shows the reliability of a longer, 20 m (twice 10 meters)-ambulation test in Par-
kinson’s disease. Combining these data with the test-retest reliability shown by Morris et al in
the 6 meter (twice 3 meters) ambulation test makes it likely that the present 10-meter test
(twice 5 meters) test has similar reliability. In terms of sensitivity to change and of validity as
against other clinical measures in Parkinson’s disease, the present study shows that CSL over
the 10-meter ambulation task is responsive to levodopa intake and correlates with disease
duration but not with clinical UPDRS scores. In other words the test might detect a specific
movement scaling difficulty in the lower limbs that may not be captured when performing con-
ventional UPDRS testing. Another feature of this study is that we did not assess ambulation in
the controlled environment of a gait laboratory or use objective ambulation analysis measures.
However, walking speed measurements in the clinic setting have high inter-rater reliability
when measured using a stopwatch and high concurrent validity with infrared timing gate mea-
surement procedures [32]. In fact, one objective of the study was to demonstrate the feasibility
and value of manual quantitative ambulation assessments in the clinical setting, in which com-
plex motion capture analysis is often impractical.

The present study finally pointed out an interesting feature of Parkinson’s disease. The per-
cent increase in speed from free to maximal safe ambulation speed was greater in PD patients
(off levodopa) than in controls, in whom this percent increase even diminished with age (Fig
2B, Table 1B). In other words, the free, self-selected speed was slower in PD patients than in
controls relative to maximal safe speed. Analogous findings have been reported when testing
walking over longer distances [33,34]. This may refer to a behavior specific to PD patients,
whereby the unconsciously self-selected speed for natural walking is a lesser proportion of
the potential for maximal safe speed than that used by healthy subjects. Reduced baseline
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excitability of cortical circuits involved in the preparation and execution of motor command
may be involved in producing such a pattern [35-37].

The parameter we defined as contribution of step length (CSL) to increased ambulation
speed closely estimates the relative contribution of step length changes to changes in speed. It
is age-invariant and is easily measured in the clinic. This retrospective study indicates that CSL
may provide a useful quantitative marker of disease duration in PD. A long-term prospective,
longitudinal study will adequately assess whether this parameter is effectively a marker of dis-
ease progression and can be useful to assess the effectiveness of putative disease modifying
medications.

Acknowledgments

We thank Jules Osias, Catherine Meilak and C. Warren Olanow for assistance with this
manuscript.

Author Contributions

Conceived and designed the experiments: JMG DJW STM. Performed the experiments: JIMG
ASP DCLJG. Analyzed the data: JMG DJW STM EH NB. Wrote the paper: NB EH JMG.

References

1. Parkinson J. An essay on the shaking palsy. London: Whittingham and Rowland, 1817.

2. Snijders AH, van de Warrenburg BP, Giladi N, Bloem BR. Neurological gait disorders in elderly people:
clinical approach and classification. Lancet Neurol 2007; 6(1):63—-74. PMID: 17166803

3. Morris M, lansek R, Matyas T, Summers J. Abnormalities in the stride length-cadence relation in parkin-
sonian gait. Mov Disord 1998; 13:61-9. PMID: 9452328

4. Zijlstra W, Rutgers AW, Van Weerden TW. Voluntary and involuntary adaptation of gait in Parkinson's
disease. Gait Posture 1998; 7:53-63. PMID: 10200376

5. Morris ME, lansek R, Matyas TA, Summers JJ. Ability to modulate walking cadence remains intactin
Parkinson's disease. J Neurol Neurosurg Psychiatry 1994; 57:1532—-4. PMID: 7798986

6. Guimaraes RM, Isaacs B. Characteristics of the gait in old people who fall. Int Rehabil Med 1980;
2:177-80. PMID: 7239777

7. Hageman PA, Blanke DJ. Comparison of gait of young women and elderly women. Phys Ther 1986;
66:1382—7. PMID: 3749270

8. Himann JE, Cunningham DA, Rechnitzer PA, Paterson DH. Age-related changes in speed of walking.
Med Sci Sports Exerc 1988; 20:161-6. PMID: 3367751

9. StocchiF, Olanow CW. Obstacles to the development of a neuroprotective therapy for Parkinson's dis-
ease. Mov Disord 2013; 28(1):3-7. doi: 10.1002/mds.25337 PMID: 23390094

10. O'Sullivan JD, Said CM, Dillon LC, Hoffman M, Hughes AJ. Gait analysis in patients with Parkinson's
disease and motor fluctuations: influence of levodopa and comparison with other measures of motor
function. Mov Disord 1998; 13:900-6. PMID: 9827613

11. Blin O, Ferrandez AM, Pailhous J, Serratrice G. Dopa-sensitive and Dopa resistant gait parameters in
Parkinson's disease. J Neurol Sci 1991; 103:1-54

12. Gibb WR, Lees AJ. The relevance of the Lewy body to the pathogenesis of idiopathic Parkinson's dis-
ease. J Neurol Neurosurg Psychiatry 1988; 51:745-52. PMID: 2841426

13. Lang AE, Houeto JL, Krack P, Kubu C, Lyons KE, Moro E, et al. Deep brain stimulation: preoperative
issues. Mov Disord. 2006 Jun; 21 Suppl 14:5171-96. PMID: 16810718

14. Defer GL, Widner H, Marié RM, Rémy P, Levivier M. Core assessment program for surgical interven-
tional therapies in Parkinson's disease (CAPSIT-PD). Mov Disord. 1999 Jul; 14(4): 572-84. PMID:
10435493

15. Morris S, Morris ME, lansek R. Reliability of measurements obtained with the Timed "Up & Go" testin
people with Parkinson disease. Phys Ther 2001; 81:810-8. PMID: 11175678

16. Hirasaki E, Moore ST, Raphan T, Cohen B. Effects of walking velocity on vertical head and body move-
ments during locomotion. Exp Brain Res 1999; 127(2):117-30. PMID: 10442403

PLOS ONE | DOI:10.1371/journal.pone.0152469  April 25,2016 12/183


http://www.ncbi.nlm.nih.gov/pubmed/17166803
http://www.ncbi.nlm.nih.gov/pubmed/9452328
http://www.ncbi.nlm.nih.gov/pubmed/10200376
http://www.ncbi.nlm.nih.gov/pubmed/7798986
http://www.ncbi.nlm.nih.gov/pubmed/7239777
http://www.ncbi.nlm.nih.gov/pubmed/3749270
http://www.ncbi.nlm.nih.gov/pubmed/3367751
http://dx.doi.org/10.1002/mds.25337
http://www.ncbi.nlm.nih.gov/pubmed/23390094
http://www.ncbi.nlm.nih.gov/pubmed/9827613
http://www.ncbi.nlm.nih.gov/pubmed/2841426
http://www.ncbi.nlm.nih.gov/pubmed/16810718
http://www.ncbi.nlm.nih.gov/pubmed/10435493
http://www.ncbi.nlm.nih.gov/pubmed/11175678
http://www.ncbi.nlm.nih.gov/pubmed/10442403

@’PLOS ‘ ONE

Contribution of Step Length in Parkinson's Disease

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Morris ME, lansek R, Matyas TA, Summers JJ. Stride length regulation in Parkinson's disease. Normal-
ization strategies and underlying mechanisms. Brain 1996; 119:551-68. PMID: 8800948

Hausdorff JM, Cudkowicz ME, Firtion R, Wei JY, Goldberger AL. Gait variability and basal ganglia dis-
orders: stride-to-stride variations of gait cycle timing in Parkinson's disease and Huntington's disease.
Mov Disord 1998; 13:428-37. PMID: 9613733

Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical diagnosis of idiopathic Parkinson's dis-
ease: a clinico-pathological study of 100 cases. J Neurol Neurosurg Psychiatry 1992; 55:181-4 PMID:
1564476

Duncan RP, Earhart GM. Measuring participation in individuals with Parkinson disease: relationships
with disease severity, quality of life, and mobility. Disabil Rehabil. 2011; 33(15—-16):1440-6. doi: 10.
3109/09638288.2010.533245 PMID: 21091047

Teasdale N, Phillips J, Stelmach GE. Temporal movement control in patients with Parkinson's disease.
J Neurol Neurosurg Psychiatry. 1990; 53(10): 862—8. PMID: 2266367

Rand MK, Stelmach GE, Bloedel JR. Movement accuracy constraints in Parkinson's disease patients.
Neuropsychologia. 2000; 38(2): 203—12. PMID: 10660230

Hallett M, Khoshbin S. A physiological mechanism of bradykinesia. Brain. 1980; 103: 301-14. PMID:
7397480

Berardelli A, Rothwell JC, Thompson PD, Hallett M. Pathophysiology of bradykinesia in Parkinson’s
disease. Brain. 2001; 124: 2131-46. PMID: 11673316

Stelmach GE, Worringham CJ. The preparation and production of isometric force in Parkinson's dis-
ease. Neuropsychologia. 1988; 26(1): 93—-103. PMID: 3362347

Stelmach GE, Teasdale N, Phillips J, Worringham CJ. Force production characteristics in Parkinson’s
disease. Exp Brain Res. 1989; 76: 165—72. PMID: 2753097

Phillips JG, Martin KE, Bradshaw JL, lansek R. Could bradykinesia in Parkinson’s disease simply be
compensation? J Neurol. 1994; 241: 439-47. PMID: 7931446

Teo WP, Rodrigues JP, Mastaglia FL, Thickoroom GW. Comparing kinematic changes between a fin-
ger-tapping task and unconstrained finger flexion-extension task in patients with Parkinson's disease.
Exp Brain Res. 2013; 227(3): 323-31. doi: 10.1007/s00221-013-3491-7 PMID: 23686150

Alexander GE, Crutcher MD, DeLong MR. Basal ganglia-thalamocortical circuits: parallel substrates for
motor, oculomotor, "prefrontal" and "limbic" functions. Prog Brain Res. 1990; 85: 119-46. PMID:
2094891

Peterson DS, Fling BW, Mancini M, Cohen RG, Nutt JG, Horak FB. Dual-task interference and brain
structural connectivity in people with Parkinson's disease who freeze. J Neurol Neurosurg Psychiatry.
2015 Jul; 86(7):786—92. doi: 10.1136/jnnp-2014-308840 PMID: 25224677

Post B, Merkus MP, de Bie RM, de Haan RJ, Speelman JD. Unified Parkinson's disease rating scale
motor examination: are ratings of nurses, residents in neurology, and movement disorders specialists
interchangeable? Mov Disord 2005; 20(12):1577-84. PMID: 16116612

van Loo MA, Moseley AM, Bosman JM, de Bie RA, Hassett L. Inter-rater reliability and concurrent valid-
ity of step length and step width measurement after traumatic brain injury. Disabil Rehabil 2003; 25
(21):1195-200. PMID: 14578058

Moore ST, MacDougall HG, Gracies JM, Cohen HS, Ondo WG. Long-term monitoring of gait in Parkin-
son's disease. Gait Posture 2007; 26(2):200-7. PMID: 17046261

Moore ST, Dilda V, Hakim B, Macdougall HG. Validation of 24-hour ambulatory gait assessment in Par-
kinson's disease with simultaneous video observation. Biomed Eng Online 2011; 10:82. doi: 10.1186/
1475-925X-10-82 PMID: 21936884

Canning CG, Ada L, Johnson JJ, McWhirter S. Walking capacity in mild to moderate Parkinson's dis-
ease. Arch Phys Med Rehabil 2006; 87:371-5. PMID: 16500171

Corcos DM, Chen CM, Quinn NP, McAuley J, Rothwell JC. Strength in Parkinson's disease: relation-
ship to rate of force generation and clinical status. Ann Neurol 1996; 39:79-88. PMID: 8572671

Cunnington R, Egan GF, O'Sullivan JD, Hughes AJ, Bradshaw JL, Colebatch JG. Motor imagery in Par-
kinson's disease: a PET study. Mov Disord 2001; 16:849-57. PMID: 11746614

PLOS ONE | DOI:10.1371/journal.pone.0152469  April 25,2016 13/13


http://www.ncbi.nlm.nih.gov/pubmed/8800948
http://www.ncbi.nlm.nih.gov/pubmed/9613733
http://www.ncbi.nlm.nih.gov/pubmed/1564476
http://dx.doi.org/10.3109/09638288.2010.533245
http://dx.doi.org/10.3109/09638288.2010.533245
http://www.ncbi.nlm.nih.gov/pubmed/21091047
http://www.ncbi.nlm.nih.gov/pubmed/2266367
http://www.ncbi.nlm.nih.gov/pubmed/10660230
http://www.ncbi.nlm.nih.gov/pubmed/7397480
http://www.ncbi.nlm.nih.gov/pubmed/11673316
http://www.ncbi.nlm.nih.gov/pubmed/3362347
http://www.ncbi.nlm.nih.gov/pubmed/2753097
http://www.ncbi.nlm.nih.gov/pubmed/7931446
http://dx.doi.org/10.1007/s00221-013-3491-7
http://www.ncbi.nlm.nih.gov/pubmed/23686150
http://www.ncbi.nlm.nih.gov/pubmed/2094891
http://dx.doi.org/10.1136/jnnp-2014-308840
http://www.ncbi.nlm.nih.gov/pubmed/25224677
http://www.ncbi.nlm.nih.gov/pubmed/16116612
http://www.ncbi.nlm.nih.gov/pubmed/14578058
http://www.ncbi.nlm.nih.gov/pubmed/17046261
http://dx.doi.org/10.1186/1475-925X-10-82
http://dx.doi.org/10.1186/1475-925X-10-82
http://www.ncbi.nlm.nih.gov/pubmed/21936884
http://www.ncbi.nlm.nih.gov/pubmed/16500171
http://www.ncbi.nlm.nih.gov/pubmed/8572671
http://www.ncbi.nlm.nih.gov/pubmed/11746614

