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Abstract—Accurate methods of measuring levels of mobility
during hospitalization are lacking. We validated the use of
wireless monitors to measure three levels of mobility during
hospitalization: (1) lying, (2) sitting, and (3) standing or walk-
ing. Hospitalized medical patients 65 years or older who did
not have delirium or dementia and could walk in the 2 weeks
before admission were eligible. Wireless monitors, which
recorded average position every 20 seconds, were attached to
the thigh and ankle of consented patients. Direct behavioral
observation by trained observers who recorded mobility level
was used as the gold standard. Forty-seven male patients
(mean age 73.9 years), with a mean length of stay of 5.3 days,
generated 187 two-hour direct behavioral observation periods.
Wireless monitors were highly correlated with direct behav-
ioral observations. The median kappa was 0.92 and the kappa
across all observations was 0.88, indicating excellent agree-
ment. This study demonstrates that wireless monitors validly
measure mobility levels among older hospitalized patients.

Key words: aged, behavioral observation, frail elderly, geriat-
rics, hospitalization, recovery of function, rehabilitation, repro-
ducibility of results, validation studies, walking.

INTRODUCTION

For older patients, hospitalization has been associ-
ated with a variety of adverse outcomes, including high
rates of functional decline, increased risk of medical and
iatrogenic events, and increased likelihood of nursing
home placement upon discharge [1-10]. Low mobility,
defined as activity that is limited to a bed or chair, is also
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a common event during hospitalization. An estimated 23
to 33 percent of older patients are limited to a bed or
chair during hospitalization for acute illness [1,10-11].
Ambulation during hospitalization occurs infrequently,
with only 27 percent of patients walking in the hallways
during hospitalization [12]. Studies suggest that low
mobility during hospitalization may be more related to
aspects of hospital care such as immobilizing devices like
catheters and intravenous lines than to the patients’
admission diagnosis [7,13]. Importantly, low mobility
has been associated with functional decline and new
nursing home placement even after controlling for illness
severity and comorbid illness [1].

Previous studies examining the prevalence of low
mobility have been based on chart review, brief surveys of
patient location, or every-other-day nursing reports [1,10—
11]. Researchers have assessed ambulation by observing
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the hallways for patients who are walking during a specific
period of time [12]. Several limitations are inherent with
these methods of measuring mobility. Mobility, particularly
transferring or walking, is often a brief activity easily
missed by nursing staff or surveys of location. This limita-
tion is particularly true if the patient is independent with the
activity. Chart documentation of mobility is often missing.
And as previous research shows, few patients leave their
rooms to walk [12], although they may be ambulatory
within their rooms. The inability to measure the level of
mobility throughout the entire hospital course has been a
major barrier to mobility research in the hospital setting.

To date, no study has validated a method of measuring
mobility that captures the level of mobility that occurs
throughout hospitalization based on 24-hour data. As tech-
nology has improved, a variety of potential methods has
become available, including global positioning systems
(GPSs) [14-15], video recording [16], and small wireless
accelerometers [17-18]. Unfortunately, the patient may con-
sider video too intrusive, especially during hospitalization,
and a GPS records where a person is in the environment not
the level of mobility that is occurring. However, wireless
accelerometers have been used previously to measure turn-
ing in bed [17]. These monitors can measure a patient’s
position based on movement and position of the limbs both
in and out of bed and could potentially measure the different
levels of mobility that occur during hospitalization.

This study validated the capability of wireless monitors
to measure three levels of mobility during hospitalization:
(2) lying, (2) sitting, and (3) standing or walking. We used
direct behavioral observations as the gold standard for
defining these three levels of mobility in order to (1) vali-
date the use of the wireless monitors to measure the time
that hospitalized patients spent at each mobility level and
(2) compare the concordance of the wireless monitor with
the direct observations when defining the specific level of
mobility during a 20-second observation period.

METHODS

Participants

The participants were 47 patients aged >65 years who
were admitted to the medical wards of the Birmingham
Department of Veterans Affairs (VA) Medical Center
(BVAMC) from February 2006 to February 2007. A
trained research assistant performed a brief screening inter-
view with the physician to establish the presence of key
screening inclusion criteria, including age >65 years, a

medical (vs surgical) reason for admission, and no isolation

precautions. If a patient was eligible, consent to interview

the patient was requested from the physician before the

patient was contacted. Patients were approached regarding

their interest in participating in the study. If they were inter-

ested, we evaluated the presence of delirium and dementia

with the Confusion Assessment Method (CAM) [19] and

the Mini-Mental State Examination (MMSE) [20],

respectively. Self-reported ambulation status 2 weeks

before admission was assessed to determine whether inclu-

sion criteria were met. Inclusion criteria included—

1. MMSE score >16.

2. No delirium (CAM score = 0).

3. Self-report of being ambulatory with or without an
assistive device in the 2 weeks before admission.

4. No significant language barrier requiring a translator.

. No isolation precautions.

6. No previous enrollment in the study.

The first three criteria were chosen to select a group of
veterans who would be more likely to be ambulatory during
hospitalization, because our goal was to test the monitor’s
ability to accurately measure all three levels of mobility
(i.e., lying, sitting, and standing or walking). Because of
concerns about adequate sterilization of the monitors, we
elected to exclude patients on isolation precautions.

Informed consent and all study protocols were
approved by the institutional review board of the BVAMC.
From February 2006 to February 2007, 69 eligible patients
were admitted, with 19 declining to participate. Of the 50
who consented, 3 were not used in this analysis because of
a lack of data from both the wireless monitor and direct
behavioral observation. After initiating the observations,
the principal investigator (Pl) withdrew two patients
because of declines in health status. Two patients withdrew
after enrollment and an observation period, with both
reporting that they disliked having someone observing
them in the hospital room.

(62}

Assessments

In addition to the MMSE [20] and CAM [19], the
baseline patient interview included a self-report of physi-
cal function in the 2 weeks before admission and the Uni-
versity of Alabama at Birmingham Study of Aging Life-
Space Assessment [21-22]. The Life-Space Assessment is
a measure of mobility within the home and community
and reflects physical performance and sociodemographic
factors like age and transportation difficulties. Life-space
can be conceptualized as a series of concentric areas that
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radiate from the place where the person sleeps. These
areas range from being confined to one’s bedroom to trav-
eling outside one’s community. The scores range from 0
to 120, with higher scores indicating more mobility within
the community. A brief functional assessment of the
patient’s ability to turn in bed, sit on the side of the bed,
stand bearing weight, and walk a short distance was also
evaluated [23]. The patient’s ability to perform these tasks
was graded with a graduated protocol that is standard for
the Minimum Data Set assessment of function. The level
of assistance is graded from a request for action (e.g.,
“please sit up on the side of the bed”) to unable to perform
the action without physical assistance [23]. This measure
was chosen because it is standard in the nursing home set-
ting and was relatively easy for even weak or sick patients
to perform. A baseline nurse interview included a rating of
the patient’s ability to perform six basic activities of daily
living (ADLs) upon hospital admission: feeding, bathing,
dressing, toileting, transferring, and walking [24]. For
each ADL, nurses were asked whether the patient was
independent, required some assistance, or required total
assistance. Medical records were extracted for admission
data needed to calculate the High-Risk Diagnoses for the
Elderly Scale [25] and the Acute Physiology and Chronic
Health Evaluation 1l (APACHE I1) score [26]. The High-
Risk Diagnoses for the Elderly Scale uses a group of
10 high-risk medical diagnoses and weights them based
on the magnitude of 1-year mortality risk. The scale
potentially ranges from 0 to 27, with 0 = low risk, 1-2 =
intermediate risk, 3-5 = high risk, and >6 = very high risk
for 1-year mortality. The mortality rates associated with
these four risk categories were 9.5, 31, 46, and 73 percent,
respectively. The High-Risk Diagnoses for the Elderly
Scale has been validated and was a stronger predictor
of mortality than several other measures, including the
widely used Deyo-adapted Charlson index [25]. APACHE
Il assesses the acute severity of illness based on 12 physi-
ological variables. Scores can range from 0 to 71, with a
higher score indicating a more severe illness [26].

Wireless Monitoring

We used a large Band-Aid to attach wireless moni-
tors (AugmenTech, Inc; Pittsburgh, Pennsylvania) to the
patient’s ipsilateral thigh and ankle. The wireless monitor
is approximately 1-inch square by 1/4-inch deep and has
been validated as a measure of bed mobility in nursing
home residents [17]. The device measures horizontal and
vertical orientation with respect to gravity every second
and averages these data every 20 seconds, with the
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recording interval being programmable. The data are
stored in the device and collected via a low-power radio
link to a handheld computer. Previous pilot testing has
indicated that the device is accurate within 2.5 to
5.0 degrees, which was deemed adequate for our study.
The monitors were worn for 7 days or until the patient
was discharged, whichever came first. Patients were vis-
ited daily to have the monitor moved to the contralateral
leg and to have their skin examined for erythema or other
signs of skin breakdown under the area of the monitor.
Data were downloaded daily from the devices.

The data created by the monitors included vertical
and horizontal position with respect to gravity and range
over which the monitor had moved during the previous
20-second epoch for the horizontal and vertical planes.
For this study, we used only the vertical plane meas-
urements from the thigh and ankle to determine a
patient’s position. We determined a priori an algorithm
for identifying the three mobility levels of interest, lying,
sitting, and standing or walking based on pilot data from
University Hospital, Birmingham, Alabama.” For exam-
ple, if the thigh and ankle both read 60, the patient was
noted to be lying in bed based on the monitor data. If the
thigh and ankle were both greater than 100, the patient
was noted to be standing or walking.

Direct Behavioral Observation

To validate the capability of the wireless monitor
device to measure the three levels of mobility, we used
direct behavioral observation as the gold standard. A
researcher observed a participant for defined behaviors, in
this case lying, sitting, and standing or walking. Before
initiation of the study, we used objective observable criteria
to define the behaviors. For example, patients who sat
reclined in a recliner were considered to be lying. Those
who sat up on the side of the bed or in a chair were consid-
ered to be sitting. We tested the reliability of the observa-
tional data by having the raters simultaneously code
behaviors on a video, which we also used as a training tool.
The video duplicated the usual positions and activities seen
during hospitalization and was based on previous pilot data
and the PI’s clinical experience. Interrater reliability was
excellent, with coders being accurate within 8 seconds of
each other when capturing a change in mobility; for exam-
ple, changing positions from lying to sitting. No differences

"Cynthia J. Brown, MD, MSPH. Unpublished data, 2004.
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were noted in coding of the behaviors of interest (lying, sit-
ting, and standing or walking). Any questions regarding
how to code a behavior were documented in the patient’s
data chart along with the time of the behavior. These data
were entered into the protocol used by the study. Retraining
with the video occurred periodically throughout the year of
data collection.

Over 2 consecutive days, patients were observed for
up to six 2-hour observation periods during the first 3 days
of enrollment. The observer sat unobtrusively in the
patient’s room. Conversation was only initiated by the
patient. Behaviors, specifically lying, sitting, and standing
or walking, were recorded on a preprogrammed personal
digital assistant (PDA). The PDA used an event recorder
that continuously captured a level of mobility, such as sit-
ting, until one of the other two levels was keyed into the
device. Other data on the PDA included the location of the
patient (in the room or hallway or off the ward), whether
he was assisted and by whom (e.g., nurse, physical thera-
pist, or family), and whether he was using an assistive
device (i.e., cane, walker, wheelchair). Table 1 presents an
example comparison of the data produced by the monitor,
the interpretation of that data based on the a priori-deter-
mined algorithm of levels of mobility, and the observed
mobility level.

Data from the wireless monitors were collected con-
tinuously throughout the hospital stay. However, for the
validation component presented, the direct behavioral
observation data on lying, sitting, and standing or walk-
ing that occurred during each 2-hour observation period
were compared with the data obtained by the wireless
monitors for the same 2-hour time period.

Table 1.

Statistical Analysis

The characteristics of the study participants were
described with appropriate descriptive statistics, including
frequency, proportion, mean, standard deviation (SD),
and median (Table 2). To examine correlations across sub-
jects, we calculated the mean and SD for the proportion of
time each individual patient spent at all three mobility lev-
els (lying, sitting, and standing or walking) as assessed by
direct behavioral observations and as measured with the
wireless monitors. Pearson correlations between the pro-
portion of time spent at each level of mobility based on
behavioral observations and the data provided by the wire-
less monitors were obtained. Using « statistics, we com-
pared the concordance of the assessments of a patient’s
specific level of mobility as defined by direct behavioral
observations over 20-second time periods with the level of
mobility as determined with the wireless monitor data. The
K statistics examine the probability of agreement between
the monitors and the observations and determine the extent
to which that agreement is greater than expected by chance
given the base rates of the categories being observed [27].
Two different scales for the strength of agreement for «
have been proposed. However, for both scales, x > 0.8 is
considered excellent or near perfect [28]. For this study,
monitor and observation data were coded every 20 seconds
and x agreement statistics were calculated across time for
each individual participant. The median of these x values
was then examined as an overall measure of concurrent
validity. All analyses were performed with SAS statisti-
cal software, version 9.1 (SAS Institute, Inc; Cary, North
Carolina).

Example comparison of hospitalized patient’s mobility levels as measured by wireless monitor (on thigh and ankle) and by direct behavioral

observation.

Raw Thigh Data Raw Ankle Data

Monitor Interpretation
Based on A Priori Algorithm

Observation of Mobility

44 74
54 103
107 121
75 114
61 114
61 114
61 116
107 120
64 100

Lying Lying
Sitting Standing/Walking”
Standing/Walking Standing/Walking
Sitting Sitting
Sitting Sitting
Sitting Sitting
Sitting Sitting
Standing Standing
Sitting Sitting

*In this example, monitor and observation agree for all but this one 20-second monitor period.
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RESULTS

Characteristics of the cohort are presented in Table 2.
The group had a mean £ SD age of 73.9 £ 6.5 years, all were
male, and 26 percent were African American. The
APACHE Il and High-Risk Diagnoses for the Elderly Scale
indicated that the group had, on average, a moderate degree
of illness severity and comorbidity. The mean £ SD length
of stay was 5.3 + 5.2 days, with a range from 2 to 32 days.
During the study, the P1 withdrew two patients because they
developed delirium. These patients who developed delir-
ium subsequently died after an extended hospital stay.

There were 187 direct behavioral observation periods
of 2 hours each for the 47 patients. Observation times for
patients ranged from 120 minutes for those who completed
only one 2-hour observation period to 720 minutes for
those who completed six 2-hour direct observation periods.
The mean total direct observation period for all 47 patients
was 360 minutes. Proportion of time spent in each of the
three mobility levels (lying, sitting, and standing or walk-
ing) was determined for each patient irrespective of the
total time observed, allowing all participants to contribute
equally to the correlations. Table 3 presents the correlation
between the proportions of time spent at each level of
mobility by participants as assessed by the wireless moni-
tors during the times that the patients” mobility levels were
also being assessed by direct behavioral observations.

Table 2.
Characteristics of study population (N = 47).

Characteristic Mean £ SD or n (%)

Age (yr) 73.9+6.5
Male 47 (100)
African American 12 (26)
Married 22 (47)
MMSE Score 249+29
Comorbidity Score” 35+£25
APACHE 11t 10.6 +3.6
Life-Space Assessment Score* 64.2 + 26.9
Length of Hospital Stay (d) 53+5.2
Received Physical Therapy 16 (34)
Physician Ordered Bed Rest 4(9)

*As determined by High-Risk Diagnoses for the Elderly Scale; 0 = low risk, 1-2 =

intermediate risk, 3-5 = high risk, and >6 = very high risk for 1-year mortality.
TRanges from 0-71, with higher scores indicating more severe illness.
1ERanges from 0-120, with higher scores indicating better community mobility.
APACHE Il = Acute Physiology and Chronic Health Evaluation II, MMSE =
Mini-Mental State Examination, SD = standard deviation.

BROWN et al. Wireless monitors to measure mobility

The mean * SD proportion of minutes documented by
direct behavioral observation for lying, sitting, and stand-
ing or walking was 71.3 + 28.6, 25.3 £ 25.7, and 3.4 +
6.0 percent, respectively. Corresponding results obtained
by the wireless monitors were 73.7 £ 26.0, 22.6 + 23.0, and
3.7 £ 5.7 percent, respectively. The results obtained by the
wireless monitors were highly correlated with the direct
behavioral observations for the proportion of time spent in
lying, sitting, and standing or walking, r = 0.98, 0.97, and
0.91, respectively (p < 0.001) (Table 3).

Of the 47 patients, x was estimated for 38, with 9
being eliminated because of lack of variability. Specifi-
cally, they were noted to be lying by both the monitors
and the observations for all their 2-hour observation peri-
ods. The individual « statistics ranged from 0.28 to 0.98
with a median « of 0.92, indicating excellent agreement
when categorizing patients at one of the three specific
mobility levels. The monitors were valid for a majority of
participants, with 29 patients (76%) in the cohort having
an individual x« above 0.80, the cut point for excellent
agreement. The general x over all 20-second observations
and all patients was 0.88 (95% confidence interval 0.878-
0.886), further supporting the validity of the wireless
monitors.

DISCUSSION

These data suggest that wireless monitors can validly
assess three specific mobility levels (i.e., lying, sitting,
and standing or walking) during hospitalization. Patients
tolerated wearing the monitors for up to 7 days without

Table 3.

Proportion of minutes (mean + standard deviation) hospitalized
participants spent lying, sitting, and standing or walking when
mobility levels were assessed both by direct behavioral observation
and by wireless monitors (N = 47).

Mobility Wireless Behavioral Pearso_n
e : .+ Correlation
Level Monitors Observation .
Coefficient (r)

Lying 73.7+26.0 71.3+28.6 0.98
Sitting 22.6+23.0 253+ 25.7 0.97
Standing or 3.7+57 3.4+6.0 0.91

Walking

*p < 0.001 for all mobility levels.

Total direct behavioral observation time ranged from 120-720 minutes for
individual patients (mean = 360 minutes). Proportion of time spent in each
mobility level was determined for each patient irrespective of total time
observed, allowing all participants to contribute equally to correlations.
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complaints of discomfort or evidence of skin problems.
The monitors showed that, on average, patients spent
75 percent of each 2-hour observation period lying in bed.

Adverse outcomes associated with bed rest have been
well described in studies sponsored by the National Aero-
nautics Space Association to evaluate the effects of space
flight. For the young adults tested, orthostatic intolerance,
decreased plasma volume of 5 to 10 percent, and average
loss of muscle mass between 1 and 5 percent per day
began within 24 hours of assuming the supine position
[29]. The impact of low mobility on older patients is
unknown; however, the adverse consequences of bed rest
and low mobility are presumably amplified given this
population’s lower physiological reserves [30-32]. For
example, sarcopenia, or muscle atrophy, is a known conse-
guence of normal aging [33]. Many older adults are also
deconditioned as a result of comorbid diseases and a sed-
entary lifestyle [33]. While the older adult is only hospital-
ized for an average of 5.6 days [34], this short hospital stay
and its associated low mobility may translate into a signifi-
cant loss of muscle strength and contribute to the func-
tional decline observed after hospitalization.

Strengths of the study include the use of direct
behavioral observation as a gold standard and the selec-
tion of patients who might be more active during hospi-
talization, thus testing the ability of the monitors to
measure three levels of mobility: lying, sitting, and stand-
ing or walking.

Several important limitations warrant comment. First,
we were unable to differentiate standing and walking in
this study. The monitors were set to record every 20 sec-
onds. When patients walked, they would typically walk for
5 seconds, stand still for a few seconds, and then walk
again. Very few patients actually walked in the hallway, a
finding which has been previously described [12]. The
monitors could accurately determine whether low mobil-
ity, defined as lying in bed or sitting up, occurred. Previous
studies have correlated adverse outcomes with this defini-
tion of low mobility, so a measure that can accurately iden-
tify low mobility is important. A second limitation was the
use of a human observer as the gold standard. Different
observers possibly had different definitions of the levels of
mobility, and the timing of triggering the event keys to
indicate a change in activity may have differed. However,
we addressed these concerns by intensively training the
observers on videotaped activities similar to what would
be experienced on the hospital wards and by correlating
the results of the event coding among all the observers. In
addition, all observers were taught clear definitions and

any unusual activity was written into the data collection
book and discussed by the observers, with consensus being
reached about how to code the unusual behavior. Regard-
less of the method chosen to record the patient’s mobility
(i.e., an observer vs a video recorder in the room), a human
observer must always assess the behavior and is therefore
the best method available.

CONCLUSIONS

The clinical importance of low mobility, defined as
lying in bed or sitting in a chair, for older adults during
hospitalization is unknown. However, evaluating the
importance of low mobility and examining the success of
interventions to reduce low mobility require a valid
method of examining the time that patients spend lying in
bed, sitting up, and standing or walking. Wireless moni-
tors provide a valid measure of these three specific mobil-
ity levels and permit accurate assessment of the length of
time a person spends lying in bed or sitting in a chair. Pre-
vious research related to low mobility in the hospital has
had to rely on chart reviews or nurse interviews to obtain
crude, global assessments of mobility level.

The wireless monitors are easy to wear, noninvasive,
and capture mobility continuously. This is the first study to
examine the validity of a measure that can potentially cap-
ture the level of mobility achieved by a patient throughout
his or her hospital stay and can be used in future studies on
the impact of low mobility among hospitalized patients.
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