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Abstract

Objective—To assess the suitability of instrumented gait and balance measures for diagnosis and

estimation of disease severity in PD.

Methods—Each subject performed iTUG (instrumented Timed-Up-and-Go) and iSway

(instrumented Sway) using the APDM® Mobility Lab. MDS-UPDRS parts II and III, a postural

instability and gait disorder (PIGD) score, the mobility subscale of the PDQ-39, and Hoehn &

Yahr stage were measured in the PD cohort. Two sets of gait and balance variables were defined

by high correlation with diagnosis or disease severity and were evaluated using multiple linear and

logistic regressions, ROC analyses, and t-tests.

Results—135 PD subjects and 66 age-matched controls were evaluated in this prospective cohort

study. We found that both iTUG and iSway variables differentiated PD subjects from controls

(area under the ROC curve was 0.82 and 0.75 respectively) and correlated with all PD severity

measures (R2 ranging from 0.18 to 0.61). Objective exam-based scores correlated more strongly

with iTUG than iSway. The chosen set of iTUG variables was abnormal in very mild disease. Age

and gender influenced gait and balance parameters and were therefore controlled in all analyses.
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Interpretation—Our study identified sets of iTUG and iSway variables which correlate with PD

severity measures and differentiate PD subjects from controls. These gait and balance measures

could potentially serve as markers of PD progression and are under evaluation for this purpose in

the ongoing NIH Parkinson Disease Biomarker Program.
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Introduction

Objective assessment tools of PD severity are needed to accelerate progress in discovering

disease modifying therapies. As gait abnormalities are characteristic of PD, assessment of

gait could potentially enable estimation of disease severity. The gold standard gait

assessment device involves the use of high speed 3D cameras.1–4 These infrared motion

capture systems, such as Vicon®, require reflective markers to be placed on the body part to

be measured. These systems are expensive to acquire and are limited to evaluation of only a

few strides and as such are unsuitable for measuring gait variability which may be an

important aspect of gait dysfunction in neurologic disease.5 A more widely used tool for the

study of gait in PD is the GaitRite® system6–9 which involves having a patient walk on a

special mat embedded with sensors, and which produces similar results to a 3D camera

system while requiring less setup time and cost.10 However, such instrumented mat systems

are unable to measure aspects of gait that do not involve contact of the foot with the ground,

such as arm and trunk movements, which are known to be affected in PD.

Postural instability is another key feature of PD which increases with disease severity.11

Computerized dynamic posturography (CDP) by devices such as the NeuroCom Smart

Balance Master® measures the body sway of subjects as they stand on a force plate.12 These

systems have been used to measure balance in normal pressure hydrocephalus,13 progressive

supranuclear palsy,14 and PD15 but involve non-portable, expensive equipment which make

them impractical for routine use in a PD clinic.

The APDM® Mobility Lab16 utilizes inertial sensors attached to the wrists, ankles, chest,

and back to quantify postural sway, postural transitions, trunk, and upper and lower limb

movements. This system provides detailed information regarding gait and balance. While a

few studies with this or a similar system have elucidated differences between early PD

subjects and controls,17–20 only a single study with a small number of subjects attempted to

correlate quantitative gait parameters with PD severity.21

As part of the National Institutes of Neurological Disorders and Stroke (NINDS) Parkinson

Disease Biomarker Program (PDBP), we are undertaking to evaluate the potential of the

APDM® Mobility Lab to serve as a marker of disease progression. For this report, we used

baseline measurements in a cohort of PD and control subjects to identify gait and balance

parameters that distinguish PD subjects from controls and that correlate with disease

severity.
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Methods

Standard Protocol Approvals, Registrations, and Patient Consents

The study protocol was reviewed and approved by the Institutional Review Board of the

University of Texas Southwestern Medical Center (UTSWMC). Written informed consent

was obtained from all participants. The study was registered on clinicaltrials.gov with

registration number NCT01767818.

Subjects

PD patients were recruited from the Clinical Center for Movement Disorders at UTSWMC

from December 2012 to January 2014 to participate in a 5-year biomarker discovery project.

All PD patients met UK PD Society Brain Bank criteria22 and were either de novo

previously untreated with dopaminergic medication with ioflupane iodine-123 injection

(DaTscan) confirmation, or were treated with dopaminergic drugs (levodopa or dopamine

agonists) and known to be clinically responsive. Patients with motor fluctuations were

assessed in the on state. Eligibility was limited to PD subjects in stages 1–4 of the Hoehn

and Yahr (H&Y) scale in the on state so that all subjects would be able to participate in gait

assessments. Age-matched controls were recruited from PD patient spouses, faculty, and

staff. Each subject performed the instrumented Timed-Up-and-Go (iTUG) and the

instrumented Sway (iSway) tests using the APDM® Mobility Lab. Clinical severity of PD

was measured using MDS-UPDRS parts II and III, the mobility subscale of the Parkinson’s

Disease Questionnaire (PDQ-39)23, and the H&Y scale. The postural instability gait

disorder subscore (PIGD) was calculated by summing scores for MDS-UPDRS 3.9 (arising

from chair), 3.10 (gait), 3.11 (freezing of gait), 3.12 (postural stability), and 3.13 (posture).

These PD severity scales were not administered to the control subjects. There were no

missing data.

Experimental protocol

Six movement sensors called Opals® consisting of 3-axis accelerometer, gyroscope and

magnetometer (Mobility Lab, APDM Inc., Portland, OR) were attached to each subject: one

on each ankle and wrist, the lower back, and the upper chest. For the iTUG, the subjects

stood up, walked 6 meters, turned 180 degrees, walked back to the chair, and sat down. This

test is useful in examining key aspects of gait such as stride velocity, cadence, arm swing,

and trunk movement during turns, standing, and sitting. For the iSway, the subjects stood

still with their hands across their chests and their feet positioned a set distance apart for

recording parameters such as mean sway area, path length, jerk, and sway distance in the

mediolateral and anteroposterior directions. For both the iTUG and iSway, the test was

performed three times with the median values being reported and analyzed.

Statistics

iTUG and iSway each yield 101 and 47 measurements of which 86 and 46 represent unique

variables, respectively. Given this large number of variables compared to the number of

subjects (201), minimizing the number of variables examined was considered in depth.
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Thus, we avoided any form of stepwise selection to minimize the extent we capitalized upon

chance.

Our first step was to reduce the number of variables and select only the 10 most pertinent

ones from each test for further analysis. We chose one set of 10 iTUG and one set of 10

iSway variables that correlated highly with the diagnosis (i.e. presence vs. absence of the

disease) and another set of 10 iTUG and 10 iSway variables that correlated with disease

severity as measured by MDS-UPDRS part III score, given, of course, that disease was

present.

We first calculated Pearson correlation coefficients (r) for each iTUG and iSway variable

with both diagnosis and disease severity, and ordered them in descending order by the

absolute value of r. Some of the best variables also correlated strongly with each other so if

the correlation coefficient was 0.95 or greater between the two variables we kept only one

(e.g. “Gait: Stride Length L [Mean]” and “Gait: Stride Length [Mean]” had an r of 0.99 so

we kept only the latter, non-lateralized variable. Some cases did not involve lateralized

variables but were otherwise highly correlated, e.g. “High frequency power (AP)” and “Low

frequency power (AP)” had an r of 0.99 with one another, and we kept only the former

based on its slightly higher criterion-related correlation).

We also performed a second variable selection procedure as a check on this first procedure.

We randomly chose half the subjects (half PD and half controls) and assigned each variable

a rank score based upon (a) its correlation with diagnosis and (b) its correlation with disease

severity as defined by its correlation with the MDS-UPDRS part III score. The groups were

resampled 10 times and the average rank score was calculated for each iTUG/Diagnosis,

iTUG/Severity, iSway/Diagnosis, and iSway/Severity measure. Thus, variables with the

lowest average rank scores were those that consistently correlated the best with either the

diagnosis or disease severity. Using this procedure we again chose the 10 variables in each

of the four groups of variables. Variables chosen using the entire cohort were virtually

identical to those chosen using the halves with at most 2 variables differing in each set.

There were 2 iTUG and 5 iSway variables that appeared in both the diagnosis set and

disease severity set. Variable correlation coefficients and related measures are shown in the

Supplemental Table.

Once the variable sets were defined, their psychometric properties were determined and two

types of analyses were performed: (a) between-groups analyses, which compared PD

patients and controls using the iTUG and iSway diagnosis variables, and (b) within-group

analyses, which examined differences within PD patients using the iTUG and iSway severity

variables. Age and gender were controlled in all analyses, so the significance of the various

test statistics to be reported were tested as increments above the values obtained using age

and gender alone.

The between-groups analyses began with comparing the means and standard deviations of

the two groups on the iTUG and iSway measures. We also performed logistic regression to

examine differences on the iTUG and iSway variables as a function of group membership.

These analyses also included ROC analyses of the group differences. We also compared
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patients with clinically normal gait (MDS-UPDRS 3.10 score of 0) and patients with

clinically normal balance (MDS-UPDRS 3.12 score of 0) against controls. An additional

comparison was performed to explore the joint influence of gender and diagnosis using the

ANOVA type III sum of squares to account for differences in sample sizes. A multivariate

ANOVA (MANOVA) was conducted on each of the four sets of predictors (iTUG/

Diagnosis, iTUG/Severity, iSway/Diagnosis, and iSway/Severity), with Wilks’ lambda used

as an omnibus significance test.

The within-groups analyses used multiple linear regression to examine the relation between

the iTUG and iSway measures and the five PD severity measures (MDS-UPDRS part II,

MDS-UPDRS part III, PIGD subscore, PDQ-39 mobility subscale, and H&Y stage). We

also examined differences between patient types: de-novo (never treated), stable (MDS-

UPDRS 4.3 score of 0, meaning no off time), and fluctuator (MDS-UPDRS 4.3 score greater

than 0) using ANCOVA. Again, significance was tested as increments over age and gender

alone.

Multivariate statistical analyses were performed using SAS v9.3 (SAS Institute Inc., Cary,

NC). Randomization and correlation coefficient calculations were performed using Matlab

v2014a (Mathworks, Natick, MA).

Results

135 PD patients and 66 controls were included in the study. Demographic and baseline

clinical information on the groups is shown (Table 1). Note that there was a male

predominance in the PD group and a female predominance in the control group, since many

controls were spouses of PD subjects. There was no significant difference in age between

PD and control subjects (p = 0.47). Of the PD subjects, 15 were untreated de novo cases

with DaTscan confirmation, and the others were on dopaminergic medication with clear

evidence for responsiveness. Among the treated subjects, 34 had slight motor fluctuations, 9

had mild, 1 had moderate, and 1 had severe fluctuations (MDS-UPDRS question 4.3). This,

together with the average H&Y stage of 2 indicates that our study was comprised chiefly of

mildly affected patients.

Psychometric properties

According to the method described, one pair of sets of iTUG and iSway variables was

selected for use in the regression analysis of diagnosis and a second pair of sets was selected

for the analysis of disease severity. These variable sets are shown (Table 2) along with their

mean correlation coefficients (r) over 10 randomization trials. A negative value of r

indicates that a measure was less or smaller in PD than control subjects while a positive

value indicates the opposite. Variable descriptions, including the units of measure, are

shown (Table 3).

Between-Groups results comparing PD to controls

Results of t-tests comparing the selected iTUG and iSway measures in PD versus control

subjects are shown (Table 4). As expected, means for iTUG and iSway variables are

significantly different between PD and control subjects since only the most discriminating
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variables were chosen for further analysis. Standard deviations for iTUG variables are

comparable for PD and controls, but for iSway measures PD subjects are considerably more

variable. Logistic regression models to predict presence or absence of disease achieved high

levels of fit both for iTUG and iSway. The area under the ROC curves was 0.82 and 0.75,

respectively (Figure 1).

There were 40 patients with clinically normal gait, and only 3 iTUG and 3 iSway variables

differentiated them from the controls. Wilks’ lambda evaluating the overall effect of all 10

variables did reach statistical significance for iTUG variables (p = 0.04), but not for iSway

(p = 0.2). A much larger subset of patients had clinically normal balance (N=114), and all 10

iTUG variables were able to discriminate them from controls (Wilks’ p < 0.001), but only 3

iSway variables were significant, although together they reached statistical significance

(Wilks’ p = 0.01). Stabilograms generated by the ADPM software of a control subject and

two PD subjects with clinically normal balance are shown (Figure 2). To explore the

question whether iTUG is more sensitive than iSway to presence of disease, we grouped all

PD patients into 5 disease severity categories based on their PIGD subscore and compared

each group against controls (Figure 3). The number of variables that were able to

differentiate patients from controls was higher for iTUG than iSway across all groups, and

iTUG variables were abnormal even in very early disease.

As noted above, age and gender correlated significantly with iTUG and iSway variables so

these were controlled in all regression analyses. Age was significantly correlated with more

than two thirds of variables for both PD and control subjects (data not shown). We explored

the influence of gender in more detail using a 2-way ANOVA (Table 5). In the PD cohort

men and women had comparable age (p = 0.5) and disease severity (p = 0.4 for MDS-

UPDRS part III, p = 0.2 for PIGD subscore). When controlling for gender all iTUG and

almost all iSway variables were significantly different between the PD and control groups.

When controlling for diagnosis, 3 iTUG and 3 iSway variables were significantly different

between the genders, and several more especially among iSway showed a trend toward

significance. No interaction terms were found to be significant. Wilks’ lambda was

significant for both iTUG and iSway variables, for both gender and diagnosis.

Within-groups results assessing correlation of measures with severity

The global measure of explained variance (R2), the F statistic (F) and p-values (p) obtained

from the multiple least squares regression models predicting five PD severity measures

(MDS-UPDRS-II, MDS-UPDRS-III, PIGD subscore, PDQ39-mobility, and H&Y stage)

from the iTUG and iSway variables selected for disease severity analysis are shown (Table

6). The predictors related significantly to all five criteria with R2 values ranging from 0.18 to

0.61. Effects were stronger for iTUG than iSway for objective, exam-based scores, but they

were comparable for the two subjective, questionnaire-based measures of disability.

Since our PD cohort included a wide range of patients, we specifically compared de-novo,

stable (no off time), and fluctuator (at least some off time) patients using ANCOVA (Table

7). All treated patients were examined in the medication on state. The three groups were

comparable in age (p = 0.9), but fluctuators had significantly worse MDS-UPDRS part III

scores (p = 0.005) and PIGD subscores (p=0.002). Two iTUG and 7 iSway variables were

Dewey et al. Page 6

J Neurol Sci. Author manuscript; available in PMC 2015 October 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



significantly worse in fluctuators. When the analysis was repeated controlling for disease

severity there were no differences between the groups.

Discussion

We present the results of our analysis of quantitative gait (iTUG) and balance (iSway)

parameters in a large cohort of early-to-moderate PD patients and controls from which we

identified two sets of clinically meaningful iTUG and iSway measures; one that can identify

the presence of disease and a second set which can estimate disease severity. iTUG is

slightly more sensitive than iSway in identifying disease, and it also correlates better with

objective measures of disease severity. There was no difference in gait and balance

performance among patients based on treatment status (de novo, non-fluctuator, or

fluctuator) when controlling for disease severity. Both iTUG and iSway variables were

significantly influenced by age and gender in both PD patients and controls.

The first main finding of our study was that both iTUG and iSway variables are useful in

differentiating PD from control subjects. We purposefully chose to limit the number of

variables to 10 from each group to show that meaningful clinical conclusions can be drawn

from a limited number of predictors. iTUG performed slightly better than iSway with model

accuracy exceeding 80%. We further demonstrated that gait performance as measured by

iTUG is abnormal compared to control subjects even in very early disease as measured by

the PIGD subscore, while iSway measures remain within normal limits for PIGD subscores

less than 2. Accordingly, iTUG exhibits slightly higher sensitivity compared to iSway (75%

vs 65% for iTUG and iSway when specificity is set to 75%).

The second main finding is that both iTUG and iSway measures are good predictors of PD

disease severity as measured by the five clinical outcomes employed. As expected, the PIGD

subscore of MDS-UPDRS part III correlated most strongly with the gait and balance

parameters. Correlation with MDS-UPDRS part III was somewhat weaker as other features

of PD such as limb rigidity, tremor, and speech captured by this score do not influence gait

or balance. Interestingly, iTUG correlated better with objective, exam-based measures of

disease severity, but iSway was the same or slightly better for subjective, questionnaire-

based measures of disease severity (motor activities of daily living). We can only speculate

that other clinical characteristics (such as cognitive function, sleep quality or mood

symptoms) may affect patients’ perception of motor performance and disproportionately

affect balance performance. Given that our selected sets of iTUG and iSway measures

correlate with PD severity within a relatively narrow severity range, we anticipate that these

sets of measures may be useful as biomarkers of PD progression.

Our analysis highlights two additional important points regarding the design and conduct of

gait and balance studies. First, both age and gender significantly influence gait and balance

measures. This is true both for PD subjects as well as controls. It is therefore important to

account for these characteristics when performing similar studies, and to attempt to recruit

cohorts matched for age and gender. This is particularly difficult in regard to gender because

PD studies typically enroll more men as the disease is more prevalent in men. In our

analysis, we compensated for this by adding age and gender as covariates in regression
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analyses and used type III sum of square to account for unbalanced groups (as implemented

in SAS). We have also found that PD women had somewhat worse balance than PD men

despite comparable disease severity scores and medications. Gender alone does not explain

this observation since control women had slightly better balance than control men, a finding

which has been previously demonstrated in healthy elderly people.24

Second, there was no fundamental difference in gait and balance characteristics of PD

patients in regards to treatment status. Our cohort included patients who were untreated,

those who had stable responses to treatment and those who experienced wearing off.

Patients with wearing off had more advanced disease, but once that was controlled for they

were comparable to the rest of the cohort. It is important to note that we examined patients

in their morning on state, so we cannot comment if the same conclusion regarding treatment

status holds when patients are evaluated in an untreated state. Although previous studies

have shown that dopaminergic treatment can impact balance performance,25, 26 we did not

observe this in our study when we compared treated and untreated patients as a group (as

opposed to measuring change in performance off and on medications in a single subject).

This property of being insensitive to treatment status represents a major strength of a

putative biomarker since one is more interested in the progress of the underlying disease

than in symptoms which can be masked by medication.

Careful variable selection was crucial because the APDM® Mobility Lab generates data on

so many variables that differences between PD and control subjects are to be expected by

chance. Our major challenge therefore was to reduce the dimensionality of this data in a

meaningful way. We verified the robustness of our variable sets by using multiple

randomized subsets drawn from our cohort. These variables should therefore be applicable

to any cohort of PD patients with mild-to-moderate disease severity (average H&Y score of

2). Both sets of predictors perform reasonably well for both diagnosis prediction and disease

severity tracking (data not shown), but by design each was optimized for the specific

purpose. Several chosen iTUG variables were “lateralized” (referring to either left or right

body part), but given that there were equal numbers of left and right variables we do not

believe this was necessarily related to subjects’ handedness or more symptomatic side.

Those particular variables may have been selected by chance, and had our correlation

coefficient cutoff been less stringent we could have included only non-lateralized variables.

A similar finding occurred for iSway variables where we discarded some useful measures

just because they were highly intercorrelated and therefore did not contribute any additional

useful information (see Supplemental Table for the list of all available variables and their

mutual correlation coefficients). So while there is a certain degree of flexibility when

choosing clinically pertinent variables, it is clear that some are significantly more

informative than others.

Our selected iTUG and iSway variables show many similarities, but also some important

differences when compared to prior reports where similar movement sensors (Physilog for

iTUG and lumbar MTX Xsens sensor for iSway) were employed for comparison of PD

patients and controls.17–19, 21 Of note, these studies used similar cohorts of 12–13 untreated

patients, and PD diagnosis was not confirmed by imaging or response to treatment. Both

theirs and our study of iTUG identified turning, turn-to-sit and trunk-related parameters as
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significant when compared to controls. We found that arm swing parameters were only

modestly pertinent, while lower extremity measures were more significant. We also found

that stride length was very significant, while gait cadence was not. Overall, the biggest

difference between ours and prior studies is the much larger number of subjects in the

present study, the majority of whom were treated and examined in the medicated state.

Limitations of our study include the unbalanced numbers of subjects and controls, the

preponderance of men in the PD group and women in the control group, the lack of

longitudinal data to directly evaluate these tools as markers of disease progression, and the

lack of sufficient numbers of PD subjects with more advanced disease. We accounted for the

gender imbalance by including gender as a covariate in all analyses, and by performing

balanced sum of squares analysis. Our results are applicable to early stage PD and cannot be

extrapolated to suggest a role in monitoring disease progression at this time. However, we

are actively collecting longitudinal clinical, iTUG and iSway data on this cohort (along with

new study enrollees) and will analyze longitudinal results in a future project.

In summary, our data suggests that the APDM® Mobility Lab is a useful device for

characterizing gait and balance in a cohort of early PD subjects. We demonstrated that our

selected sets of iTUG and iSway variables correlate highly with diagnosis and disease

severity. Age and gender significantly correlate with gait and balance measures and must be

accounted for in these types of studies. The gait and balance measurement system used in

this study is relatively inexpensive and easy to use in a clinical setting which makes it

attractive for large multicenter studies of gait and balance in PD. Our long term goal is to

validate these measures in a longitudinal study of PD subjects and evaluate them as potential

biomarkers of disease progression. In addition, our identification of these sets of iTUG and

iSway variables may facilitate future studies aimed at identifying better treatment options

for gait and balance impairment in PD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We evaluated the APDM® Mobility Lab in Parkinson disease.

• We employed a statistical method to reduce the variables of interest.

• We found a set of 20 variables that differentiate PD from controls.

• Another set of 20 variables correlate with symptom severity.

• This device may be useful for objectively tracking disease progression.
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Figure 1.
ROC curves for logistic regression model utilizing iTUG (A) or iSway (B) variables to

predict presence of PD diagnosis. The area under the curve is 0.82 for iTUG and 0.75 for

iSway.
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Figure 2.
Plots of the sway path in anteroposterior and mediolateral directions in a control subject (A)

and two PD subjects with clinically normal balance (B, C).
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Figure 3.
More iTUG than iSway measures are abnormal in very mild disease, but both worsen as the

disease advances.
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Table 1

Demographics and clinical characteristics of subjects (mean ± SD).

PD (n=135) Controls (n=66)

Age 64.0 ± 9.9 62.9 ± 9.5

Men 57% 41%

MDS-UPDRS Part I score 7.3 ± 4.9

Part II score 8.8 ± 6.4

Part III score 26.1 ± 12.8

Part IV score 2.3 ± 3.5

Hoehn & Yahr 2.0 ± 0.6

PDQ-39 (%) ADL 16.0 ± 14.4

Body Discomfort 22.1 ± 21.0

Cognitive Impairment 15.6 ± 15.4

Communication 12.8 ± 16.5

Emotional 12.4 ± 14.8

Mobility 13.6 ± 17.5

Social Support 5.2 ± 12.1

Stigma 15.4 ± 18.8

On any PD medication 89%

On levodopa 63%
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