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Abstract—Patients with end stage renal diseases (ESRD)
undergoing hemodialysis (HD) have high morbidity and mortality
due tomultiple causes; one of which is dramatically higher fall rates
than thegeneralpopulation. Inspiteof themultiple effortsaiming to
decrease the high mortality and improve quality of life in ESRD
patients, limitedsuccesshasbeenachieved. Ifadequate interventions
for fall prevention are to be achieved, the functional and mobility
mechanisms consistent with falls in this population must be
understood. Human movements such as sit-to-walk (STW) tasks
are clinically significant, andanalysis of thesemovementsprovides a
meaningful evaluation of postural and locomotor performance in
elderly patients with functional limitations indicative of fall risks. In
order to assess the effects ofHD therapy on fall risks, 22 sessions of
both pre- and post-HDmeasurements were obtained in six ESRD
patients utilizing customized inertial measurement units (IMU).
IMU signals were denoised using ensemble empirical mode
decomposition and Savistky-Golay filtering methods to detect
relevant events for identification of STW phases. The results
indicated that patients were slower to get out of the chair (as
measuredby trunkflexionangular accelerations, time topeak trunk
flexion, and overall STW completion time) following the dialysis
therapy session. STW is a frequent movement in activities of daily
living, and HD therapy may influence the postural and locomotor
control of these movements. The analysis of STWmovement may
assist in not only assessing a patient’s physical status, but in
identifying HD-related fall risk as well. This preliminary study
presents a non-invasivemethodof kinematicmeasurement for early
detection of increased fall risk in ESRD patients using portable
inertial sensors for out-patient monitoring. This can be helpful in
understanding the pathogenesis better, and improve awareness in
health care providers in targeting interventions to identify individ-
uals at risk for fall.

Keywords—Locomotion, Gait and posture, Fall risk, Gait

initiation, Timed Get Up & Go.

INTRODUCTION

Fall accidents pose a significant threat to older adults
with End Stage Renal Disease undergoing HD therapy.
In 2009, approximately 2.2 million nonfatal fall injuries
were reported among older adults and were treated in
emergency departments, andmore than 581,000 of these
patients were hospitalized.12 Falls contribute to
approximately 95% of all hip fracture cases in the
elderly population46; moreover, incidence of hip frac-
tures in dialysis patients matched for age, gender and
race is four times higher than that of general elderly
population.45 As a result, incidence of falls in HD
patients (1.18–1.60 falls/patient-year) were found to
be much higher than community-dwelling elderly
(0.32–0.70 falls/person-year),2,13,15,33 affecting quality
of life and requiring more supportive healthcare.33

ESRDpatients onHDnot only share the characteristics
of the non-dialyzed elderly population that predispose
them to falls, they also have additional risk factors
specific to ESRD and/or HD, including: dialysis-related
hypotension, myopathy, anemia, metabolic acidosis,
dialysis disequilibrium syndrome, dialysis encephalop-
athy, catheter-related infection/sepsis, dialysis-related
arrhythmias and post-dialysis fatigue.8,20,44 Associated
risk factors for fall in HD patients include a high prev-
alence of comorbidity, multiple drug therapy,15 cogni-
tive impairment,32 low functional abilities compared
with age-matched healthy persons24 and muscular
strength degradation.34 Despite the myriad of research
literature on fall risks specific to ESRDand/orHD, only
a few studies to date have examined the dialysis process
itself as a fall risk.34 In the context of HD-related fall
risks, the limited reports provide veritable evidence that
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HDtherapy can adversely affect strength (due to dialysis
induced muscle changes)16,28,40,43 and movement coor-
dination (influencing gait and posture)6,18 thus increas-
ing the likelihood of falls. In fact, similar studies confer
that ESRD patients demonstrate a 66% reduction in
comfortable walking speeds compared to their healthy,
age matched counterparts.40 Therefore, considering
ESRD patients generally undergo 4 h of HD therapy
with an inter-dialysis interval of 22 h (three weekly HD
sessions) and given the significant disparity in fall rates
both before and after dialysis ((27%pre-dialysis vs. 73%
post-dialysis),13,15 further studies are needed to better
elucidate the mechanisms associated with HD and
increased fall rate.

To quantify the mechanisms associated with HD
therapy on fall risk between pre- and post-HD, baseline
fall risk factors and differential effects of dialysis therapy
(pre and post-HD) need to be determined. An objective
method for assessing fall risk using bodywornkinematic
sensors and the Timed Up andGo (TUG) Test has been
reported previously by several authors.21,47 Developed
byMathias et al.,38 the TUG test is awell-known clinical
test formobility and fall risk, and is considered a reliable
and valid test for quantifying functional mobility.31,39,48

For instance, increased TUG times are reported to be
associated with high risk of falling in elderly patients
with Parkinson’s disease, stroke, and ESRD.1,34,42 In
our previous investigations we have reported decline in
plantar flexion muscle strength by 12 Nm upon dialysis,
and increased post-HDTUG (p = 0.02) time for ESRD
patients.34 To our knowledge there has been no previous
work committed to understanding the functional con-
sequences of HD therapy and its effects on the activities
of daily living. While TUG times provide an overall
mobility index, they fail to distinguish pertinent infor-
mation that is embedded in the components of the pos-
tural and locomotor tasks that contribute to slower
overall movement time.

Sit-to-walk is a frequent movement in activities of
daily living and its performance helps in both physical
and mental assessment. STW is a complex sequential
postural locomotor task that consists of two compo-
nents: sit-to-stand (STS) and gait initiation (GI). Both
tasks are merged at the point of ‘‘seat-off’’ in healthy
young adults, where the overlap of STS and GI around
‘‘seat-off’’ is essential to exploit the inertial character-
istics of both tasks.37 Nevertheless, the merging of
these components at ‘‘seat-off’’ was not observed in
some patients including the disabled popula-
tion11,17,30—i.e., completing the STS prior to initiating
gait. Explanations of such distinct movement pattern
include impaired balance, lack of strength leading to
compensatory postural adaptation, lack of motor
coordination, and fear of falling.3 As such, impaired
timing of STW events and sequencing may place them

at higher risk of falling.30 Furthermore, in order to
assess the locomotion control behavior,9,22,23 the GI
component of the STW task has been observed. The
elderly population appears to have impaired STW
motor performance10 and may be further exacerbated
by HD therapy.

The purpose of this preliminary study was to com-
pare intra-individual differences in STW parameters
using a validated non-invasive mobile sensor technol-
ogy to accurately and unobtrusively measure fall risks
associated with HD therapy in the dialysis clinic. To
accommodate the dialysis clinical setting, and bearing
in mind the post-dialysis fatigue conditions of patients,
inertial measurement units were utilized, in lieu of a
motion capture system and forceplates, to detect pos-
tural and gait events. The overall aim of this investi-
gation was to evaluate the effects of HD on STW
parameters and fall risk assessment.

We postulate that the HD therapy process, a treat-
ment for ESRD patients, is a risk factor for falls in this
population and, will likely influence STW parameters,
and subsequent event timing sequences. The present
study will provide an initial assessment of the inherent
effects of HD treatment on fall risks in this population
for the first time, and may provide a better rationale
for continuous monitoring in the future (i.e., 22 h post-
HD period).

METHODS

Participants

Data was collected over the course of 5 months in
the Kidney Center hemodialysis facility section of the
Nephrology Division at the University of Virginia. Six
ESRD patients (54 ± 4 years) consisting of 4 females
and two males, were tested with each HD treatment
session lasting 4 h. All participants had given written
consent in accordance to the Virginia Tech and the
University of Virginia IRB prior to participation.
Blood pressure (BP) was monitored continuously
throughout the dialysis treatments, while sitting and
standing BP readings were taken immediately before
and after each trial to check orthostatic BP. All
patients were ambulatory, free of orthopedic injury,
did not require any assistive devices, and were able to
rise from a chair without assistance.

Instrumentation

TEMPO (Technology-Enabled Medical Precision
Observation) which was manufactured in collaboration
with the research team of the University of Virginia4

was used to assess posture-locomotor characteristics.
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TEMPO consists of MMA7261QT tri-axial acceler-
ometers, a IDG-300 gyroscope (x-and y-plane gyro-
scope) and ADXRS300 gyroscope (z-plane uniaxial
gyroscope). Data acquisition was carried-out using a
Bluetooth-enabled laptop and a custom built LabView
(National Instruments, Austin, TX) program4 with a
sampling frequency of 128 Hz, a frequency largely
sufficient for human movement analysis in daily activ-
ities which occur in the lower bandwidth (0.8–5 Hz).7

Procedure

Participants wore five IMU units (one on each lat-
eral side of shank, and one on the sacrum, one on each
wrist). The shank IMU units (TEMPO) were affixed at
the lateral sides of each shank such that the y-axis
corresponded to gravity and the x-axis corresponded
to the anterio-posterior direction when participants
stood in an anatomical neutral position. The IMU unit
at the sacrum was positioned so that its z-axis aligned
with the anterior-posterior direction and its y-axis
aligned with gravity. The participants sat comfortably
in a standard arm chair (fixed popliteal height 40 cm),
replete with arm and back support, with their thighs
and feet parallel. To maintain consistency in all pre-
and post-trials and to account for post-dialysis fatigue,
patients were instructed to sit all the way back
(instructed to use backrest) and use the armrests for
support to rise. Patients were asked to wait for an
auditory signal before initiating movement. The
patients were instructed to rise from the seat and walk
at their self-selected pace to a target 3 m away from the
chair. During the STW task, no restriction was placed
on which foot to use for the first step in pre-HD trials,
but all patients consistently used the same foot to ini-
tiate swing in post-HD trials.

Data Processing

The data was post processed using custom software
written in MATLAB (MATLAB version 6.5.1, 2003,
computer software, The MathWorks Inc., Natick,
Massachusetts). empirical mode decomposition
(EMD)25,26 is an adaptive time-frequency data analysis
method; it can adaptively divide the IMU signals into
different intrinsic mode function (IMF) components
according to different time scales, and noise which
primarily concentrates in the high-frequency compo-
nent. IMU signals were decomposed adaptively into
oscillatory components called IMFs using a process
called sifting. The sifting process has two effects: (a) to
eliminate riding waves; (b) to smooth uneven ampli-
tudes. The traditional EMD involves the decomposi-
tion of a given signal x(t) into a series of IMFs,
through the sifting process, each with distinct time

scales.26 Unlike wavelet decompositions the major
advantage of the EMD is that the basis functions
(mother wavelet; in case of wavelet transform) are
derived from the signal x(t) itself. Each IMF sequen-
tially replaces then detail signals at a certain scale or
frequency band19; ultimately the EMD picks out the
highest frequency of oscillation that remains in the
signal. An IMF adheres to two requirements: the
number of extrema and the number of zero crossings
are either equal or differ at most by one; at any point,
the mean value of the envelope defined by the local
maxima and the mean value of the envelope defined by
the local minima is zero. The sifting is repeated several
times to obtain a true IMF that fulfills the aforemen-
tioned requirements. The result of the sifting procedure
is that x(t) is decomposed into IMFs, IMj(t) = j =

1,2,….,N and residual rN(t) .

xðtÞ ¼
XN

j¼1
IMjðtÞ þ rNðtÞ ð1Þ

Let Cj(t) be a deterministic IMF with the finite
length L and IMj the corrupted IMF with additive
noise bj(t):

IMjðtÞ ¼ CjðtÞ þ bjðtÞ ð2Þ

Ensemble empirical mode decomposition (EEMD),
is another approach which consists of sifting an
ensemble of white noise-added signal and treats its
mean as the true result.49 We used EEMD-Golay de-
noising on IMU signals. The number of ensembles
chosen was 100, with a 0.2 standard of deviation ratio
of added noise to that of signal (Figs. 1a and 1b). First
half of the IMF’s containing high frequency noise are
filtered using a Savitzky-Golay filter (polynomial order
3; number of frames as 41)35 and subsequently recon-
structed to obtain the denoised signals.

Variables and Analysis

Comparisons between pre- and post-HD conditions
were performed using paired t test with an alpha set at
0.05. In total eight postural transition and gait events
were identified from the denoised STW component
datum of the sacrum, right and left shank IMUs
(Fig. 1a). These events include (E1) Initiation of STW,
(E2) peak flexion angular velocity, (E3) seat-off event,
(E4) peak extension angular velocity, (E5) swing toe-off,
(E6) swing heel strike, (E7) stance toe-off and (E8) stance
heel strike (Fig. 2). IMU’s at wrist were used to recon-
firm that all participants used arm-rest while rising from
chair. Gait cycle was defined in accordance to previous
research literature,10,11,29,30 with the initial stepping leg
designated as swing and the second stepping leg desig-
nated as stance. The mean of three individual values
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from the three trials for each dependent variable during
STW task were analyzed. The dependent measures of
interest include time between detected events (E1–E8),
phases and magnitudes of trunk flexion/extension
angular velocity, initial flexion angular acceleration and
trunk sagittal acceleration. Based on similar postural
transition events and gait events, the STW phases were
defined and validated by Kerr et al.29,30 and Buckley

et al.10,11 In absence of kinetic information from force
plates and conflicts among previous studies11,29 for GI
event detection, we have combined phase 2 (extension
phase) and phase 3 (unloading phase) of the four phases
defined by Kerr et al.29,30 and Buckley et al.10,11 Previous
studies on STW are laboratory based and required a
camera system and force plate to evaluate center of mass
(COM) vertical velocity and GI event. In order to

FIGURE 1. (a) Schematic diagram of procedure for signal conditioning and STW phase classification. (b) Schematic diagram of
denoising signals by EEMD-Golay method.
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develop more robust detection algorithms, we divided
STW movement into three phases (Fig. 2) flexion
momentum phase (phase 1), combined extension and
unloading phase (phase 2), and stance phase (phase 3).
Althoughdistinct information formergingof STSandGI
is completely lost but the overall time taken in trunk
extension and unloading phase can be easily evaluated
using IMUs with good robustness. The first phase of
STW task is the flexion momentum phase, which
encompasses the beginning of the movement (E1) until
seat off (E3) (Fig. 2). In this phase high flexion velocity is
generated and is later followed by seat unloading. Initi-
ation of STW event (E1) is defined by denoised signals of
IMU situated at the sacrum designated as the first local
maxima before peak flexion angular velocity (global
minima) (E2) in denoised Gyro X signals (Fig. 3a). The
‘‘seat-off’’ event (E3) is identified by the maximum
acceleration in denoised Acc Z signals when STW signals
are truncated to half of their total length (neglecting
return datum of TUG test) (Fig. 3b). Additionally,

denoised signals from the sacrumGyro-X (across medio-
lateral axis) were used to acquire trunk peak flexion and
peak extension angular velocities. Initial flexion angular
accelerationof trunk is computedbyfittinga line fromthe
STWinitiation event (E1) topeakflexion angular velocity
event (E2) and finding its slope. The remaining two
phases of STW are the combined extension and unload-
ing phase (phase 2) and the stance phase (phase 3). The
combined extension and unloading phase (phase 2) starts
with development of extension velocity, followed by
momentary stabilization, GI adjustments, and unload-
ing; it comprises the seat-off event (E3) to the swing toe-
off event (E5). Swing toe-off event (E5), is detected by the
swing foot (starting foot) IMU situated at the shank. The
first peak in denoisedGyroZ signals (acrossmediolateral
axis) is maximum mid-swing angular velocity and the
local minima to the left and right are designated as swing
toe-off (E5) and swing heel-strike (E6) events respectively
(Figs. 4a and 4b). Similarly, stance toe-off (E7) and
stance heel-strike (E8) can be computed.

FIGURE 2. Three phases of STW (1) Flexion momentum phase, (2) Combined extension and unloading phase, and (3) Stance
phase and eight postural transition and gait events detected using denoised IMU signals (E1–E8).
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RESULTS

All six HD patients were able to complete the
experiment trials without falling and without any
postural hypotensive episodes. Although, all six
patients experienced a drop in systolic blood pressure
upon standing (between 10–15 mmHg), there was no
report of postural hypotension episodes (i.e., none of
them complained for any kind of dizziness or
unsteadiness during upright standing). Percentage
change in pre-dialysis systolic BP was 1.98 ± 0.81%
and for post-dialysis systolic BP was 0.58 ± 0.9% for
standing among the patients. Figure 5 shows mean
(±SD) changes of blood pressure during HD. A paired
t test between pre- and post-measures of STW move-
ment determined that no significant differences existed
in magnitude of peak anterior-posterior acceleration,
peak angular flexion velocity, and peak extension
angular velocity for pre- and post-HD conditions.
After dialysis, significant differences were identified in
the magnitude of initial flexion angular acceleration;
average post-HD initial flexion angular acceleration
was 2.48�/s2 which are 23.2% less compared to that of

pre-HD value (3.23�/s2) (Table 1) (p = 0.02). While no
significant differences were seen when comparing the
magnitudes of peak flexion angular velocity, peak
extension angular velocity and peak flexion accelera-
tion, but the mean magnitudes of post-dialysis mea-
sures were smaller as compared to that of pre-dialysis
measures.

Time to generate peak flexion velocity was defined
as the time between the occurrence of peak flexion
angular velocity event (E2) and the STW initiation
event (E1) (Fig. 3a). Significant differences were de-
tected in time to generate peak angular flexion velocity
among pre- and post-HD patient STW trials
(p = 0.03). Mean time for pre-HD trial was 0.47 s,
while post-dialysis was 0.79 s. Similarly, significant
differences in delay for generation of extension velocity
were seen in the post-dialysis condition (p = 0.02). The
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mean time generation of peak extension velocity in pre-
HD trial was 1.53 s, while post-dialysis took 1.9 s.
Significant differences were also observed in time to
STW completion for pre- HD and post-HD sessions
(p = 0.04). Average post-HD STW completion time
was 2.9 s which was approximately 15.2% more than
pre-HD STW completion (2.46 s) (Table 2).

DISCUSSION

In this preliminary study we aim to understand the
progression of movement from static posture to
dynamic walking in pre-dialysis and post-dialysis con-
ditions to assess fall risks associated with HD therapy.
We found that HD therapy decreased STW parameters
such as flexion acceleration prior to seat-off, and
increased subsequent event timing sequences and thus
may influence the risk of falls. Magnan37 suggested that
balance during STW is dependent upon the flexion
momentum generated prior to seat-off. The high flexion
rate not only helps to rise out of the chair, it also assists
in initiating a forward step. In this study, dialysis
patients generated on average 23.2% less flexion
angular acceleration prior to ‘‘seat-off’’ compared to
values before dialysis therapy. These results suggest
that there may be a greater risk for falls for individuals
following HD therapy due to reduced momentum in
the STW movement that may affect their balance.

Diminished STW and consequent balance compli-
cations can be symptomatic of decreased muscular
strength, motor coordination, and inducement of post-
dialysis fatigue. Additionally, dialysis engenders

change in biochemical parameters responsible for
neuromuscular performance including (1) rapid chan-
ges in calcium concentration affecting muscle function;
(2) acid-base balance affecting neuromuscular func-
tion.43 The change in calcium ion concentration may
produce considerable variability in muscle function,
leading to a concomitant decrease in force production
and resistance to fatigue.5 Acidosis, on the other hand,
may affect actomyosin interaction and potentially slow
down the steps in cross-bridge cycle by altering the
Ca++ sensitivity of muscle.14 The decreased Ca++

sensitivity elicits less force production at the same level
of activation.41 These muscle changes may be respon-
sible for diminished STW performance in post-dialysis
condition.

STS, which is also a component of STW, depends
on a multitude of sensorimotor, balance, psychological
factors36 and combined lower limb strength measures,
i.e., hip extension, knee extension and ankle plantar
flexion strength.34 The overall degradation in perfor-
mance of STW was evident in the significant difference
in time taken to generate peak flexion angular velocity
with mean time extending from 0.47 to 0.79 s after
HD. This delay in required flexion velocity generation
(about 68% more transition time) could possibly
degrade postural balance after seat off. Further, sig-
nificant differences were observed in time taken for the
trunk to reach peak flexion velocity (event E2), seat-off
(E3) and peak extension velocity (E4). The slow
velocity generation following dialysis therapy, can be
attributed to an inability to maintain timing sequence
in postural transitions.

FIGURE 5. Mean (6SD) changes of blood pressure during sitting and standing for pre- and post-dialysis.
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A reduction in a person’s ability to simultaneously
lift and transfer the body from quiet sitting to walking,
can be a critical limiting factor for the quality of life.
More information on STW movement characteristics
may help in understanding these post-dialysis func-
tional problems. Healthy young adults typically take
about 0.43–0.53 s in phase I (movement initiation to
seat-off) and healthy older adults take nearly 0.41–
0.59 s,10 yet we determined that HD participants took
0.9–1.18 s prior to dialysis and 1.18–1.54 s post-dial-
ysis in the same phase. Likewise, phase I durations

were significantly different for pre- and post-HD trials.
This delay in phase I duration suggests that older HD
patients struggle with the flexion phase of postural
transition compared to healthy older adults. Buckley et.
al documented that healthy older adults (1.55–2.09 s)
take a greater amount of time to complete the STW
task compared to healthy young adults (1.36–1.56 s).10

Furthermore, Kerr et al.29 observed that older adults
with postural instability, completed the STW task
slower than their age matched controls. Accordingly,
our results found significant differences in STW

TABLE 1. Six HD patients participated in the study and 22 pre and post HD trials were collected.

Participant Days HD

Peak acceleration

(at seat off) (g)

Peak flexion

angular velocity (�/s)

Peak extension

angular velocity (�/s)

Initial Flexion

angular acceleration (�/s)

P1 1 Pre 1.17 (0.03) 101.01 (35.2) 64.78 (7.39) 4.84 (1.99)

Post 0.84 (0.74) 77.48 (9.44) 90.76 (6.02) 0.23 (0.04)

P2 1 Pre 0.29 (0.07) 78.94 (46.81) 147.86 (35.03) 3.26 (2.27)

Post 0.76 (0) 65.17 (0) 61.07 (0) 1.60 (0)

2 Pre 0.43 (0) 64.11 (0) 75.70 (0) 1.45 (0)

Post 0.31 (0.26) 97.44 (41.89) 33.76 (29.72) 1.36 (0.52)

3 Pre 0.49 (0) 83.60 (0) 73.01 (0) 1.72 (0)

Post 0.18 (0) 124.91 (0) 8.89 (0) 2.17 (0)

4 Pre 0.48 (0.20) 69.41 (18.85) 58.05 (2.11) 2.45 (0.91)

Post 0.54 (0) 66.46 (0) 51.59 (0) 1.54 (0)

5 Pre 0.55 (0.12) 43.28 (27.95) 72.38 (10.76) 1.77 (0.86)

Post 0.59 (0.10) 69.54 (2.84) 60.34 (5.84) 2.18 (0.13)

6 Pre 0.75 (0.01) 71.35 (1.99) 43.76 (7.37) 2.84 (0.02)

Post 0.42 (0.04) 58.34 (6.88) 71.43 (17.04) 2.16 (0.94)

P3 1 Pre 0.51 (0.05) 65.01 (8.55) 54.40 (12.19) 2.26 (0.72)

Post 0.65 (0.06) 46.59 (14.27) 32.52 (10.48) 1.75 (0.28)

2 Pre 0.71 (0.05) 71.86 (7.84) 52.08 (6.55) 2.46 (0.26)

Post 0.79 (0.03) 53.96 (17.24) 66.91 (11.26) 2.31 (0.33)

3 Pre 0.83 (0.07) 92.13 (23.78) 47.65 (2.74) 3.20 (1.45)

Post 0.79 (0.01) 44.61 (3.05) 30.35 (4.30) 0.64 (0.22)

4 Pre 0.81 (0) 85.01 (0) 49.08 (0) 3.78 (0)

Post 0.67 (0.04) 66.51 (5.34) 28.99 (4.63) 2.05 (0.55)

5 Pre 0.77 (0.02) 69.48 (8.35) 58.03 (5.43) 3.08 (1.44)

Post 0.77 (0) 29.02 (0) 24.65 (0) 0.81 (0)

6 Pre 0.66 (0) 74.01 (0) 34.19 (0) 2.74 (0)

Post 0.54 (0.09) 47.62 (25.54) 23.68 (7.54) 1.39 (0.66)

P4 1 Pre 0.81 (0.05) 92.94 (13.54) 41.35 (8.43) 3.28 (0.48)

Post 0.80 (0.03) 73.12 (1.20) 53.67 (4.01) 2.02 (0.16)

2 Pre 0.73 (0.04) 84.98 (13.14) 39.62 (9.78) 3.01 (0.61)

Post 0.82 (0.04) 85.98 (14.19) 63.11 (7.54) 2.72 (0.16)

3 Pre 0.70 (0) 66.32 (0) 34.32 (0) 3.22 (0)

Post 0.77 (0.02) 97.22 (17.51) 53.81 (15.56) 3.55 (1.16)

4 Pre 0.76 (0) 59.15 (0) 29.72 (0) 2.02 (0)

Post 0.75 (0.02) 87.02 (1.35) 48.91 (3.19) 2.50 (0.53)

5 Pre 0.63 (0.07) 70.63 (4.52) 43.02 (20.71) 2.80 (0.41)

Post 0.74 (0.05) 105.17 (8.10) 42.27 (5.17) 4.46 (0.30)

P5 1 Pre 1.02 (0.08) 67.55 (5.45) 71.64 (8.27) 2.05 (0.35)

Post 0.91 (0.28) 71.46 (19.11) 67.04 (6.37) 2.12 (0.79)

2 Pre 1.10 (0.07) 78.38 (6.18) 69.77 (25.51) 2.27 (0.21)

Post 1.04 (0.08) 96.91 (14.80) 61.39 (8.98) 3.43 (1.36)

P6 1 Pre 1.21 (0.04) 209.19 (44.66) 122.44 (34.57) 10.35 (4.44)

Post 1.17 (0.06) 217.13 (21.89) 116.15 (20.97) 10.03 (0.74)

2 Pre 1.18 (0.06) 142.15 (19.75) 79.04 (23.47) 6.37 (1.83)

Post 1.22 (0.06) 126.37 (9.49) 99.64 (5.62) 3.67 (0.75)

The values indicated are mean values of three trials and standard deviation in parenthesis.
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completion times of post-HD and pre-HD, following
dialysis therapy, patients took approximately 15.2%
longer than they did before the dialysis therapy. Thus, it
appears that the patients with ESRD on HD struggle to
complete even inherent everyday functional tasks after
the HD session.

Event detection and phase description of STW
movement: An important part of this study was the
identification of distinct events during STW move-
ments. The identified events were consistent for all
subjects and were ordered in following sequences:
(1) Initiation (2) Peak Flexion Velocity (3) Seat Off
Event (4) Peak Extension Velocity (5) GI (6) Swing
Foot Toe-Off (7) Swing Foot Heel-Strike (8) Stance
Foot Toe-Off (9) Stance Foot Heel-Strike (Fig. 2).

A similar work by Kerr et al.,29,30 defined four
phases in STW movements: Phase 1 of flexion
momentum ends at the time of ‘‘seat-off’’; Phase 2 of
extension momentum begins at the time of seat-off and
ends when the peak vertical velocity is reached; Phase 3
of unloading begins with GI and is characterized by
lateral weight transfer using kinetic information; phase
4 corresponds to the first step starting with swing toe-
off and ending with stance toe-off. Buckley et al.10,11

was not able to duplicate the GI event defined by Kerr
et al.,29,30 hence, redefined initiation of gait in STW as
the instant of swing leg heel-off. In particular, com-
putation of peak vertical COM velocity limits the study
to camera based laboratories. GI event description
with force plates allows parsing of the antero-posterior
and medio-lateral events. However, as a result of trunk
extension, the GI preparatory phase (swing foot
unloading), and the biomechanical events that char-
acterize it, phase 2 is merged with phase 3, and sub-
sequently decreases the complexity of interpretation of
the temporal sequence of phases separately. Therefore,
by introducing a combined extension and unloading
phase as phase 2 in our study, we have removed
complexity involved in peak COM vertical velocity

event detection and the GI event; hence, we effectively
simplified the STW phase classification. This simplified
approach involving combined extension and unloading
phase has although reduced resolution of STW mea-
surement prior to initiation of gait in the STW
sequence. Moreover, the benefits of combining the
STW movement phases is that an on-body sensor can
easily capture this information, making STW mea-
surement procedure potentially accessible to clinicians
in identifying fall risk.30 Accordingly, while the limited
literature suggests falls are particularly problematic for
elderly HD patients,13,15,27 a better understanding of
functional activities such as STW could provide useful
information to improve interventions for falls in HD
treated population.

Limitations

Conclusions based on this study should be considered
in the context of its limitations. Although every attempt
was made to standardize the patient’s movement by
using a standard arm-chair of fixed height, patients used
backrest to sit with their thighs and foot parallel to each
other.We did not record the strategy of rising from chair
but was determined by post-processing IMU data
placed onwrists. Although this does not alter the natural
pattern of movement, the magnitude of trunk angular
velocity and initial flexion acceleration are different in
each strategy, thus patients had been instructed to raise
themselves using arm-rest always. Previous studies on
STW have defined GI as the peak in medio-lateral shear
forces, when patient’s feet are placed on force plates; and
were not sensitive enough to get detected in most of the
trials. However, in our simplified approach, combining
both extension and unloading phases, we lose the
information applicable to gait commencement in the
STW sequence. In addition, our study lacks control
data; thus, the experimental design is limited to whether
impairment of STW is a result of sitting in a chair for 4 h.
However, our data did not show systematic improve-
ments in post-HD trials, permitting us to rule out the
idea that impairment in the STWmovement was simply
due to sitting in a chair for 4 h. Similarly, the results in
our preliminary study cannot be generalized for the
elderly ESRD population, because we only tested six
patients and their average age was less than 60 years.
Lastly, to reduce intra-subject variability, we did not
conductwarm-up trials of the task in both pre- and post-
HD data collection.

CONCLUSION

The present study demonstrates the potential of
an IMU to measure STW performance to detect and

TABLE 2. Time interval to reach peak flexion and extension
events and the time taken to complete three phases and

complete STW task.

Time between events Pre HD (s) Post HD (s) p value

STW initiation to peak

flexion(E1–E2)

0.47 (0.04) 0.80 (0.07) 0.03*

STW initiation to peak

extension (E1–E4)

1.53 (0.19) 1.91 (0.21) 0.02*

Phase 1 (E1–E3) 1.04 (0.14) 1.36 (0.17) 0.04*

Phase 2 (E5–E3) 0.84 (0.14) 0.79 (0.00) 0.72

Phase 3 (E7–E5) 0.57 (0.07) 0.73 (0.04) 0.14

STW completion (E7–E1) 2.46 (0.57) 2.90 (0.89) 0.04*

First double support (E7–E6) 0.14 (0.10) 0.29 (0.32) 0.24

The values indicated are mean values of three trials and standard

deviation in parenthesis.
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quantify subtle abnormalities in mobility, balance,
coordination and functional abilities. In clinical settings,
the mobility parameters and characteristics examined in
this study could provide further insights into motor per-
formance of patients after dialysis treatment and may
provide an evaluation standard for fall risk in these
patients. The clinical utility and relevance for using
IMU’s is in its continuous (approximately 22 h) data
acquisition and analysis after dialysis treatment, because
HD is a cyclic therapy (considering thrice weekly HD
regimen) and time for occurrence of abnormal postural
transitions resulting in falls is uncertain. Our results
indicate that ESRDpatients rise slower after dialysis; this
may be due to combined deterioration effects of dialysis
on neuromuscular function and reduced strength. STW
analysis could improveour ability to identifyHDpatients
at risk of falls, to document effects of dialysis therapy in
this perspective, and to assess the response and benefits
with other therapeutic interventions.As fall interventions
are effective, screening HD patients for falls may become
important. On identification of specific component of
STWmovementwhich is problematic, physiciansmay be
able to refine the rehabilitation programme. Currently,
subjective ratings of functional movements are standard
feature of clinical mobility tests. This study has potential
to shift current clinical mobility assessment paradigms
with an immediate impact because this type of objective
assessments (afforded by the novelmobile sensors) can be
easily implemented inmost clinical settings.The results of
this preliminary studyhave little implications for targeted
rehabilitation programs in patients after HD therapy;
however, future researchwithmoreparticipantsmayhelp
in designing specialized rehabilitation programs. Fur-
thermore, this study enhances understanding of daily
activities such as STW movement and provides a model
for screening patients at risk of fall.

ACKNOWLEDGMENTS

This research was supported by the NSF (Grant
#CBET-0756058) and NIOSH (grant #CDC/NI-
OSHR01-OH009222). Additionally, supported by the
NIH (L30-AG022963-04/NIH HHS/United States).
Authors are also thankful to Sharon (Lisa) Johnson,
Adam Barth and Xiaoyue Zhang for data collection.

REFERENCES

1Abdel-Rahman, E. M., F. Turgut, K. Turkmen, and R. A.
Balogun. Falls in elderly hemodialysis patients. QJM
104:829–838, 2011.

2Abdel-Rahman, E. M., G. Yan, F. Turgut, and R. A.
Balogun. Long-term morbidity and mortality related to
falls in hemodialysis patients: role of age and gender—a
pilot study. Nephron Clin. Pract. 118:c278–c284, 2011.
3Aberg, A. C., G. E. Frykberg, and K. Halvorsen. Medio-
lateral stability of sit-to-walk performance in older indi-
viduals with and without fear of falling. Gait Posture
31:438–443, 2010.
4Barth, A. T., M. A. Hanson, H. C. Powell Jr., and J. Lach.
TEMPO 3.1: a body area sensor network platform for
continuous movement assessment. International Work-
shop on Wearable and Implantable Body Sensor Net-
works, Cambridge, pp. 71–76, 2009.
5Berchtold, M. W., H. Brinkmeier, and M. Muntener.
Calcium ion in skeletal muscle: its crucial role for muscle
function, plasticity, and disease. Physiol. Rev. 80:1215–
1265, 2000.
6Bohannon, R. W., D. Hull, and D. Palmeri. Muscle
strength impairments and gait performance deficits in
kidney transplant candidates. Am. J. Kidney Dis. 24:480–
485, 1994.
7Bouten, C. V., K. T. Koekkoek, M. Verduin, R.
Kodde, and J. D. Janssen. A triaxial accelerometer and
portable data processing unit for the assessment of daily
physical activity. IEEE Trans. Biomed. Eng. 44:136–147,
1997.
8Brouns, R., and P. P. De Deyn. Neurological complica-
tions in renal failure: a review. Clin. Neurol. Neurosurg.
107:1–16, 2004.
9Brunt, D., M. J. Lafferty, A. McKeon, B. Goode, C.
Mulhausen, and P. Polk. Invariant characteristics of gait
initiation. Am. J. Phys. Med. Rehabil. 70:206–212, 1991.

10Buckley, T., C. Pitsikoulis, E. Barthelemy, and C. J. Hass.
Age impairs sit-to-walk motor performance. J. Biomech.
42:2318–2322, 2009.

11Buckley, T. A., C. Pitsikoulis, and C. J. Hass. Dynamic
postural stability during sit-to-walk transitions in Parkin-
son disease patients. Mov. Disord. 23:1274–1280, 2008.

12CDC (Centers for Disease Control and Prevention). Center
for Injury Prevention and Control. CDC, Atlanta, 2010.

13Cook, W. L., G. Tomlinson, M. Donaldson, S. N.
Markowitz, G. Naglie, B. Sobolev, and S. V. Jassal. Falls
and fall-related injuries in older dialysis patients. Clin. J.
Am. Soc. Nephrol. 1:1197–1204, 2006.

14Debold, E. P. Recent insights into muscle fatigue at the
cross-bridge level. Front Physiol. 3:151, 2012.

15Desmet, C., C. Beguin, C. Swine, M. Jadoul, and Univer-
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