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Abstract
Many tests can crudely quantify age-related mobility decrease but instrumented versions of

mobility tests could increase their specificity and sensitivity. The Timed-up-and-Go (TUG)

test includes several elements that people use in daily life. The test has different transition

phases: rise from a chair, walk, 180° turn, walk back, turn, and sit-down on a chair. For this

reason the TUG is an often used test to evaluate in a standardized way possible decline in

balance and walking ability due to age and or pathology. Using inertial sensors, qualitative

information about the performance of the sub-phases can provide more specific information

about a decline in balance and walking ability. The first aim of our study was to identify vari-

ables extracted from the instrumented timed-up-and-go (iTUG) that most effectively distin-

guished performance differences across age (age 18–75). Second, we determined the

discriminative ability of those identified variables to classify a younger (age 18–45) and

older age group (age 46–75). From healthy adults (n = 59), trunk accelerations and angular

velocities were recorded during iTUG performance. iTUG phases were detected with wave-

let-analysis. Using a Partial Least Square (PLS) model, from the 72-iTUG variables calcu-

lated across phases, those that explained most of the covariance between variables and

age were extracted. Subsequently, a PLS-discriminant analysis (DA) assessed classifica-

tion power of the identified iTUG variables to discriminate the age groups. 27 variables,

related to turning, walking and the stand-to-sit movement explained 71% of the variation in

age. The PLS-DA with these 27 variables showed a sensitivity and specificity of 90% and

85%. Based on this model, the iTUG can accurately distinguish young and older adults.

Such data can serve as a reference for pathological aging with respect to a widely used

mobility test. Mobility tests like the TUG supplemented with smart technology could be used

in clinical practice.
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Introduction
There is a growing interest in identifying an array of measurements that can assess relevant
processes associated with healthy ageing (e.g., [1–5]. Such “biomarkers” can concurrently
change with age but can also predict ageing-related phenotypes or subsequent health outcomes
including morbidity, mortality, quality of life and health span. Measurements of biomarkers
should be easy to administer and still provide clinically meaningful information as surrogate
endpoints in interventions specifically designed to extend health span. Beyond interventions,
population studies should also benefit from valid, reliable, low-cost indices of healthy ageing
[3]. In general, biomarkers comprise key bodily functions, which are known to decline during
ageing. Biomarkers should thus target physical capability and cognitive, physiological, muscu-
loskeletal, endocrine and immune functions. Within the domain of motor function in aging,
thanks to its high construct and convergent validity, reliability, and standardization the Timed-
Up-and-Go (TUG) test has recently been proposed [4] and recommended as a potentially use-
ful biomarker of healthy ageing [3]. The TUG is routinely used as a composite test to assess leg
strength (sit-to-stand), gait, and balance (180° turn; sit-to-stand, stand-to-sit). Constituent ele-
ments of TUG represent activities of daily living linked to quality of life in healthy aging.
Unsurprisingly, TUG has hence become a popular and informative mobility test that provides
age-, gender-, and pathology-specific data on old adults’ balance and gait function [6, 7]. Even
though a stopwatch is sufficient to assess TUG performance [8], total time as a summary mea-
sure cannot characterize the execution quality of its sub-phases. Such an omission is unfortu-
nate considering that the postures and the transitions between phases of TUG are frequently
administered as individual tests for the quantification of dynamic balance, walking ability [9],
the capacity to sequence tasks [10], and even to assess fall risks [11]. Miniaturization, low
weight, inconspicuousness, validity, reliability low cost, and versatility of automated algorithms
to analyse a variety of motor tasks have made such devices the tool of choice for an objective
quantification of motor function aging. Such sensor features make it possible to use wearable
technology not only in a research setting but also in a clinical setting where individuals execute
motor tasks in their natural environment [12, 13].

Inertial measurement units (IMU’s) with embedded 3D accelerometers and gyroscopes can
quantify key phases of the instrumented TUG (iTUG) and provide in-depth information on
functional performance [14–16]. Algorithms such as Hidden Markarov Models [17], Dynamic
Time Warping [18], and methods for dimensionality reduction can characterize temporal fea-
tures of transition between phases of iTUG [19]. An automated detection of sub-phases of the
iTUG can characterize movement in terms of smoothness, regularity, variability, maximal
velocity, or range in angular velocity. Phases of iTUG are sensitive and can classify frail [20]
versus healthy elderly [21, 22] and identify those with fall risks [23], cognitive impairment
[24], and assess stages or quantify movement impairments in Parkinson’s disease [25–27].

The use of iTUG is complicated by the difficulty in selecting from the large number of vari-
ables those that are sensitive to individual differences in gait and balance performance. Fre-
quently used variables include the mean, median, standard deviation and ranges of a signal
characterizing sub-phases of the iTUG. In addition, measures related to variability (RMS),
smoothness of performance (Jerk/slope), gait variability index (Phase variability Index, Har-
monicity Ratio, Coefficient of Variation of stride times) have been suggested for quantifying
performance during specific iTUG phases [10, 14, 19, 23]. Most studies focused on distinguish-
ing patients from healthy (older) adults. Moreover, the large number and variety of variables
makes it difficult to determine the variables that could separate age groups of healthy adults
over the lifespan. Pattern recognition methods like Principal Component Analysis (PCA) are
suitable to gain insights into data matrices and minimize redundancy. Palmerini [19] applied
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PCA to search for a subset of variables relevant for three phases of the TUG, sit-to-stand, walk-
ing and stand-to-sit. Of the initial 28 variables of healthy adults based on accelerometer signals
embedded in a smartphone, a reduced set of twelve variables was extracted using PCA, but
these analyses were not used to stratify participants by age and the device also operated without
a gyroscope.

iTUG has previously been used for patient stratification. A linear discriminant analysis of
iTUG data stratified nearly 80% of healthy and early-mild Parkinson’s patients correctly, based
on mediolateral (ML) and vertical Jerk during turning and anterior-posterior root mean square
(RMS) during the sit-to-walk phase [25]. As compared with TUG duration measured with a
stop watch, a binary logistic regression analysis of a subset of three variables (jerk of the sit-to-
stand, average step duration, standard deviation (STD) of the overall performance) was more
accurate in classifying non-fallers and fallers [23]. A pattern matching k-NN algorithm was
also effective in distinguishing old adults with a low and high fall risk based on the RMS of the
vertical acceleration during walking, the amplitude of the yaw signal during turning and the
time to complete the test. Sit-to-stand and stand-to-sit related variables were not included in
the classification [28].

Overall these studies show that a subset of parameters of the iTUG could classify certain
type of patients. The current and sporadic evidence for using iTUG as a classification tool
could be generalized and broadened by providing a normative database that characterizes a set
of statistically selected variables for the postural and ambulatory elements of iTUG. Such data
can then be used to assess the effects of natural aging and could serve as a basis for the identifi-
cation of patients with mobility disability [10, 19, 23, 25]. Therefore, the first aim of our study
was to identify iTUG variables that are associated changes in performances of the iTUG across
the adult lifespan. Secondly after identification of the most important iTUG variables we
assessed if these variables could accurately discriminate two age groups one of age 18–45 and
one of age 46–75 year. Because the onset of decline in of muscle mass and muscle function
starts around age 40–45 year, we chose a cut-off value of group division at age 45 [29–32]. We
combined a wavelet analysis algorithm (to identify phases of iTUG) with a phase detection
algorithm based on accelerometer and gyroscope data and applied statistical analyses to specify
variables that could effectively classify healthy young versus old adults. To this aim, first we
used a Partial Least Square analysis (PLS), a method that combines dimensionality reduction
and regression, to identify the variables of the iTUG that are sensitive to age. Second, we exam-
ined the classification power of the identified variables to stratify young and old adults, using a
PLS-discriminant analysis.

Methods

Participants
Fifty-nine healthy adults participated in the study (45±18 years, range of age: 18 to 75, 46%
male) and served as a basis for two age groups: 18–45 (28±7 years, n = 28, 61% male;
weight = 75.4 ±7.6 kg; length – 178±11.28 m) and 46–75 (62±8 years, n = 31, 32% male;
weight = 73.1±13.3 kg; length = 169.5±9.4 m). All subject were healthy and active. Participants
were asked to report the number of hours a week they engaged in physical activity during a typ-
ical week (e.g., tennis, dance, hiking, yoga). Participants in the younger group were on average
4.8±2.0 hours active a week and participants in the older group 2.9±2.2 hours a week.

Data of four participants (3 young; 1 old) was excluded from one of the two trials they per-
formed, because the data was not correctly recorded due to a corrupt memory card. The local
Ethical Committee of the Center of Human Movement Sciences of the University Medical Cen-
ter Groningen approved the research proposal. All participants signed a written informed
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consent before participating. The iTUG test was part of a larger study examining the effects of
age on gait [31].

Instrumentation and procedure
Trunk accelerations were measured during the TUG with an Inertial Measurement Unit (IMU;
DynaPort1 hybrid unit (56x61x15 mm, 54 g; McRoberts BV, The Hague, the Netherlands).
The unit consists of a tri-axial accelerometer and gyroscope sensor (100 Hz sample frequency).
Data was stored on a SD card for off-line analysis of the signals. The IMU was fixed with an
elastic belt at the level of lumbar segment L3 over the participant’s clothes. Participants per-
formed the iTUG two times. The iTUG consisted of standing up from a chair without the use
of the arms, walking 7 m, turning around a pion, walking 7 m back to the chair, and sitting
down without the use of the arms. Participants were instructed to perform this task as fast as
possible without running. Since the iTUG was performed in the context of a larger study the
TUG trials were randomized with three other gait tests. All data analyses were performed off-
line using Matlab software (version—R2015b, The MathWorks Inc.).

Phase detecting algorithm
An algorithm was developed to detect five phases of the iTUG: 1) rising from a chair (sit-to-
stand), 2) walking, 3) turning, walking, 4) turning and 5) sitting down (stand-to-sit) (see also
[16, 22, 23, 33]). The two walking phases were pooled for gait analysis. Similar to the studies of
Weis et. al., [22, 23] identification of postural transitions during sit-to-stand and stand-to-sit
was based on the pitch of the angular velocity signal and on the anteriorposterior (AP) acceler-
ation signal. Turns were identified from the yaw of the angular velocity signal [22, 34]. We
used a discrete wavelet approach to perform a time frequency decomposition of the signals in
order to identify the relevant signal peaks related to the start and end of phases of iTUG [33,
35–37] or the type of signals collected in the present study, a Daubechies (db) mother wavelet
was appropriate [36, 38, 39].

Standing-up and sitting down
The pitch signal was analysed with a db5 mother wavelet and its reconstruction was based on
the level 4 approximation (4A). Thereafter, peaks (Fig 1) in the reconstructed signal were
detected using a peak detection algorithm ‘findpeaks’ of the signal toolbox of Matlab, which
searches for local maxima in the signal. Fig 1 presents the phases of standing-up and sitting-
down. From 1a to 1b, the subject moves the trunk forward in preparation for rising from the
chair. Subsequently, from 1b-1c the trunk is moved backward until standing upright. In the sit-
ting down phase (3a-3c) the pattern is repeated.

Turning
To detect the turn at the end of the first walking trajectory and before sitting-down, a db5
mother wavelet was used on the yaw signals and the reconstruction was based on the level 6
approximation (Fig 2). Depending on the direction of the turn a negative or positive peak
appears. First, the minimum or maximum peak point in the wavelet is found (Fig 2, upper
trace: 2B–2E). Thereafter, the first point where the yaw signal crossed the zero line is detected
before and after the peak. This is done for both turns. To determine the number of steps used
to turn, the trunk AP acceleration signal is reconstructed at approximate level 3 of db5 (Fig 2,
lower trace). The peaks in the acceleration signal represent a foot contact instance.
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Detection of the start and end of the walking phases was based on the previous phases and
foot contact moments extracted from the AP acceleration signal (Fig 3). The start of walk 1 was
defined as the first peak after standing up (Fig 1 and 1C) and ended at the peak before the turn

Fig 1. Representation of the Pitch signal for detecting standing-up and sitting down phases. Pitch signal or rotation around the
mediolateral axis (dotted line) and reconstructed signal (solid line) using level 4 approximation of db5 wavelet. When the signal becomes
negative (1a) the trunk moves forward until minimal angular velocity (1b). Subsequently when the participants stands-up the angular
velocity also changes in direction. For sitting down the same pattern is visible (3a-3c).

doi:10.1371/journal.pone.0155984.g001

Fig 2. Representation of a yaw signal used for identifying the turn phases and of an AP acceleration signal for detecting
steps during turns. The upper trace represents the yaw signal or rotation around the vertical axis (dotted line) and reconstructed
signal (solid line) using a level 6 approximation of db5 wavelet. The turn is indicated by an increase/decrease in the yaw amplitude
depending on the direction of the turn. Start of turning is when the zero line is crossed (2a, 2d) and end of turn when the zero line is
again crossed (2c; 3f). The lower trace represents the AP acceleration signal (dotted line), reconstructed at level 3 with a db5 wavelet
(solid line). Peaks indicate foot contact instances.

doi:10.1371/journal.pone.0155984.g002
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(Fig 2; 2A). The second walk after turning started at the first peak after the turn (Fig 2 and 2C)
and ended at the peak just before the turn for sitting-down (Fig 2 and 2D).

Variables calculated from the iTUG phases
We calculated the same variables for phases of iTUG that have been reported in the literature
[10, 14, 19, 22, 23, 25, 28, 40]. First, the duration for each phase was calculated. Second, we cal-
culated the amplitude, range of the movement, variability and smoothness of the movement
for sit-to-stand, stand-to-sit, and for the two turns. Data for the two walking phases were com-
bined. From foot contacts, step-related variables (e.g., stride time, number of steps) were calcu-
lated. From the ML and AP acceleration signals, we computed measures of stability and
smoothness of gait. Altogether, we calculated 72 variables for the Partial Least Square (PLS)
analysis (Table 1). Outcome measures were expressed in absolute values, being positive or neg-
ative signs according to the direction of turn.

PLS analyses
A Partial Least Squares (PLS) regression analysis was applied to determine the iTUG variables
that were related to age (PLS-Toolbox 8.1 for Matlab, Eigenvector Research Inc.). PLS analysis
combines PCA with regression analysis. Compared with step-wise regression or structural
equation models, PLS methods can handle a larger set of independent variables with lower
number of observations. Moreover, multivariate PLS regression allows the modelling of multi-
ple responses, while dealing with multicollinearity [41], which is often present in motion data,
including walking. The general aim of the PLS analysis is to define a maximum covariance
model and explain the relationship between the iTUG variables (X-matrix, predictors) and age
(Y-matrix, responses). In other words, successive orthogonal factors are chosen that maximize
the covariance between each X-score and the corresponding Y-score to find a model that best
predicts age with a selected number of iTUG variables.

Two separate PLS analyses were performed consecutively. For the first PLS analysis trial one
was used as data input. With this data, a PLS model was built to determine the latent iTUG var-
iables that most accurately predict age and also explains most of the covariance between iTUG
variables and age. The second analysis consisted of a PLS-discriminant analysis (DA) to deter-
mine how accurately the iTUG variables identified by the first PLS analysis discriminate the
two age groups.

The data were pre-processed by a z-transformation. For the first PLS analysis, the X-matrix
consisted of the 72 iTUG variables and the Y-matrix the 57 participants’ age. By extracting the

Fig 3. Representation of an AP acceleration signal for detecting steps during walking. The signal represents the raw (dotted line)
and reconstructed (solid line) anterior-posterior acceleration signal (Level 3 db5), used for defining step parameters. Arrows indicate
heel strike.

doi:10.1371/journal.pone.0155984.g003

Multivariate Data Analysis of Performance on the iTUG

PLOSONE | DOI:10.1371/journal.pone.0155984 June 6, 2016 6 / 17



Table 1. Variables calculated for different phases of the iTUG.

Variables iTUG components* Description Signal / M.U.

Time Sit–to-stand; Stand-to-sit;
Turns; Walking

Duration of each phase Sec.

Mean Sit–to-stand; Stand-to-sit;
Turns- Walking

Average value over different identified phases of iTUG Pitch deg./s Pitch deg./s
Yaw deg./s AP acc. m/s2

STD Sit–to-stand; Stand-to-sit;
Turns- Walking

Standard deviation calculated over identified phases of iTUG Pitch deg./s Pitch deg./s
Yaw deg./s AP acc. m/s2

Range Sit–to-stand; Stand-to-sit;
Turns- Walking

Difference between maximum and minimum observation Pitch deg./s Pitch deg./s
Yaw deg./s AP acc. m/s2

Max Sit-to-stand; Stand-to-sit;
turns- walking

Maximal value of the signal Pitch deg./s Pitch deg./s
Yaw deg./s AP acc. m/s2

Median Sit-to-stand; Stand-to-sit;
Turns- Walking

Middle value of signal values Pitch deg./s Pitch deg./s
Yaw deg./s AP acc. m/s2

RMS Sit-to-stand; Stand-to-sit; Root Mean Square: Pitch deg./s Pitch deg./s
Yaw deg./s AP acc. m/s2

Turns- Walking
RMS

ffiffiffi
1
N

p PN
i¼1

ðxi � xÞ2

x = signal type

Slope Sit-to-stand St and-to-sit
Turns

Rate of change in angular velocity, direction and steepness. Yaw

N steps Walking Number of steps over the two walking tracts n

Step time Walking Average time between right and left foot contact AP acc. s.

CV step Walking Coefficient of Variation between steps %

CV ¼
ffiffi
1
N

p PN
i¼1

ðsi�sÞ2

s
� 100

s = step time = signal, i = step number

Phase
deviation

Walking φi = (FCRt(i) − FCLti)/(FCLt(i+1) − FCLt(i)) � 360° AP acc. unit less

φi = Point-estimate of relative phase as measure of timing between
contralateral heel strikes. FCR = time instant right heel strikes. FCL = left heel
strike

φdev ¼ 1
N

XN

i¼1

φi�180

Average deviation from perfect symmetric gait

Phase
variability

Walking Because the relative phase is a circular measure, circular statistics was
applied to calculate the variance of the relative phase over strides.

unit less

Index of
harmonicity

Walking IH ¼ p1P10

i¼1
pi

AP – ML accunit less

pi = Power spectral density of fundament frequency

∑pi = the cumulative sum of power spectral densitie of the 10 harmonics.

Higher IH indicates smoother gait pattern

Gait cycle
Variability

Walking
SDi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

j
ðxij�CycleiÞ2

n�1

� �s
AP – ML acc unit less

Point by point standard deviation for ith sample sij signal value for ith sample jth

step cycle i mean over cycle of ith sample

PhVar ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPk

i¼1
STDi

2

k

r
Gait cycle var = average of individual point by point std values across all
samples k STDi standard deviation over ith sample

Frequency Walking 1/ step time AP – ML Acc Hz/s

�As indicated in Fig 1, sit-to-stand variables were calculated for phases 1b – 1c, 1a – 1c; for stand-to-sit from, 3a – 3b; 3a – 3c. Turn slope was calculated

separately for phase 2a – 2b; 2b – 2c and 2d- 2e; 2e – 2f (see Fig 2) acceleration signal. AP = Anterior Posterior; ML = mediolateral; M.U. = Measurement

Unit.

doi:10.1371/journal.pone.0155984.t001
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variables that contribute the most to the model, the number of variables is reduced to a smaller
number of Latent Variables (LV). Any given LV explains a part of the total variance in the Y-
matrix (age) by capturing the variance in the X-matrix (iTUG variables). The amount of vari-
ance of the iTUG variables explained by the models LV indicates the relevance of the variables
in the prediction of age [41]. The number of LVs was determined by goodness of prediction
(Q2).

Q2k ¼ 1� PRESSk
RSSk�1

ð1Þ

PRESS ¼ Pðyk�1;m � ŷk�1;�mÞ2 ð2Þ

where PRESS is the predictive sum of squares of the model containing k components and RSS
is the residual sum of squares of the model[42]. The PRESS depends on the yk−1,m the residual
of observationm when k–1 components are fitted in the model and ŷk�1;�m the predicted y

when the latest observation ofm is removed. When Q2 reaches a plateau, before it decreases,
this is considered the optimal number of latent variables.

To assess the PLS model, several outcomes were derived. First, the goodness of fit (R2) of
the model was determined. The R2 explains how well the model fits the data and is calculated
as follows:

R2k ¼ 1� RSSk
TSS

ð3Þ

The R2 is defined by the residual sum of squares of the kth LV and the total sum of squares
(TSS). Next, the weights of the PLS model were assessed. They illustrate the relationship
between iTUG variables and the participant’s age, with respect to the individual LV. The
weights describe the importance of iTUG variables and age on the model for individual LV. If
they are near zero for all identified LVs than they add little to the model.

To identify which iTUG variables are of importance to the model the regression coefficients
of the PLS matrix and the Variable Importance for Projection (VIP) are evaluated. Whereas
the regression coefficients (RC) represent the influence each variable has in the prediction of
the response (age), the VIP represents the values of each predictor (iTUG-variable) in fitting
the PLS model for predictors as well as the responses. A large absolute coefficient for an iTUG
variable (predictor) together with a VIP values> 0.8 indicates that a variable is a prime candi-
date in the model [41].

The VIP scores are calculated as follows:

VIPj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p
PN

k¼1½SSkðwkj=kwkk2Þ�=PN
k¼1ðSSÞk

q
ð4Þ

with SSk is the explained sum of squares of the kth LV and N the number of LVs in the model.
Hence the VIPjweights wkj quantifies the contribution of each variable j according to the variance
explained by each kth LV. The selected variables were included in the second analysis PLS-DA.

PLS-DA analysis
To determine the classification power of the iTUG variables identified in the first PLS analysis
a PLS-DA was performed on the dataset of the second iTUG trial. The iTUG variables selected
from the first PLS analysis thus formed the X-matrix. For the discriminant analysis, the partici-
pants were separated into two age groups, one with age 18–45 and one group with an age of
46–75 years.
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Based on the PLS-DA a Receiver Operating Characteristic (ROC) curve was constructed.
This curve includes both the true positive rate (sensitivity) and false positive rate (specificity) of
the model. Each point on the ROC-curve represents a sensitivity/specificity pair, which is related
to a threshold that determines the optimal boundary between younger and older adults in the
classification. The Area Under the Curve (AUC) is an indicator of the classification power of the
model. It is the average value of sensitivity for all possible values of specificity. An AUC of 1
shows a perfect accuracy of the classification and an AUC of 0.5 is a pure guess of the result.

Results

Phase detection of the iTUG
The PLS model contained three LVs, as the Q2 had reached a plateau at LV3 before it
decreased. The three LVs explained 30.5% of the co-variance between the iTUG variables (X-
matrix), and 71% of the variance in age (respectively explaining 49.4%, 9.9% and 11.7% of the
variance in age).

Fig 4 shows the VIP scores and absolute RC for all the iTUG variables included in the analy-
sis. The variables on the left side are negative RC representing lower values of all included
parameters except for stand-to-sit median pitch and mean acceleration in the 3a-3b phase.
These values were related to participants with higher age. In addition, positive RC, on the right
side, indicates that higher values on these variables are related to higher age. As illustrated in
Fig 4, based on the criteria for selection of iTUG variables, (VIP score> 0.8 and RC> 0.04),
27 of the 72 iTUG variables were considered important to the PLS model. The 27 selected vari-
ables of the iTUG are related to different phases of the iTUG. Table 2 shows mean values, VIP
scores, RC and the captured variance of each variable per LV.

Sit-to-stand phase
For the sit-to-stand phase, 3 of the 23 variables were included. Two of these variables summa-
rize the angular velocity of the movement (pitch signal), in terms of its range and slope. The
median of the AP acceleration also was included. Older participants had a larger range, steeper
slope and overall a higher acceleration, indicating a movement with a faster change and larger
angular movement during standing up and a higher acceleration on average during this period.

Fig 4. Variable Projection of Importance (VIP) scores and regression coefficient plot. The regression coefficients are giving as bars in
absolute values. To the left and right of the vertical dotted line, respectively, the negative and positive regression coefficients are shown. The
dotted black line represents the VIP-scores (right y-axis). In order to be important to the model, the dots in the dotted line should be above the
dashed line (VIP > 0.8, right Y-axis). The dark bars are the variables that entered the PLS-DAmodel. Note that due to the large number of variable
included in the model, regression coefficients are relatively low.

doi:10.1371/journal.pone.0155984.g004
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Walking phase
Of the variables related to walking, 6 out of the 14 variables were included in the model: the
RMS, gait cycle variability in both the AP and ML directions, the STD step time and the ML
acceleration frequency, implying that younger adults had a more variable body sway and more
variability between gait cycles and step-times. The variables related the smoothness and regular-
ity of the gait pattern, the mean step time and number of steps, were not included in the model.

Turn-to-walk phase
For turn-to-walk 4 out of 6 variables were relevant to the PLS model: the slope of the turn
phases, the time, and number of steps. During turning while walking, older adults took more
time and steps to complete the turn, while the turn of young adults had a steeper slope while
turning. A similar number of variables of the turn-to-sit was included, both the slopes and the
amplitude and RMS of the angular velocity. During this movement, young adults had more
body sway and a larger magnitude of angular velocity. Similarly to the turn-to-walk, young
adults had a steeper slope while turning.

Table 2. VIP (Variable Importance for Projection) and Variance captured by the 3 LV in the PLSmodel. Only variables with a VIP score higher than 0.8
are included. The means of the variables in the first dataset are also shown. Note that due to the large number of variables included in the model, regression
coefficients (RC) are relatively low in this type of PLS models.

Variance Captured Young Old

Phase Variable RC VIP Scores L1 L2 LV3 Mean STD Mean STD

Sit-to-stand Range pitch (B-C) 0.04 1.49 40.2 33.6 0.3 157.05 34.45 191.46 51.04

Slope pitch (B-C) 0.05 1.33 21.8 2.5 1.8 2.58 1.00 2.94 0.98

Median AP (A-C) 0.07 1.46 27.2 15.2 0.1 0.47 0.13 0.53 0.13

Walk RMS AP -0.17 4.83 7.0 46.2 0.2 0.39 0.14 0.28 0.07

RMS ML -0.12 3.46 11.2 27.9 0.1 0.20 0.04 0.17 0.04

Gait cycle variability ML -0.12 3.17 8.4 26.5 0.1 0.19 0.04 0.17 0.05

Gait cycle variability AP -0.11 1.42 0.1 18.2 2.3 0.20 0.05 0.19 0.04

STD step time -0.07 0.81 4.9 0.2 3.9 0.08 0.03 0.07 0.03

Gait frequency ML -0.07 0.90 4.4 1 1.2 4.64 2.19 4.06 1.40

Turn-to-walk Time 0.16 3.79 7.9 15.0 0.5 2.00 0.47 2.55 0.68

N steps 0.10 2.18 11.7 4.7 0.1 4.44 1.15 5.33 1.27

Slope (A-B) 0.04 1.04 10.8 0.5 1.82 2.00 2.07 1.27 1.69

Slope (B-C) -0.08 1.18 4.7 4.5 1.7 1.69 1.13 1.17 0.92

Turn-to-sit RMS -0.09 1.68 2.5 21.2 1.4 108.02 20.94 98.97 20.19

Amplitude -0.13 2.30 1.5 16.3 0.3 183.20 23.33 171.60 26.25

Slope (D-E) -0.09 1.34 0.7 20.6 0.07 3.29 1.87 2.80 1.32

Slope (E-F) -0.08 1.11 3.74 2.4 0.3 3.15 1.18 2.74 1.32

Stand-to-sit Time (A-C) -0.06 1.07 8.4 0.6 0.01 1.38 0.29 1.24 0.35

Median pitch (A-C) -0.08 1.42 20.9 13.0 7.0 17.03 8.81 19.39 9.71

Median pitch (A-B) -0.07 1.43 18.7 1.3 1.6 12.45 12.06 14.09 9.71

Max pitch (A-C) 0.13 1.72 8.1 13.4 25.6 87.95 40.36 101.62 35.92

Mean pitch (A-C) 0.13 2.88 25.1 3.0 1.2 11.61 7.43 18.20 8.80

Slope pitch (A-B) 0.04 1.64 25.2 0.8 0.2 1.53 0.76 2.09 1.05

Range pitch (A-B) 0.08 0.86 13.5 32.0 12.1 141.20 34.13 154.88 37.82

STD pitch (A-C) 0.09 0.96 10.5 18.1 21.9 37.91 11.35 41.72 11.27

Mean AP (A-C) -0.07 1.38 0.6 42.9 0.5 0.41 0.14 0.36 0.11

STD AP (A-C) 0.11 1.75 23.0 27.6 5.4 0.22 0.05 0.25 0.06

doi:10.1371/journal.pone.0155984.t002
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Stand-to-sit phase
Ten out of the total 23 stand-to-sit variables were included in the model. In this phase, in con-
trast to the other iTUG phases, time was also included. Seven of these 10 variables summarize
the angular velocity of the movement (pitch signal). These variables are the mean, median,
STD and maximum of the angular velocity during the whole stand-to-sit movement and the
median, range and slope of the angular velocity during the first part of the stand-to-sit. The
two remaining variables summarize the AP acceleration in terms of the mean and standard
deviation of the total stand-to-sit.

Older adults had a faster movement and exhibited on average a higher angular velocity
(mean/median) during the stand-to-sit. Their movements also showed a faster change and
larger maximum angular velocity and in total a larger range of angular velocity. This was simi-
lar to the movement during the sit-to-stand.

During sitting down, young adults had a higher acceleration pattern with a smaller deviation
from the mean. With the exception of these results and the higher acceleration of older adults
during the sit-to-stand, no variables of the AP acceleration were included in the model of the
sit-to-stand and stand-to-sit.

Classification power to discriminate age groups
The PLS-DA analysis included the 27 variables identified by the PLS analysis. The model
included two latent variables, as for two LVs, the Q2 showed the first peak, before it decreased.
30.6% of the variance in iTUG measures explained 56% of the variance in age groups for these
two LVs. The LVs explained respectively 44.1% and 11.5% of the variance in age. The goodness
of prediction was 0.38. The analysis had a good accuracy of the classification as indicated by
the area under the curve (AUC = 94.7%). Fig 5A shows the ROC curve at the optimal cut-off
point, 0.52. The sensitivity and specificity were 90% and 85%, respectively (Fig 5B). These
results indicates that 10% or 3 of 26 of the young adults were classified as old and 15% or 5 of
31 of the older adults were classified as young.

Discussion
The present study addressed two main objectives: 1) which variables of the iTUG are most sen-
sitive to distinguish age effects and 2) what is the classification power of a model based on
the variables detected by the first objective. These two objectives were addressed using a

Fig 5. Sensitivity and specificity plots. To determine the optimal cut-off point, sensitivity and specificity are
plotted against the threshold (A), the optimal cut-off point is present at 0.52. The sensitivity is plotted against 1
—specificity for all cutoff values of the PLS-DAmodel in the ROC curve (B).

doi:10.1371/journal.pone.0155984.g005
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multivariate analysis, namely the Partial Least Squares (PLS) analysis. We identified 27 vari-
ables of iTUG that predicted age. The subsequent PLS-DA analysis using the 27 identified
iTUG variables classified young and old adults with a power of 0.95 and sensitivity and speci-
ficity of 90% and 85%. We discuss these results with a perspective on how technology can
enrich a widely used clinical test for the purpose of stratifying age groups and patients with
high sensitivity and specificity.

iTUG phase detection
In the present study both an accelerometer and a gyroscope provided data for analyzing the
phases of the iTUG in healthy young and older adults. For the phase detection an algorithm
that combined a wavelet analysis with a peak detection algorithm was applied, to identify each
of the five phases, i.e., sit-to-stand, walk, turn-to-walk, turn-to-sit and stand-to-sit.

Conventionally, TUG performance is scored by a single outcome: total time of execution
[8]. In our study, only the time it took to complete the turning phase during the walking period
and the duration of the stand-to-sit discriminated older from younger adults. A possible expla-
nation for this result could be that in the current study, we compared healthy participants at
different ages ranging from 18 to 75 years of age. Young and older adults completed the iTUG
in 14 and 15 s. This could imply that iTUG time has lower sensitivity to differentiate mobility
between young and healthy aging old adults. For older adults similar values are reported in
other studies (range: 14.3–16.1 s [25]), whereas no reference values for young adults are
available.

Extracted iTUG variables
A combination of the 27 of 72 selected variables consistently identified age-related differences
in iTUG performance.

For the sit-to-stand and stand-to-sit phases the variables that revealed differences between
young versus old adults were mainly related to the angular velocity (pitch) signal and hardly
any differences were detected in the AP accelerations. This is similar to results when comparing
healthy older adults to MCI or PD patients [24, 27]. The largest absolute number of variables
included in the model, were the 10 variables of the stand-to-sit phase. In contrast, only 3 vari-
ables of the sit-to-stand phase were included. Presumably this contrast is related to the lack of
reliability of this phase [25]. The data showed that in certain variables there were large differ-
ences between the sit-to-stand and stand-to-sit between age groups (Table 2). For example,
older adults revealed a larger angular velocity pattern during these two phases and more vari-
ability in the angular velocity, an observation perhaps related to the use of greater motor vari-
ability during the sit-to-stand to compensate for strength deficits [43]. In another study, older
adults have also been shown to be more variable during the sit-to-stand test than young adults
[39]. However, this study reported a lower angular velocity during trunk flexion for older
adults, while our results show the opposite. A possible explanation for this difference could be
that contrary to our study with healthy older adults, the older adults were living in a residential
care facility.

Almost all of the selected variables of the turn-to-walk and turn-to-sit were included in the
final model. The slope of both turns, indicating fastness and smoothness of turns, was an
important discriminating variable and was higher for young adults. For the turn during walk-
ing also the larger number of steps during the turn and the longer duration of turning added to
the differentiation between the two age groups. For the turn before sitting down, the RMS and
amplitude of the yaw signal added to the distinction between the age groups. These outcomes
are in line with previous studies that have used the iTUG to distinguish healthy elderly from
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MCI[24] or PD patients [27], and elderly with an IADL disability [22]. This indicates that the
variables during the turning phases of the iTUG not only distinguish age effects, but also
pathologies.

The variables related to turns might be even more important in case of pathology consider-
ing asymmetric gait in pathologies like stroke, Parkinson’s disease and fallers. Then the direc-
tion of the turn will provide additional information and turns should be made in both
directions. In our study participants could choose in which direction they made the turn.

Variables of the walking phase in the iTUG that have been reported as being sensitive to dis-
criminate gait of healthy (older) adults from that of patient groups were step regularity, num-
ber of steps, duration, IH and Jerk [23, 24, 27]. We found other parameters of walking to be
important to the model, namely RMS (ML and AP), gait cycle variability (ML and AP), fre-
quency (ML) and the STD of step time.

The higher gait cycle variability, ML frequency, and STD of step time in young compared to
older adults is different from results of previous studies reporting higher step variability in gait
of frail elderly and of elderly with fall risk [31, 44, 45]. Our data suggest that adults categorized
into a broad age bracket of 18 to 45 years tend to walk with features that resemble a dynamic
gait that is somewhat erratic and variable, which is in line with earlier recent findings in this
age group. Measures related to smoothness and symmetry of the gait pattern were not included
in the model, presumably due to a too low number of steps when walking 7/14 meters. Even
when we combined the two walking phases the average number of steps of young and older
adults was 17. For smoothness and predictability measures of gait (depending on type of mea-
sure), at least 50 steps are required [46].

In summary, the combination of 27 iTUG variables was sensitive to age. In particular vari-
ables characterizing gait and the turns were included in the model and these variables were
mostly higher in young compared to older adults. In addition, the stand-to-sit phase seemed to
differentiate the age groups more accurately than the sit-to-stand. A possible explanation for
the larger inclusion of walking-related variables is the fact that gait is a cyclic movement con-
trary to the discrete transition movement of standing up or sitting down. During walking,
older adults may have a more limited set of effective motor solutions compared to young
adults, thereby reducing the (goal equivalent) variability [47]. In contrast, during a discrete
movement as sitting to standing or vice versa, older adults show more variability [43]. Overall
these results underscore the importance of separately assessing the different sub-phases of the
iTUG.

Classification
We deliberately included adults with a wide range of ages to assess changes in iTUG perfor-
mance over the lifespan of healthy adults. In spite of using non-distinct groups our misclassifi-
cation rate was only 14%. This result is comparable with the model that was previously
developed to distinguish fallers from non-fallers (13%)[25]. Our misclassification rate is lower
than a previous model that distinguished two distinct groups, namely healthy older adults
from PD patients (22.5%)[23]. This implies that the classification of the current model is simi-
lar and possibly better at distinguishing different groups. This could be due to the fact that in
the current model 27 variables are included, while the other two models only included three
variables. The choice of only a limited number of variables by Palmerini et al.,[25] was based
on the statistical model they used, which will lead to an overfitting with a small sample size and
large number of parameters. For this reason, we decided to apply a PLS method, because this
method is effective in handling relatively small sample sizes with a large number of variables
with multi-collinearity [41, 48]. Although the current classification values were good, the
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model could still be improved. A possible way to improve the classification power (sensitivity/
specificity) of the model is to increase the number of age groups with an equal distribution of
ages over all groups and/or also increase the number of participants in order to obtain a refer-
ence model and/or include more trials in the model to increase the reliability of the individual
parameters.

A practical implication of the current model is that the iTUG can be used to successfully dis-
tinguish a group of individuals into unique sub-groups (e.g. healthy adults vs. frail adults. A
recent trend is to use smart devices, like an iPod or smartphone, as sensors. These devices
include embedded accelerometers and gyroscopes. Several studies suggest that these smart
devices are reliable to characterize key features of iTUG and gait [40, 49, 50]. This development
of the use of smart phones in combination with the development and assessments of models to
classify patients, age groups and task effects could have an impact for clinical practice. Smart
devices are easy to use, inexpensive, and their use is becoming widespread. Wireless links to an
external computer would allow clinicians or researchers to analyze the data without retrieval of
the device itself. Also, apps can be programmed for research or clinical practice and the data
could then be combined and validated against other data derived from clinical tests [49].

Conclusion
The current analysis shows that iTUG variables can accurately distinguish healthy young and
older adults. A combination of 27 variables, from primarily the turns, walking and stand-to-sit
phase was effective to identify iTUG performance in relation to age. The data revealed that
young versus older adults executed the TUG with faster and smoother turns and more variable
gait cycles and trunk sway during gait. Older adults compared to young adults had a larger
angular velocity pattern during the transitions, stand-to-sit and sit-to-stand. Future research
should implement the current iTUG analyses for the classification of old adults aging normally
and those aging with pathologies. Combined with smart technology, the model could then be
used to stratify patients with a high sensitivity and specificity in clinical practice.

Supporting Information
S1 Dataset. Contains all outcome parameters of the data of the first trial from which the
first Partial Least Square Model was made.
(XLSX)

S2 Dataset. File includes the extracted measures of the first PLS model which were used for
the Partial Least Square Discriminant Analysis.
(XLSX)

Author Contributions
Conceived and designed the experiments: DV NV NK TH CL. Performed the experiments: DV
NK CL. Analyzed the data: DV CL. Contributed reagents/materials/analysis tools: DV CL.
Wrote the paper: DV NV NK CL TH.

References
1. Cooper R, Kuh D, Cooper C, Gale CR, Lawlor DA, Matthews F, et al. Objective measures of physical

capability and subsequent health: a systematic review. Age Ageing. 2011; 40(1):14–23. doi: 10.1093/
ageing/afq117 PMID: 20843964

2. Gershon RC, Wagster MV, Hendrie HC, Fox NA, Cook KF, Nowinski CJ. NIH toolbox for assessment of
neurological and behavioral function. Neurology. 2013; 80(11 Suppl 3):S2–6. doi: 10.1212/WNL.
0b013e3182872e5f PMID: 23479538

Multivariate Data Analysis of Performance on the iTUG

PLOSONE | DOI:10.1371/journal.pone.0155984 June 6, 2016 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155984.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155984.s002
http://dx.doi.org/10.1093/ageing/afq117
http://dx.doi.org/10.1093/ageing/afq117
http://www.ncbi.nlm.nih.gov/pubmed/20843964
http://dx.doi.org/10.1212/WNL.0b013e3182872e5f
http://dx.doi.org/10.1212/WNL.0b013e3182872e5f
http://www.ncbi.nlm.nih.gov/pubmed/23479538


3. Lara J, Cooper R, Nissan J, Ginty AT, Khaw KT, Deary IJ, et al. A proposed panel of biomarkers of
healthy ageing. BMCMed. 2015; 13:222. doi: 10.1186/s12916-015-0470-9 PMID: 26373927

4. Lara J, Godfrey A, Evans E, Heaven B, Brown LJ, Barron E, et al. Towards measurement of the Healthy
Ageing Phenotype in lifestyle-based intervention studies. Maturitas. 2013; 76(2):189–99. doi: 10.1016/
j.maturitas.2013.07.007 PMID: 23932426

5. Reuben DB, Magasi S, McCreath HE, Bohannon RW,Wang YC, Bubela DJ, et al. Motor assessment
using the NIH Toolbox. Neurology. 2013; 80(11 Suppl 3):S65–75. doi: 10.1212/WNL.
0b013e3182872e01 PMID: 23479547

6. Botolfsen P, Helbostad JL, Moe-Nilssen R, Wall JC. Reliability and concurrent validity of the Expanded
Timed Up-and-Go test in older people with impaired mobility. Physiother Res Int. 2008; 13(2):94–106.
doi: 10.1002/pri.394 PMID: 18288773

7. Podsiadlo D, Richardson S. The timed "Up & Go": a test of basic functional mobility for frail elderly per-
sons. J AmGeriatr Soc. 1991; 39(2):142–8. PMID: 1991946

8. Mathias S, Nayak U, Isaacs B. Balance in elderly patients: the "get-up and go" test. Arch Phys Med
Rehabil. 1986; 67(6):387–9. PMID: 3487300

9. Sheehan KJ, Greene BR, Cunningham C, Crosby L, Kenny RA. Early identification of declining balance
in higher functioning older adults, an inertial sensor based method. Gait Posture. 2014; 39(4):1034–9.
doi: 10.1016/j.gaitpost.2014.01.003 PMID: 24503180

10. Zampieri C, Salarian A, Carlson-Kuhta P, Aminian K, Nutt J, Horak F. The instrumented timed up and
go test: Potential outcomemeasure for disease modifying therapies in Parkinson’s disease. J Neurol
Neurosurg Psych. 2010; 81:171–6.

11. Greene B, O'Donovan A, Romero-Ortino R, Cogan L, Scanaill C, Kenny R. Quantitative Falls Risk
Assessment Using the Timed Up and Go Test. IEEE Trans Biomed Eng. 2010; 57(12):2918–26. doi:
10.1109/TBME.2010.2083659 PMID: 20923729

12. Bonato P. Wearable sensors and systems. From enabling technology to clinical applications. IEEE Eng
Med Biol Mag. 2010; 29(3):25–36. doi: 10.1109/MEMB.2010.936554 PMID: 20659855

13. Patel S, Park H, Bonato P, Chan L, Rodgers M. A review of wearable sensors and systems with appli-
cation in rehabilitation. J Neuroeng Rehabil. 2012; 9:21. doi: 10.1186/1743-0003-9-21 PMID:
22520559

14. Salarian A, Horak F, Zampieri C, Carlson-Kuhta P, Nutt J, Aminian K. iTUG, a sensitive and reliable
measure of mobility. IEEE Trans Neural Syst Rehab Eng. 2010; 18(3):303–10.

15. Godfrey A, Lara J, Del Din S, Hickey A, Munro CA, Wiuff C, et al. iCap: Instrumented assessment of
physical capability. Maturitas. 2015; 82(1):116–22. doi: 10.1016/j.maturitas.2015.04.003 PMID:
25912425

16. Godfrey A, Lara J, Munro CA, Wiuff C, Chowdhury SA, Del Din S, et al. Instrumented assessment of
test battery for physical capability using an accelerometer: a feasibility study. Physiol Meas. 2015; 36
(5):N71–83. doi: 10.1088/0967-3334/36/5/N71 PMID: 25903399

17. Jallon P, Dupre B, Antonakios M. A graph based method for timed up and go test qualification using
inertial sensors. IEEE Inter Conf Acoustics, Speech Signal Processing (ICASSP). 2011:689–92.

18. Al-Jawad A, Adame MR, Romanovas M, Hobert M, Maetzler W, Traechtler M, et al. Using multi-dimen-
sional dynamic time warping for TUG Test instrumentation with inertial sensors. IEEE Int Conf Multisen-
sor Fusion and Integration for Intelligent systems. 2012:212–8.

19. Palmerini L, Mellone S, Rocchi L, Chiariy L. Dimensionality reduction for the quantitative evaluation of a
smartphonebased Timed Up and Go test. Eng Med Biol Soc Ann Internat Conf IEEE. 2011:7179–82.

20. Greene B, Doheny E, O'Halloran A, Kenny R. Frailty status can be accurately assessed using inertial
sensors and the TUG test. Age Ageing. 2014; 43:406–11. doi: 10.1093/ageing/aft176 PMID: 24212918

21. Galan-Mercant A, Cuesta-Vargas AI. Differences in trunk accelerometry between frail and non-frail
elderly persons in functional tasks. BMC Res Notes. 2014; 7:100. doi: 10.1186/1756-0500-7-100
PMID: 24559490

22. Weiss A, Mirelman A, Buchman A, Bennett D, Hausdorff J. Using a body-fixed sensor to identify sub-
clinical gait difficulties in older adults with IADL disability: maximizing the output of the timed up and go.
PloS One. 2013; 29(8(7)):e68885.

23. Weiss A, Herman T, Plotnik M, Brozgol M, Giladi N, Hausdorff JM. An instrumented timed up and go:
the added value of an accelerometer for identifying fall risk in idiopathic fallers. Physiol Meas. 2011; 32
(12):2003–18. doi: 10.1088/0967-3334/32/12/009 PMID: 22094550

24. Mirelman A, Weiss A, Buchman A, Bennett D, Giladi N, Hausdorff J. Association between performance
on Timed Up and Go subtasks and mild cognitive impairment: further insights into the links between
cognitive and motor function. J Am Geriatr Soc. 2014; 62(4):673–8. doi: 10.1111/jgs.12734 PMID:
24635699

Multivariate Data Analysis of Performance on the iTUG

PLOSONE | DOI:10.1371/journal.pone.0155984 June 6, 2016 15 / 17

http://dx.doi.org/10.1186/s12916-015-0470-9
http://www.ncbi.nlm.nih.gov/pubmed/26373927
http://dx.doi.org/10.1016/j.maturitas.2013.07.007
http://dx.doi.org/10.1016/j.maturitas.2013.07.007
http://www.ncbi.nlm.nih.gov/pubmed/23932426
http://dx.doi.org/10.1212/WNL.0b013e3182872e01
http://dx.doi.org/10.1212/WNL.0b013e3182872e01
http://www.ncbi.nlm.nih.gov/pubmed/23479547
http://dx.doi.org/10.1002/pri.394
http://www.ncbi.nlm.nih.gov/pubmed/18288773
http://www.ncbi.nlm.nih.gov/pubmed/1991946
http://www.ncbi.nlm.nih.gov/pubmed/3487300
http://dx.doi.org/10.1016/j.gaitpost.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24503180
http://dx.doi.org/10.1109/TBME.2010.2083659
http://www.ncbi.nlm.nih.gov/pubmed/20923729
http://dx.doi.org/10.1109/MEMB.2010.936554
http://www.ncbi.nlm.nih.gov/pubmed/20659855
http://dx.doi.org/10.1186/1743-0003-9-21
http://www.ncbi.nlm.nih.gov/pubmed/22520559
http://dx.doi.org/10.1016/j.maturitas.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25912425
http://dx.doi.org/10.1088/0967-3334/36/5/N71
http://www.ncbi.nlm.nih.gov/pubmed/25903399
http://dx.doi.org/10.1093/ageing/aft176
http://www.ncbi.nlm.nih.gov/pubmed/24212918
http://dx.doi.org/10.1186/1756-0500-7-100
http://www.ncbi.nlm.nih.gov/pubmed/24559490
http://dx.doi.org/10.1088/0967-3334/32/12/009
http://www.ncbi.nlm.nih.gov/pubmed/22094550
http://dx.doi.org/10.1111/jgs.12734
http://www.ncbi.nlm.nih.gov/pubmed/24635699


25. Palmerini L, Mellone S, Avanzolini G, Valzania F, Chiari L. Quantification of motor impairment in Parkin-
son's disease using an instrumented timed up and go test. IEEE Trans Neural Syst Rehabil Eng. 2013;
21(4):664–73. doi: 10.1109/TNSRE.2012.2236577 PMID: 23292821

26. Rocchi L, Palmerini L, Weiss A, Herman T, Hausdorff JM. Balance testing with inertial sensors in
patients with Parkinson's disease: assessment of motor subtypes. IEEE Trans Neural Syst Rehabil
Eng. 2014; 22(5):1064–71. doi: 10.1109/TNSRE.2013.2292496 PMID: 24760912

27. Herman T, Weiss A, Brozgol M, Giladi N, Hausdorff J. Identifying axial and cognitive correlates in
patients with Parkinson's disease motor subtype using the instrumented Timed Up and Go. Exp Brain
Res. 2014; 232(2).

28. Zakaria NA, Kuwae Y, Tamura T, Minato K, Kanaya S. Quantitative analysis of fall risk using TUG test.
Comput Meth Biomech Biomed Engin. 2015; 18(4):426–37.

29. Moore AZ, Caturegli G, Metter EJ, Makrogiannis S, Resnick SM, Harris TB, et al. Difference in muscle
quality over the adult life span and biological correlates in the Baltimore Longitudinal Study of Aging. J
Am Geriatr Soc. 2014; 62(2):230–6. doi: 10.1111/jgs.12653 PMID: 24438020

30. Vandervoort AA. Aging of the human neuromuscular system. Muscle Nerve. 2002; 25(1):17–25. PMID:
11754180

31. Kosse K, Vuillerme N, Hortobagyi T, Lamoth C. Multiple gait parameters derived from iPod accelerome-
try predict age-related gait changes. Gait & Posture. 2016; 46:112–7.

32. Danneskiold-Samsoe B, Bartels EM, Bulow PM, Lund H, Stockmarr A, Holm CC, et al. Isokinetic and
isometric muscle strength in a healthy population with special reference to age and gender. Acta Phy-
siol (Oxf). 2009; 197 Suppl 673:1–68.

33. Bidargaddi N, Klingbeil L, Sarela A, Boyle J, Cheung V, Yelland C, et al. Wavelet based approach for
posture transition estimation using a waist worn accelerometer. Conf Proc IEEE Eng Med Biol Soc.
2007; 2007:1884–7. PMID: 18002349

34. Soangra R, Lockhart T, Van de Berge N. An approach for identifying gait events using wavelet denois-
ing technique and single wireless IMU. Proceedings of the Human Factors and Ergonomics Society
Annual Meeting,. 2011; 55(1990–1994).

35. Percival DB, Walden AT. Wavelet methods for time series analysis. USA: Cambridge University
Press.; 2000.

36. Lockhart TE, Soangra R, Zhang J, Wu X. Wavelet based automated postural event detection and activ-
ity classification with single imu—biomed 2013. Biomed Sci Instrum. 2013; 49:224–33. PMID:
23686204

37. Najafi B, Aminian K, Paraschiv-Ionescu A, Loew F, Bula CJ, Robert P. Ambulatory system for human
motion analysis using a kinematic sensor: monitoring of daily physical activity in the elderly. IEEE Trans
Biomed Eng. 2003; 50(6):711–23. PMID: 12814238

38. Ayachi FS, Nguyen HP, Lavigne-Pelletier C, Goubault E, Boissy P, Duval C. Wavelet-based algorithm
for auto-detection of daily living activities of older adults captured by multiple inertial measurement units
(IMUs). Physiol Meas. 2016; 37(3):442–61. doi: 10.1088/0967-3334/37/3/442 PMID: 26914432

39. Van Lummel RC, Ainsworth E, Lindemann U, Zijlstra W, Chiari L, Van Campen P, et al. Automated
approach for quantifying the repeated sit-to-stand using one body fixed sensor in young and older
adults. Gait Posture. 2013; 38(1):153–6. doi: 10.1016/j.gaitpost.2012.10.008 PMID: 23195854

40. Mellone S, Tacconi C, Chiari L. Validity of a Smartphone-based instrumented Timed Up and Go. Gait
Posture. 2012; 36(1):163–5. doi: 10.1016/j.gaitpost.2012.02.006 PMID: 22421189

41. Eriksson L J E, Kettaneh-Wold N, Trygg F, Wikström C, Wold S. Multi- and Megavariate Data Analysis,
Part I Basic Principles and Applications: UMETRICS AB; 2006.

42. Perez-Enciso M, Tenenhaus M. Prediction of clinical outcome with microarray data: a partial least
squares discriminant analysis (PLS-DA) approach. HumGenet. 2003; 112(5-6):581–92. PMID:
12607117

43. Greve C, Zijlstra W, Hortobagyi T, Bongers RM. Not all is lost: old adults retain flexibility in motor behav-
iour during sit-to-stand. PLoS One. 2013; 8(10):e77760. doi: 10.1371/journal.pone.0077760 PMID:
24204952

44. Hausdorff JM, Rios DA, Edelberg HK. Gait variability and fall risk in community-living older adults: A 1-
year prospective study. Arch Phys Med Rehabil. 2001; 82(8):1050–6. PMID: 11494184

45. Montero-Odasso M, Muir SW, Hall M, Doherty TJ, Kloseck M, Beauchet O, et al. Gait variability is asso-
ciated with frailty in community-dwelling older adults. J Gerontol A Biol Sci Med Sci. 2011; 66(5):568–
76. doi: 10.1093/gerona/glr007 PMID: 21357190

46. Konig N, Singh NB, von Beckerath J, Janke L, Taylor WR. Is gait variability reliable? An assessment of
spatio-temporal parameters of gait variability during continuous overground walking. Gait Posture.
2014; 39(1):615–7. doi: 10.1016/j.gaitpost.2013.06.014 PMID: 23838361

Multivariate Data Analysis of Performance on the iTUG

PLOSONE | DOI:10.1371/journal.pone.0155984 June 6, 2016 16 / 17

http://dx.doi.org/10.1109/TNSRE.2012.2236577
http://www.ncbi.nlm.nih.gov/pubmed/23292821
http://dx.doi.org/10.1109/TNSRE.2013.2292496
http://www.ncbi.nlm.nih.gov/pubmed/24760912
http://dx.doi.org/10.1111/jgs.12653
http://www.ncbi.nlm.nih.gov/pubmed/24438020
http://www.ncbi.nlm.nih.gov/pubmed/11754180
http://www.ncbi.nlm.nih.gov/pubmed/18002349
http://www.ncbi.nlm.nih.gov/pubmed/23686204
http://www.ncbi.nlm.nih.gov/pubmed/12814238
http://dx.doi.org/10.1088/0967-3334/37/3/442
http://www.ncbi.nlm.nih.gov/pubmed/26914432
http://dx.doi.org/10.1016/j.gaitpost.2012.10.008
http://www.ncbi.nlm.nih.gov/pubmed/23195854
http://dx.doi.org/10.1016/j.gaitpost.2012.02.006
http://www.ncbi.nlm.nih.gov/pubmed/22421189
http://www.ncbi.nlm.nih.gov/pubmed/12607117
http://dx.doi.org/10.1371/journal.pone.0077760
http://www.ncbi.nlm.nih.gov/pubmed/24204952
http://www.ncbi.nlm.nih.gov/pubmed/11494184
http://dx.doi.org/10.1093/gerona/glr007
http://www.ncbi.nlm.nih.gov/pubmed/21357190
http://dx.doi.org/10.1016/j.gaitpost.2013.06.014
http://www.ncbi.nlm.nih.gov/pubmed/23838361


47. Decker LM, Cignetti F, Potter JF, Studenski SA, Stergiou N. Use of motor abundance in young and
older adults during dual-task treadmill walking. PLoS One. 2012; 7(7):e41306. doi: 10.1371/journal.
pone.0041306 PMID: 22911777

48. Fernandez EA, Valtuille R, Willshaw P, Balzarini M. Partial least squares regression: a valuable method
for modeling molecular behavior in hemodialysis. Ann Biomed Eng. 2008; 36(7):1305–13. doi: 10.1007/
s10439-008-9492-1 PMID: 18398678

49. Kosse NM, Caljouw S, Vervoort D, Vuillerme N, Lamoth CJ. Validity and Reliability of Gait and Postural
Control Analysis Using the Tri-axial Accelerometer of the iPod Touch. Ann Biomed Eng. 2015; 43
(8):1935–46. doi: 10.1007/s10439-014-1232-0 PMID: 25549774

50. Galan-Mercant A, Baron-Lopez FJ, Labajos-Manzanares MT, Cuesta-Vargas AI. Reliability and crite-
rion-related validity with a smartphone used in timed-up-and-go test. Biomed Eng Online. 2014;
13:156. doi: 10.1186/1475-925X-13-156 PMID: 25440533

Multivariate Data Analysis of Performance on the iTUG

PLOSONE | DOI:10.1371/journal.pone.0155984 June 6, 2016 17 / 17

http://dx.doi.org/10.1371/journal.pone.0041306
http://dx.doi.org/10.1371/journal.pone.0041306
http://www.ncbi.nlm.nih.gov/pubmed/22911777
http://dx.doi.org/10.1007/s10439-008-9492-1
http://dx.doi.org/10.1007/s10439-008-9492-1
http://www.ncbi.nlm.nih.gov/pubmed/18398678
http://dx.doi.org/10.1007/s10439-014-1232-0
http://www.ncbi.nlm.nih.gov/pubmed/25549774
http://dx.doi.org/10.1186/1475-925X-13-156
http://www.ncbi.nlm.nih.gov/pubmed/25440533

